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Abstract 

The research and development of electronic and optoelectronic devices leads to 

direct impact on our modern society, as most of them are used in day-to-day life. The 

rapid miniaturization and compact architecture of these devices has led to 

tremendously enhanced performance and cost reduction, but are restricted mainly to 

silicon based devices. Hence, the demand for other earth-abundant and cost effective 

materials with improved functionality and enhanced performance is growing. Metal 

oxides are considered to be promising candidates in this respect because the range of 

electronic and optical properties they support is remarkable. Also, quasi-1D 

nanostructures have emerged as an important class of materials which facilitate, 

through controlled growth, making of novel electronic and optoelectronic devices. 

The work on quasi-1D metal oxide nanostructures has witnessed considerable 

expansion during the past few years with fields such as field effect transistors, p-n 

junction diodes, sensors, solar energy conversion, etc. acquiring centre stage. 

Formation of heterojunction using such quasi-1D metal oxides widens the 

application domain even further due to the integration of properties of both the 

materials and novel interface effects. 

In the research work presented in this thesis, we have focused on the synthesis of 

p-type cuprous oxide (Cu2O) nanoneedles and their heterojunctions with ZnO and 

TiO2 using simple synthesis protocols. These materials have been studied for a few 

applications covering important current areas such as photo-sensing, field electron 

emission, photocatalysis and water splitting for hydrogen generation, etc. This 

background forms the brief introduction to the thesis and is presented in Chapter 1.  

In Chapter 2, a brief overview of the synthesis and thin film deposition methods 

for metal oxides are presented. Furthermore, a general outline of the instruments and 

methods used for the characterization of these nanomaterials for their potential 

applications are also presented. 

Chapter 3 discusses the synthesis of cuprous oxide nanoneedles directly on 

copper substrate. The details of the further studies for photodetector application by 

making p-Cu2O nanoneedles/n-ZnO nanorods flip-chip heterojunction device have 

also been discussed. We have also observed that the nanowire heterojunction photo-



response is far stronger as compared to a thin film heterojunction made of the same 

materials. 

To further improve the properties of the heterojunction, an interesting Cu2O/ZnO 

hetero-nanobrush assembly has been fabricated, which is discussed in Chapter 4. 

The hetero-nanobrushes show excellent field electron emission performance and 

photocatalytic activity. The detailed mechanism is studied and discussed in this 

chapter. 

In Chapter 5, we have presented and discussed the results of photo-

electrochemical water splitting using cuprous oxide nanoneedles on copper as 

photocathode. The effect of TiO2 capping of Cu2O nanoneedles on the photo-

electrochemical activity is also discussed in this chapter. 

Chapter 6 summarizes the work described in this thesis by presenting the salient 

features of the work and also mentioning the possible avenues for future work. 
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Chapter 1 

Introduction 

  

This chapter gives an introduction to the growing field of 

nanoscience and nanotechnology. We have presented an 

overview of recent trends in nanotechnology followed by the 

discussion on the properties of nanomaterials. The properties 

of quasi-1D nanomaterials have also been discussed, as they 

represent a special class in nanomaterials that form the 

emphasis of this thesis. Besides this, we have emphasized the 

use of quasi-1D metal oxide nanomaterials in various 

(especially optoelectronic) applications. 
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1.1 Introduction 

Materials have always played an extremely important role in the progress of 

human civilization for many centuries 
[1]

. They have been the vehicles for translating 

ideas and dreams into reality by harnessing application sectors of human interest. In 

the last few decades ‘nanomaterials’ and various advanced material systems based 

thereupon have been attracting a great deal of attention of the scientific community 

in view of several emergent novel application domains that are getting unfolded 

recently.  

Nanomaterials are engineered atomic and molecular structures with at least one 

of their dimension less than about 100 nm. Nanotechnology, which utilizes such 

materials, possesses tremendous potential to address many scientific and 

technological challenges, since the properties of these materials can be tuned by 

controlling their size, properties and interactions. Nanotechnology deals with the 

cheaper, faster and better products, by making them ‘small’, with entirely new 

physical phenomena of interest to science and technology 
[2]

. 

Actually ‘Nano’ is a Greek word; meaning dwarf. Mathematically a ‘Nano’ 

means one billionth. Thus, 1 nm = 10
-9

 m. To get a sense of the nano scale, a human 

hair measures about 80,000 nanometers across. Another way to put this is just ten 

hydrogen atoms in a line make up one nanometer. Nanostructures are the smallest 

solid (or condensed matter) entities which are practically possible to make 
[3]

. The 

length scale comparison of different materials/entities is shown in figure 1.1. Two 

principal factors cause the properties of nanomaterials to differ significantly from 

other materials: increased surface to volume ratio and dominance of quantum effects. 

These factors can change or enhance chemical reactivity, and electronic, optical, 

mechanical, magnetic, and transport characteristics. Thus, most of the fundamental 

properties of materials show significant change in the nanoscale range.  

The interest in nanomaterials has grown tremendously since last few years 

because of our increased ability and improved understanding to study and manipulate 

materials at smaller length scales. During the last few years, there have been more 

directed efforts towards controlled synthesis of inorganic/organic nanomaterials of 
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specific sizes, different shapes, and stoichiometric compositions, and explorations of 

their novel technological applications 
[4]

. 

 

Figure 1.1: Materials on different length scales [taken with permission from 

Guillaume Paumier, Wikimedia Commons; ref. 3 (b)] 

1.2 Properties of Nanomaterials 

The wide range of physical properties afforded by size tuning of nanocrystals and 

their applications in electronics, optics, and bio-medicines have drawn attention of 

scientists from various disciplines. The changes in the properties of the materials at 

nanoscale are the consequences of two major effects: First, the number of surface 

atoms increases tremendously in nanomaterials and second, the electronic structure 

of the material transforms because of ‘quantum size effect’ 
[5]

. 

1.2.1 Electronic Properties 

When materials become smaller, their electronic and optical properties deviate 

substantially from those of bulk materials. In a bulk crystalline material, electrons 

occupy effectively continuous energy bands, while at the other end of the length 

scale represented by individual atoms and molecules the electronic states are 
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discrete. The electronic structure of a nanomaterial falls between these two extremes, 

as shown in figure 1.2. Thus, as we go from bulk to nano, the energy transactions 

become discrete, measured as quanta, rather than continuous as in bulk materials. 

This situation of fairly discrete energy levels is called quantum confinement or 

quantum size effect. The confinement really means confining the motion of the 

otherwise freely moving electrons to one or more confined dimensions 
[6]

. 

 

Figure 1.2: Electronic energy states for a bulk particle, a nanoparticle and a single 

atom 

Figure 1.3 shows the density of states in (a) metal and (b) semiconductor 

nanocrystal. In semiconductors, the electronic and optical properties are governed by 

their electronic density of states and the band gap. The Fermi level lies at the center 

of the band, whereby the edges of the bands dominate the low-energy optical and 

electrical behaviour. When the particle size is decreased, the number atoms in the 

particle also gets decreased. The band structures in solids are formed by overlap of 

atomic orbitals. As the number of atoms is decreased, density of states is thus 

decreased and discrete energy levels result somewhat similar to atoms. Moreover due 

to localization over a small space (particle in a box) the allowed energy levels are 

pushed up. Such particle size effects are more dramatic on the nanoscale because the 

physical length scales for comparison are on that scale. The quantum size effect is 

Bulk particle Nanoparticle Single Atom

Band gap

En
e

rg
y

Valance Band

Conduction Band
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defined usually in terms of its Bohr exciton (bound electron-hole pair) radius. The 

quantum size effect dominates when particle size reaches below the material’s Bohr 

exciton radius. For example, with the decrease in particle size the band gap of CdS 

increases from 2.5 to 4.5 eV. However in the case of metals, the band gap is zero due 

to overlap of valance and conduction bands, and the Fermi level lies at the center of 

the band. The relevant energy level spacings are very small and at temperatures 

above a few Kelvin, the electrical and optical properties are similar to those of a 

continuum, even in very small sizes (tens or hundreds of atoms). However, a bunch 

of just a few metal nanoparticles (rather clusters) can show insulating behaviour due 

to the changes in the electronic structure. This transition is called the size-induced 

metal–insulator transition. 

 

Figure 1.3: Density of states in (a) bulk metal, metal nanocrystals and (b) bulk 

semiconductor, semiconductor nanocrystal [Printed with permission from ACS; ref. 

5] 

1.2.2 Optical Properties 

The optical properties of nanomaterials evolve in a very interesting manner 

because of their size as well as shape. The optical properties of semiconducting 

materials are mainly governed by their band gap. When a material is illuminated with 

photon of energy greater than its band gap, then by absorbing the photon an electron 

is excited to conduction band leaving behind a hole in valance band. These electrons 

and holes interact with each other due to their opposite charges and form bound pairs 

known as excitons. When the electron and hole recombine, energy is released (equal 
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to its band gap) in the form of light. This phenomenon is known as 

photoluminescence. Thus, the semiconductor absorbs wide range of photons but 

emits light wavelength equivalent to its band gap minus the exciton binding energy. 

As the electronic structure changes at the nanoscale, typically below the Bohr exciton 

radius, i.e., to a few nanometers, when the size of a semiconductor is reduced to the 

same order, quantum confinement effect occurs. Hence the excitonic and 

luminescence properties of semiconducting materials are modified depending on 

their size 
[7, 8]

. Size tunable absorption spectra and emitted colors of CdSe quantum 

dots are shown in figure 1.4. In some cases, the luminescence occurs because of the 

enhanced surface trapped states on semiconducting nanoparticle. 

 

Figure 1.4: Size dependent (A) emitted colors and (B) optical absorption of CdSe 

quantum dots [With a permission from Elsevier; ref. 8] 

Metal nanoparticles, on the other hand, show unique interaction with light. When 

a metal nanoparticle is irradiated with light, the electric field causes the conduction 

band electrons to oscillate coherently. The amplitude of this oscillation reaches to 

maximum at a particular frequency. This phenomenon is called as Surface Plasmon 

Resonance (SPR), which causes strong absorption of incident light. Noble metal (Au, 

Ag and Pt) nanoparticles are known to show SPR in visible and near IR region within 
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certain size limit of particles 
[9]

. The SPR strongly depends on the shape of the metal 

nanoparticles. In case of nanorods, the SPR splits into two modes: longitudinal mode 

and transverse mode corresponding to the length of nanorod and across the diameter, 

respectively 
[10]

. 

Due to these exciting optical properties, nanomaterials are used for biological 

detection and imaging 
[11]

 and several optoelectronic devices such as semiconductor 

light-emitting diodes, photodetectors, solar cells 
[12]

. 

1.2.3 Surface effects 

Surface atoms of a particle have fewer adjacent coordinating atoms as compared 

to the core atoms. Also, dangling bonds are present at the surface. Hence they are 

chemically more active than the core atoms in an attempt to satisfy these bonds. Due 

to this the surface of a material determines the material characteristics like catalytic 

activity, reactivity, etc. As the size of the particle decreases, a larger number of its 

constituent atoms occupy the surface (shown in figure 1.5) due to very high surface 

to volume ratio 
[6, 13]

. 

 

Figure 1.5: Decrease in the particle size leads to increase in surface area, therefore 

increased surface area to volume ratio of the nanoparticles 

8

8
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The reason behind this can be understood from a simple calculation given below: 

Consider a spherical particle of size  of diameter D. It is easy to see that for such 

a particle the surface to volume ratio = (S/V) = (6/D). This ratio being inversely 

proportional to size D, as the size of the particle decreases, the surface to volume 

ratio increases significantly. Therefore surface effects become highly prominent in 

nanosystems. 

The surface atoms distinctly contribute to free energy. The smaller is the 

nanoparticle, larger is the contribution made by surface energy of the system. Thus, 

we can observe changes in some specific properties such as decrease of melting 

temperature, solid – solid phase transition, etc.
 [5, 14]

 in the case of the nanoparticles in 

order to minimize the energy.  

1.2.4 Magnetic Properties 

 

Figure 1.6: Dependence of coercivity on the nanoparticle size. Multi-domain, single 

domain and superparamagnetic regions are shown (printed with permission: ref. 

15(b)) 

Materials show very interesting magnetic properties as well by synthesizing them 

on the nanoscale. The reduction in size could enhance the magnetic behaviour of a 

magnetic system or induce magnetism for some nonmagnetic materials. In a 
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ferromagnetic material, there exist magnetic domains. As the size of the particle is 

reduced below a critical value, it becomes single magnetic domain particle as shown 

in figure 1.6. By reducing the size further, a state is attained where the coercivity 

becomes zero. This is the state where the particle becomes ‘superparamagnetic’ 
[15]

. 

At this stage the particle size is so small that the thermal effects dominate and the 

thermal energy kBT is enough to overcome the anisotropy barrier kV. This results in 

the rotation of the magnetization spontaneously giving an average zero 

magnetization when no external field is applied. It occurs below a specific 

temperature called as the blocking temperature (TB). This can be understood from the 

equation KV = 25 kBTB where K, V and kB are the effective uniaxial anisotropy 

energy per unit volume, the volume of a single particle and Boltzmann constant, 

respectively. 

From the equation, it can be seen that as the particle size decreases, the effective 

magnetic anisotropy energy (KV) also decreases. For a given particle, K, V and kB 

would be constant and the thermal energy would be a function of the blocking 

temperature. Above the blocking temperature, the thermal energy is sufficient to flip 

the spins in the magnetic material; hence the material does not show any hysteresis 

loop. In the case of superparamagnetic materials, a plot of the magnetization (M) and 

the ratio of the magnetic field and the temperature (H/T) produces a universal curve 

for all temperatures above TB.  

The 1D nanomaterials have shape anisotropy, which may induce a magnetic easy 

axis along say the nanowire axis, resulting in high coercivity fields, which are 

inversely proportional to the diameter of nanowires. The magnetic nanoparticles can 

be used in various biomedical applications like drug delivery and hyperthermia. 

1.3 Quasi 1D Materials 

Nanomaterials can be classified into three types: 2D, 1D and 0D. In principle, 

such structures exhibit different density of electronic states predicted by simple 

‘particle in a box’ model 
[5]

, as shown in figure 1.7, depending on their quantization 

dimensions. These ideal quantized structures are often called as quantum wells (2D), 

quantum wires (1D) and quantum dots (0D). The quantum wires have two quantum-

confined directions and one unconfined direction available for free motion of 
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electrons. Such a system is possible when the diameter of the wire is comparable to 

the de Broglie wavelength of electrons, typically ~ 10 nm. Specifically, it would also 

involve relevant length scale, e.g. the Fermi wavelength, Bohr exciton radius, 

coherence length, or scattering length in comparison with the diamension of these 

nanostructures 
[3, 16]

. Practically, we work with the 1D nanostructures with diameter 

of about few tens or hundreds of nanometers; therefore we call such structures as 

“quasi” 1D nanostructures.  

Figure 1.7:  Change in the electronic band structure depending on the quantization 

dimensions (Printed with permission from ACS; ref. 5) 

Quasi one dimensional (1D) materials are a special class in nanomaterials family. 

They are highly elongated, anisotropic structures with high aspect ratio (length to 

diameter ratio). Nanowires, nanotubes and nanorods are a few examples of them. 

Figure 1.8 shows some of our lab-synthesized quasi 1D metal oxide nanostructures, 

as examples. Since the discovery of carbon nanotubes by Ijima 
[17]

, there has been a 

great interest in the field of quasi 1D structured materials. 1D nanostructures possess 

many interesting optical, electrical and magnetic properties as compared to their bulk 

3-D crystalline counterparts. Such properties would directly lead to their applications 

for various nanoscale electronic and optoelectronic devices. The increased surface-

to-volume ratio and increased aspect ratio make them useful in catalytic and sensing 

applications 
[18]

. 



Ph.D. Thesis Physics                                      1. Introduction      November 2013 

 

 

Meenal S. Deo 11 University of Pune 

 

Figure 1.8: Lab synthesized quasi 1D Metal Oxide Nanostructures 

1.3.1 Properties of quasi 1D nanomaterials 

1D nanostructures show very interesting electronic, optical and chemical 

properties because of the high aspect ratio, quantum confinement effects and very 

high surface area 
[19]

. This new class of shaped materials with controlled alignment, 

composition and crystallinity are of great interest to a variety of applications. 

1.3.1.1 Mechanical and Thermal Properties: 

One-dimensional nanostructures show a variety of interesting and useful 

mechanical properties. The mechanical properties of materials are governed by the 

grain boundaries. A single crystalline nanomaterial experiences drastic reduction of 

grain boundaries leading to less number of defects. In principle, single crystalline 1D 

nanostructured materials approach the theoretical limit of strength, stiffness and 

toughness of materials due to the reduction in the number of defects per unit length 

[20]
. Their high stiffness and strength lend them to applications in tough composites 

as nanoscale actuators, force sensors and calorimeters. 

Thermal conduction via phonons is expected to be significantly reduced in 1D 

nanostructure. When the dimensions of a 1D structure approach the mean free path 
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of phonons, the phonon confinement effects start playing a key role. The thermal 

conductivity is reduced due to this, relative to bulk values by scattering of phonons 

by surfaces and interfaces. Furthermore, roughening of nanowire surface also plays 

an important role in the reduction of thermal conductivity. Such a size-dependent 

thermal conductivity shows advantages for thermoelectric (TE) materials. Just by 

adjusting the diameter (<50 nm) of the thermoelectric material, the thermal 

conductivity can be greatly reduced and the thermoelectric figure of merit (ZT) can 

be increased to >1; which is useful for potential thermoelectric materials 
[21]

.  

1.3.1.2 Electronic Transport Properties 

The electronic transport properties of 1D nanostructures are mainly important for 

the design and fabrication of electronic devices at the nanoscale. The transport 

properties of the 1D material are mainly governed by its diameter (as it can give 

information about quantum size effect), crystal quality, surface states, and the 

crystallographic orientation (for materials with anisotropic material parameters such 

as the carrier mobility) 
[22]

. 

The electronic transport properties for 1D nanostructures can be categorized as: 

ballistic transport and diffusive transport. The most remarkable phenomenon 

observed in case of some nanowires is the ballistic transport. It can take place when 

the electrons travel along the nanowire without any scattering. Ballistic transport can 

be observed when the mean free path of the electrons is much larger than the 

nanowire length, and the nanowire is defect-free. Generally, ballistic transport is 

observed for very short quantum wires. This phenomenon has been observed for the 

case of metallic single walled carbon nanotubes (SWNTs) over ~1 µm length. On the 

other hand, there is no observation of ballistic transport in the case of multiwalled 

carbon nanotubes (MWNT) and semiconducting SWNT, because of the presence of 

large barriers to conduction along their lengths 
[23]

. 

For most of the practical nanowires, with length much larger than the carrier 

mean free path and diameter of a few tens of nanometers, the electrons (or holes) 

undergo numerous scattering events when they travel along the length. In this case, 

the electronic transport is the diffusive transport, and the conduction is dominated by 

carrier scattering within the nanowires, due to phonons (lattice vibrations), boundary 
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scattering, lattice and other structural defects, and impurity atoms. It is believed that, 

the quasi 1D nanostructure may still provide a direct channel for electric transport 

because of less grain boundaries or their complete absence; which is very useful for 

phenomena such as photovoltaic devices, e.g. dye sensitized solar cells, based on 

nanowires 
[24]

. For efficient electronic devices, synthesis of single crystalline 1D 

nanostructures with minimum defects density is still an essential requirement, to 

minimize scattering due to structural defects. 

1.3.1.3 Optical Properties 

The most striking optical property in quasi 1D semiconductors is the lasing 

action. Nanowires with flat ends can act as optical resonance cavities, which lead to 

generation of coherent light at the nanoscale. When the aligned nanowires are 

pumped with a laser, the light emission is observed normal to the end surface plane. 

This spontaneous emission mainly originates from the radiative recombination of 

excitons to generate a photon. The emission peak is observed when the excitation 

power exceeds a threshold value 
[25]

. Although the lasing action has been observed 

for ZnO and GaN nanowires, this concept of formation of optical resonance cavity 

can be expandable to many other single-crystalline, well-facetted nanowires. 

In addition, the 1D nature often induces a highly polarized light emission along 

the longitudinal direction, as observed from isolated InP nanowires 
[26]

. There exists 

anisotropy in the PL emission for the nanowires measured in parallel and 

perpendicular to the axis of nanowires. Such a large polarization response could be 

used to fabricate polarization-sensitive nanoscaled photodetector. Metal nanowires 

show two Surface Plasmon Resonance (SPR) modes, corresponding to transverse and 

longitudinal excitation. The longitudinal modes are tunable depending on the 

diameter of nanowire. 

1.3.1.4 Photoconductivity 

Optical switches are very important nanoscale devices for the memory 

applications. The high sensitivity opto-electronic switches can be constructed by 

controlling the photo-conductance of 1D nanostructures 
[27]

. The light-induced high 

resistance state to low resistance state transition facilitates these nanostructures to 



Ph.D. Thesis Physics                                      1. Introduction      November 2013 

 

 

Meenal S. Deo 14 University of Pune 

toggle from OFF to ON state. Electronic conductivity in semiconductor 1D 

nanostructures is substantially enhanced by exposing them to photons of energy 

greater than their band gaps. The photoconductivity in oxides can also be controlled 

by chemisorbed surface oxygen species. 

1.3.2  Synthesis methods for quasi 1D nanostructures 

For the synthesis of 1D nanostructures several strategies are followed such as: (i) 

use of templates (with 1D morphologies) to direct the formation of nanowires, (ii) 

super-saturation control to modify the growth habit of a seed, (iii) use of capping 

agents to kinetically control the growth rates of the various facets, (iv) the use of the 

anisotropic crystallographic structure of the solid to facilitate 1D nanowire growth, 

and (v) self-assembly of zero-dimensional (0D) nanostructures 
[19, 28]

. Some of the 

synthesis methods are discussed in brief here. 

1.3.2.1 Template-Assisted Synthesis 

In this method, a host structure with pore morphology – the template – is filled 

with a chosen material, which adopts the pore morphology to form nanowires or 

nanotubes on the removal of the template material 
[29]

. Generally, Anodized 

Aluminium Oxide (AAO) or polycarbonate membranes with cylindrical pore 

structures are used as templates. The diameter of nanowires can be controlled by 

controlling pore diameter, which can be varied from <10 nm to 200 nm. Sometimes, 

some already existing nanowires are also used as templates to generate nanowires or 

nanotubes of other materials which might be difficult to directly synthesize 

otherwise. 

Filling of the pores is possible either via solution (simply by capillary filling), by 

electrochemical deposition or via the gas phase. The electrochemical deposition is 

most widely used method for this purpose, provided that the template is stable in the 

chosen electrolyte and under the applied electric field. For the vapour deposition, 

Physical Vapour Deposition (PVD) or Chemical Vapour Deposition (CVD) 

technique is used. By using this method we can get single crystalline nanowires of 

the desired material. After the deposition process, the selective removal of template 

is done by chemical etching or annealing treatment in order to get the resulting 

nanostructure. 
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1.3.2.2 Vapour-Liquid-Solid (VLS) Technique 

Vapour – Liquid – Solid (VLS) is one of the most popular methods for nanowire 

synthesis, mainly used for single crystalline growth. In this process, the anisotropic 

growth is carried out in presence of a catalyst in molten state. The vapours of source 

material prefer to absorb on this catalyst in liquid state, which then becomes 

saturated with a gaseous precursor to form an alloy. When this alloy becomes super-

saturated, nanowire of the source material starts growing by precipitation at the 

liquid-solid interface 
[30]

. An elemental wire or a compound wire depending on the 

precursor can be synthesized. The diameter of the nanowire depends on the size of 

the catalyst nanoparticle. Nanowires grow as long as active catalyst is supplied and 

the growth temperature is maintained. 

This is essentially the method proposed for whisker growth from the vapour. 

Generally, laser ablation, CVD or thermal evaporation is used to generate vapours of 

the desired material for nanowire growth. Growth temperature is a critical parameter 

which should be set between the eutectic point of the alloy and melting point of the 

nanowire material 
[31]

. 

1.3.2.3 Electrochemical Deposition 

In Electrochemical deposition or electrodeposition, solid material is deposited on 

an electrode in the presence of dissolved precursors by applying electric field. The 

electrochemical deposition method is a low-cost and scalable method but can be used 

only for the deposition of conducting and semiconducting materials. When the 

deposition is confined inside the porous membrane (template), nanorods or 

nanowires can be prepared. Electrodeposition has also been explored for the 

synthesis of nanowires of oxide semiconductors and conductive polymers without 

using templates 
[32]

. Such growth of nanowires is a self-propagating process. When 

electric field is applied, depending on the polarity of the electrode, the material gets 

reduced/oxidized on the electrode leading to the nucleation of the species. The 

addition of capping agents or directing agents will direct further growth by adsorbing 

on specific crystallographic planes, leading to 1D morphology. In some cases, like in 

ZnO, selective adsorption of growing units on specific planes due to the polar surface 

leads to the formation of nanorods morphology. Electrochemical deposition 
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technique is greatly advantageous over the others because by simply adjusting the 

applied current, bath chemistry and temperature, the morphology and thickness of the 

film can be tuned. 

1.3.2.4 Electrospinning 

Electrospinning is a very simple technique to form nanofibers, though it is mainly 

used for polymer nanofibers synthesis 
[33]

. By combining it with conventional sol-gel 

processing, it also provides a versatile technique for producing ceramic nanofibers 

with either a solid, porous, or hollow structures 
[34]

. 

 

Figure 1.9: Schematic diagram of electrospinning setup 

Figure 1.9 shows schematic diagram of electrospinning set up. There are 

basically three components to perform the process: a high voltage supply, a syringe 

(containing solution) with a needle of small diameter, and a metal collector. One 

electrode is placed at the needle attached with syringe containing spinning 

solution/melt and the other attached to the collector. In most cases, the collector is 

simply grounded. In the electrospinning process a high voltage (normally 1 to 30 kV) 

is applied at the needle containing polymer solution. This induces a charge on the 

surface of the polymer droplet. As a result, the polymer drop experiences two major 

electrostatic forces: repulsion between surface charges and external electric field. 
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Under these forces, the drop gets distorted into conical form, known as Taylor cone. 

Once the applied electric field increases the threshold value, the electrostatic forces 

overcome the surface tension of the polymer solution and thus a liquid jet ejects from 

the nozzle. This jet then elongates and the solvent evaporates to form fibers which 

are collected on the grounded metallic collector plate. The fiber diameter can be 

controlled by adjusting the applied electric field, flow rate and the viscosity of the 

polymer solution. 

1.3.2.5 Solution based methods 

The main advantages of solution based methods for the fabrication of quasi 1D 

structures are their high yield, low cost and ease of fabrication. Anisotropic growth 

of crystals induced by different surface energies lead to the formation of 1D 

nanostructures. However, not many materials have anisotropic crystal structures. 

Therefore, to grow 1D nanostructures with specific orientation, capping reagents are 

extensively used to break the growth symmetry. The capping reagents get adsorbed 

selectively on specific surfaces reducing their growth, which leads to the crystal 

growth along the other uncapped directions 
[3, 19, 31]

. 

One of the commonly used solution-based fabrication techniques is the 

solvothermal method. A typical solvothermal process includes a mixture of precursor 

and a reagent for regulating or templating crystal growth like amines, and subsequent 

reactions under elevated temperatures and pressures. In hydrothermal method, an 

autoclave is used to speed up the growth and assembly. 

1.3.3 Heterojunctions  

Individual, homogeneous semiconducting nanowires have been previously used 

as field effect transistors, photodetectors, and bio/chemical sensors, while more 

sophisticated devices such as light-emitting diodes and complementary logic devices 

have been constructed by assembling both n- and p-type semiconducting nanowires 

into crossed junctions 
[35]

. Interestingly, formation of heterostructures with 

components having different functionalities with favourable band alignment can not 

only lead to a functional integration of the properties of both the materials but also to 

novel interface effects and phenomena, and thus prove to be more useful for 
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constructing new-concept nanoscale functional devices 
[36]

. The different ways of 

making heterojunctions of 1D nanostructures are as follows:  

 

Figure 1.10: Types of heterojunctions using 1D nanostructures 

1.3.3.1 Core – Shell Structure 

A solid nanowire (core), fully covered with another material (shell), forms a 

core-shell structure or radial nanowire heterostructure 
[37]

, as shown in figure 1.10 

(a). Several types of core/shell structure have been synthesized, such as 

semiconductor/oxide, metal/oxide, oxide/oxide, oxide/polymer, etc. In some of core-

shell assemblies, the shell layer is deposited as a protecting layer for the core 

nanostructure. Atomic Layer Deposition (ALD) technique can be used for uniform 

deposition of shell layer on pre-grown core nanowire. ALD is a very good technique 

for layer-by-layer deposition of a desired material, giving rise to precise control on 

the thickness of the shell layer. The design and synthesis of functional core-shell 

semiconductor heterostructure are very important for constructing new functional 

devices such as p–n junctions, LED and photovoltaic cells, etc. 

1.3.3.2 Segmented (Superlattice) Structure 

The concept of thin film superlattice can be extended in nanostructured form as 

shown in figure 1.10 (b). This can greatly increase the versatility and power of the 

nanostructured building units in newer electronic and photonic applications, 

including thermoelectrics, nano-barcodes, injection lasers, and engineered one-

dimensional waveguides 
[38]

. There are a number of ways of making the segmented 

BranchedSegmentedCore-shell Flip-chip

(a) (b) (c) (d)
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structures, VLS method being the most effective amongst them. Generally, a catalyst 

common to two different materials could be used to grow a nanowire superlattice 

structure by modulating the reactants during growth. 

1.3.3.3 Hierarchical branched nanostructure 

The most popular and effective method of preparation of 1D heterojunctions is 

the hierarchical branched nanostructures (or 3D branched structures). Their synthesis 

is possible by simple chemical routes, which lead to increasing interest in these 

complex 3-D hierarchical branching nanowire structures (figure 1.10 (c)). In addition 

to other properties of 1D heterojunctions, they show multiple junctions formation. 

They also promise to improve the solar energy harvesting than that of simpler 1D 

nanowire arrays by intensely scattering light that is not absorbed, resulting in a 

longer effective path for light to travel through the absorber layer. This results in a 

good current density in opto-electronic devices. Just as trees in the natural world 

expose large surfaces for effective photosynthesis, these extensively branched 

structures have large area to harvest solar light and increased scattering that improves 

light absorption 
[39]

. The high surface area can also increase the number of 

interactions between surface catalytic centres in PEC cells 
[40]

. The incorporation of 

such hierarchical nanostructures into a solar conversion device is a dramatic 

departure from the conventional paradigm of planar junction solar cells and is quite a 

challenging research frontier. 

1.3.3.4 Flip – Chip Arrangement 

When two 1D nanostructures are grown separately on different substrates, we can 

make heterojunction of them by Flip-chip arrangement, as shown in figure 1.10 (d). 

The concept of flip-chip interconnection method in micro-patterning can be used 

here for heterojunction of two 1D structures. Although researchers have used this 

flip-chip arrangement in fabrication of devices like photodetectors and resistive 

switching 
[41]

, the method is not explored for other electronic devices effectively.  

The major advantage of this arrangement is that the 1D nanostructures can be 

grown on any desired substrate by any suitable route. Sometimes, formation of 

heterojunction by other methods is not possible due to incompatibility of precursors 
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and/or formation temperature. In such cases, junction formation by flip-chip method 

is an easy task.  

1.4 Metal Oxide Nanomaterials 

The need for alternative non-silicon materials for electronic applications has led 

to extensive studies of metal oxides as they offer a broad and rich range of physical 

properties 
[42]

. The important strength of the oxides is their ability to exhibit very 

wide range of functionalities due to their fascinating magnetic, dielectric, 

piezoelectric, semiconducting, superconducting, as well as various other physical, 

chemical, electrochemical, catalytic properties and often a combination of them 
[43]

. 

Moreover, generally these materials have good chemical stability. The metal oxide 

research and development includes design and fabrication of thin films, their 

heterostructures and engineered nanomaterials that exhibit either enhanced or 

multiple functionalities than the existing technologies. Understanding and controlling 

the properties and behaviour of a wide range of oxide materials at the nanoscale is 

now a major theme in materials research. 

Amongst the various metal oxides, there is one technologically very important 

group of materials, namely the transition metal oxides. Transition metal oxides are 

the compounds composed of transition metals and oxygen atoms. A special 

characteristic of these materials is the existence of more than one oxidation states of 

transition metal ions which can convert to one another 
[44]

. Because of this, these 

materials have extremely varied electronic properties, ranging from insulating to 

metallic, and exhibit several interesting phenomena such as superconductivity and 

metal-insulator transitions. Due to such wide range of properties immense research is 

being done to manipulate such properties for a variety of applications. 

In our studies, we have synthesized some 1D transition metal oxide 

nanostructures, of p-type Cu2O, n-type ZnO, TiO2 and their heterojunctions. They are 

further studied for applications such as photodetectors, field electron emitters, 

photocatalysis, and water splitting. 
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1.4.1 Cuprous Oxide (Cu2O) 

Copper has two oxide phases, cupric oxide (CuO) and cuprous oxide (Cu2O). 

Interestingly, Cu2O is one of the first known semiconducting materials and some 

early electronic devices like rectifying diode and solar cell were constructed using 

Cu2O in 1920s 
[45]

, long before silicon became the standard norm. In the history of 

semiconductor physics, Cu2O is one of the most studied materials, and many 

experimental observations and semiconductor applications have been demonstrated 

first in this material. The most practical thing about Cu2O is its ease and cost-

effectiveness of preparation. The single crystal can be prepared by simple oxidation 

of copper at high temperature while thin films can be grown simply by electro-

deposition or sputtering. Additionally Cu2O is composed of two very abundant and 

non-toxic elements. 

Cu2O is one of the very few p-type oxides with a band gap of ~2.17 eV. The p-

type conductivity is mostly caused by copper vacancies 
[46]

, where the acceptor-type 

energy level is situated at ~ 0.3 eV above the valance band edge in single crystal 

Cu2O. Cuprous oxide (Cu2O) crystallizes in a cuprite structure i.e. cubic structure 

with the Cu atoms arranged in a fcc sublattice and the O atoms in a bcc sublattice, 

where one sublattice is shifted by a quarter of the body diagonal. The crystal 

structure of Cu2O consists of two interpenetrated and independent cristobalite like 

lattices as seen in Figure 1.11. Cu2O has a lattice constant a=4.27 Å.  

 

Figure 1.11: Crystal structure of cuprous oxide 

Cu O
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Cu2O shows many interesting characteristics for electronic and opto-electronic 

applications such as a good absorption coefficient 
[47]

 for the light having energy 

above the band-gap (which is of the order of 10
4
 cm

-1
 at ~500 nm), a good hole 

mobility at room temperature, (which is reported ~100 cm
2
 V

-1
 S

-l
 for a single crystal 

Cu2O), minority carrier diffusion length of ~1-2 µm etc 
[48]

. The resistivity of Cu2O 

is strongly dependent on the post annealing processes, and can vary from a few tens 

of -cm to 10
14

 -cm 
[49]

. 

Cu2O is considered as good material for many electronic devices. It has attracted 

much attention with doping of magnetic impurities like Mn or Co as a dilute 

magnetic semiconductor (DMS) 
[50]

. This class of materials is very important because 

of the potential use of both the charge and spin properties of electrons for spintronic 

devices. Observations of room temperature ferromagnetism in the Al and Co co-

doped Cu2O film have been reported with Curie temperatures far greater than room 

temperature 
[51]

. Another recent technological application using Cu2O films is the 

fabrication of low-cost non-volatile memories, based on the effect of the resistive 

switching 
[52]

. Also, Cu2O has always been considered a material suitable for the 

realization of low cost solar cells, as its theoretical efficiency is ~15% 
[53]

. It has been 

widely studied for optoelectronic applications like photo-catalysis 
[54]

, Li-ion 

batteries 
[55]

, photo-electrochemical cells 
[56]

, photo-sensors 
[57]

, etc. 

1.4.2  Zinc Oxide (ZnO) 

Nanostructured inorganic crystals with tunable morphology are desirable in many 

potential applications in the fields of energy conversion, electronics, catalysis, optics, 

chemical sensing, and medicine. Controlled growth of hierarchical crystal 

architectures has received particular attention recently to support application 

demands because more complex structures enable greater control over material and 

device properties 
[58]

. Since Zinc Oxide (ZnO) is a wide band gap (3.37 eV) 

semiconductor material it has attracted a great deal of attention for its potential uses 

in UV light emitters, field emission, piezoelectric transducers, gas sensors, optical 

waveguides, transparent conductive films and dye-sensitized solar cells, etc. In terms 

of structural properties, ZnO is a polar crystal with a number of alternating planes 

composed of tetrahedrally coordinated O
2-

 and Zn
2+

 ions, stacked alternately along 

the c-axis. Thus, a ZnO crystal consists of a positively charged plane (001) 
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terminated with zinc and a negatively charged plane terminated with oxygen. ZnO 

has been prepared by a number of methods such as the reaction of zinc salts with 

base, chemical bath deposition, thermal decomposition, hydrothermal synthesis, sol– 

gel methods, template methods including the use of alumina membranes, microwave 

synthesis method and vapour phase transport, giving rise to particles of various 

shapes and sizes. So far, numerous forms of nanostructured ZnO with different 

morphologies such as nanowires, nanosheets, nanotubes, and nanoflowers have been 

fabricated 
[58(a)]

. 

1.5  Applications of Metal Oxide Nanoparticles 

Energy, Environment and Health are perhaps the most critical and interrelated 

fields of human concern at the present time. The development of advanced functional 

materials with novel set of properties is considered the key to address and resolve 

them. Metal oxide nanoparticles, because of their diverse set of interesting 

properties, have been explored for tremendous range of applications (figure 1.12) 

including energy conversion and storage, photocatalysis and for efficient electronic 

and magnetic devices. In the current research work, we have focused on a few 

electronic and opto-electronic applications of 1D metal oxide nanostructures, which 

are discussed in the following sections: 

 

Figure 1.12: Tremendous range of applications of metal oxide nanoparticles 
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1.5.1 Photodetector 

Photodetectors are used in variety of applications ranging from photo-switches to 

Charged Couple Devices (CCD) for imaging of astronomical objects. They are 

basically semiconductor devices that can detect an optical signal and convert it into 

an electrical signal. The operation of a general photodetector basically includes three 

processes: (1) carrier generation by incident light, (2) carrier transport and/or 

multiplication, and (3) extraction of carriers as terminal current to provide the output 

signal 
[59]

. Three types of photodetectors are generally used: photoconductors, 

photodiodes and phototransistors. Out of these we will focus on the details about 

working mechanism and figures of merits for photodiodes, since they form an 

important portion of this thesis. 

 Basic operation mechanism of photodiodes 

 

Figure 1.13: Operation mechanism of p-n junction photodiode 

When two materials (p and n type semiconductors or metal/semiconductor) come 

into contact with each other, charge transfer takes place because of Fermi level 

mismatch so as to equilibrate it. This leads to the formation of a depletion layer at 

their interface. When the light of the energy greater than or equal to the band gap of 

one of the semiconductors strikes a photodiode, there is formation of electron-hole 

pair, in the semiconductor region or depletion region as shown in figure 1.13. In the 

depleted region, because of the built-in electric field, separation of the photo-
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generated minority charge carriers takes place i.e. electrons from p-region are 

diffused to the n-region and holes from n-region are diffused towards p-region 
[60]

. 

This results in the flow of current through external circuit at a certain applied bias. 

This current is a combination of various mechanisms like diffusion current in the 

bulk p and n regions, generation-recombination current in the depletion region, 

surface current from surface states, tunnelling current, etc. 

 Figures of merit 

As the photodetectors have practical applications in various fields like compact-

disc players, optical-fiber communications, surveillance of rockets or intercontinental 

ballistic missiles, remote sensing, etc., they have to satisfy stringent requirements 

such as high sensitivity at the operating wavelength, good current response and 

minimum noise. There are a few parameters or figures of merit, which define a good 

photodetector 
[61]

. These are as follows: 

1. Quantum efficiency (η): Quantum efficiency is defined as the fraction of photons 

of a given wavelength that contributes to the current. It is governed by the 

absorption of light in the material and its conversion to electrical signal after 

avoiding losses of charge carriers due to recombination. Thus more the absorption 

coefficient and less the recombination, more is the quantum efficiency at a 

particular wavelength. For an ideal photodetector, the quantum efficiency should 

be 1 (or 100% if defined in terms of percentage). 

2. Responsivity (R): It is the ratio of the photocurrent to the incident optical power. 

In other words, it is the measure of the effectiveness to convert specific light 

power to the electric current. 

It is determined as, 

    
  

   
    

Where, η is the quantum efficiency of the photodetector at given wavelength (), 

q is the electron charge, h is the Planck’s constant, c is velocity of light and g is 

the photoconductive gain. 

3. Signal-to-noise ratio: As good photocurrent is important, minimum noise is also 

important, as it will determine the minimum detectable signal. Increased dark 

current due to the external applied bias and thermal generation of charge carriers 
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mainly contribute to noise. It is related to the detectivity (D) of the photodetector 

as, 

      
    

  
 
   

 

Where, Δf is the frequency bandwidth, Ao is the optical area and In is the noise 

current of the photodetector. 

4. Response time: The response time of a photodetector is measured in two parts: 

rise time and reset time. The rise time is defined as the time taken by the 

photodetector to reach 90% of maximum photocurrent and the reset (recovery) the 

time taken to reach 1/e times (37%) of the maximum photoresponse current. For a 

good photodetector, both the rise and recovery times should be as low as possible, 

typically in nanoseconds to a few microseconds.  

1.5.2 Field Emission 

 

Figure 1.14: Schematic diagram of potential energy (V) of an electron as a function 

of distance x from the electron emitter surface. [Taken from ref. 62] 
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Nanowires have gained significant attention in last few years for the 

technologically important application of flat panel displays, for which cold cathodes 

or field electron emitters can be used as an alternative to thermionic emitters. The 

conventional thermionic emitters are associated with high power dissipation due to 

high cathode temperature, which discards their long term use. The field emission 

sources or guns are also used in scanning electron microscopy and electron beam 

lithography because of their small optical size. 

Field emission, also known as field electron emission or cold cathode emission, 

is the tunnelling (ejection) of electrons from a metal or semiconductor surface in 

presence of high electric fields, typically of the order of 10
7
 – 10

8
 V/cm. In order to 

produce such high electric fields using reasonable potentials, the emitter is typically 

formed into a tip with a very small apex radius of curvature. The high electric field 

induces field emission by narrowing the potential barrier at the solid-vacuum 

interface sufficiently for electrons to have a high probability of tunneling from the 

solid into the vacuum 
[62]

. An overview of this potential barrier (V) narrowing 

phenomenon is given by Figure 1.14, showing the dependence of potential energy 

(V) of an electron as a function of the distance x from the electron emitter surface. 

From figure 1.14 it is seen that, as the applied electric field (E) between the cathode 

and anode is increased (thereby increasing the electric field strength), the negative 

slope of the potential barrier will increase, becoming narrower. It is a unique 

quantum-mechanical effect of electrons tunnelling from a condensed matter into a 

vacuum. The quantitative description of field emission is known as Fowler-

Nordheim (F-N) theory 
[63]

, relating the emission current density to the applied 

electric field. The Fowler-Nordheim (F-N) equation for metals is given by, 

   
     

 
      

   
 
  

  
  

Where, constants A=1.54 × 10
-6

 A eV V
-2

 and B= 6.83 × 10
3
 eV

-3/2
 V m

-1 [64]
, J 

is the current density, E is the applied electric field, φ is the work function of 

emitting material and  is field enhancement factor. Field emission theory for 

semiconductors could be more complicated. Great amount of research have been 
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conducted since the introduction of F-N theory to characterize the field emission 

characteristics of various geometries and dimensions of field emitters. 

1D nanostructures are known to be ideal field emitters due to their small tip radii 

and large aspect ratio. Even for a low applied voltage, the local electric field at the 

tip is boosted up to a high value due to this particular geometry of the nanorods or 

nanowires 
[65]

. Aligned nanowires with a high packing density can again significantly 

enhance the field emission behaviour and make them more suitable for practical 

applications. Heterojunctions, especially hierarchical branched nanostructures 
[66]

, 

are also of interest for their potential use in field electron emission. There are a few 

additional properties that the materials to be investigated must possess viz. vacuum 

compatibility, high mechanical strength, resistance to ion bombardment (due to 

residual gases in the vacuum chamber) and low work function. Zinc oxide is the most 

studied material in this regard because of its ease of formation of the branched 

nanostructure and other functional properties 
[67]

. 

1.5.3 Photocatalysis 

Semiconductor based photocatalysis has attracted much attention due to its 

potential for pollutant degradation in the presence of sunlight 
[68]

. Photocatalysis is 

based on semiconducting materials e.g. TiO2 nanoparticles as light activated catalyst 

for the degradation of organic pollutants. When nanoparticles are irradiated with 

photons of energy corresponding or exceeding the band gap energy of the 

semiconductor, an electron is promoted from valence band into conduction band 

leaving behind a hole. The excited electrons and holes then migrate to the surface of 

the nanoparticles. These electrons and holes react with adsorbed molecules (electron 

acceptors and donors) on the surface. The valence band holes act as powerful 

oxidants, whereas the conduction band electrons are good reductants. The 

mechanism of photocatalysis using a semiconducting nanoparticle is shown 

schematically in figure 1.15. 
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Figure 1.15: Mechanism of the photocatalysis using semiconducting nanoparticle 

The hole is a strong oxidant which reacts with water molecule or OH
-
 adsorbed 

on the surface to form the hydroxyl radicals (OH•). The electron reduces the oxygen 

adsorbed on the surface to form the superoxide anion (•O2-). This can subsequently 

react with water to form the hydroxyl radical again 
[69]

. The processes are 

summarized below: 

h
+
 + H2O → H

+
 + •OH 

e
−
 + O2 → •O2- 

•O2
-
 + H

+
→ HO2• 

HO2• + H
+
 + •O2

-
 → H2O2 + O2 

H2O2 + e
-
→ OH• + OH

-
 

Hydroxyl radicals are themselves very powerful oxidants, and can easily oxidize 

any organic species, ultimately to carbon dioxide and water. 

Large number of electrons and holes, before coming to the surface, recombine 

dissipating the energy in the form of heat or emitted light. To avoid this 

recombination, some strategies such as loading of co-catalyst like Pd, RuO2 on the 

semiconductor surface, making a composite with noble metal nanoparticles like Au 
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or Ag 
[70]

, and making heterojunctions with other semiconductors are followed. 

Heterojunction formation facilitates separation of charges which can improve the 

photocatalytic activity 
[71]

. Also, it is advantageous to use nanoparticles with 

hierarchical morphologies because they have very high surface area, which is 

beneficial for photocatalytic activity 
[72]

. 

1.5.4  Photo-electrochemical (PEC) Water Splitting 

Hydrogen, being considered as a clean and efficient energy source, is proposed to 

be used instead of fossil fuels in the near future. Hydrogen is a potential fuel for non-

polluting vehicles, aircrafts and domestic heating. The recent development of 

vehicles powered by fuel cells which use hydrogen as a fuel will definitely reduce 

the emission of greenhouse gases. So far, hydrogen has been produced from methane 

using steam reforming, which leads to emission of CO2.  For a viable and sustainable 

hydrogen economy, efficient and economical water splitting is the key factor 
[73]

. 

Water splitting is a common term for chemical reaction in which water is split into 

oxygen and hydrogen. By a simple electrolysis, water can be split by applying a 

constant voltage in an electrolysis cell, which consists of two electrodes, cathode and 

anode, where reduction and oxidation reactions simultaneously take place forming 

H2 (at cathode) and O2 (at anode). However, water electrolysis using the electricity 

generated by burning of fossil fuels is also not environment friendly. Therefore 

generation of hydrogen by directly using solar energy is a viable option. There are 

two ways for hydrogen generation by solar energy: one is photocatalytic water 

splitting, which is also known as direct water splitting and another is photo-

electrochemical water splitting. Photo-electrochemical cell carries out electrolysis of 

water in presence of light. This cell is comprised of a semiconductor (used as one of 

the electrodes) that absorbs solar energy and generates charge carriers (electrons and 

holes) to split water molecules. This process of photo-electrolysis integrates solar 

energy collection and water electrolysis, therefore it is considered as the most 

efficient renewable method for hydrogen production 
[74]

. 
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Figure 1.16: (a) Requirement of band alignment of the material with respect to 

water oxidation and reduction levels for overall water splitting (b) Electrical circuit 

showing the charge transfer in the within the PEC cell formed with semiconductor 

photoanode and metallic cathode [Printed with permission from Elsevier; ref. 74 

(d)] 

The spontaneous water splitting requires that the conduction band of the 

semiconductor should be above (i.e. more negative) the reduction potential of water, 

which is favourable for electron transfer for reduction of water to hydrogen and 

valance band is below (i.e. more positive) the oxidation potential, which is 

favourable for oxidation of water to oxygen, as shown in figure 1.16 (a). However in 

most of the n-type semiconductors the conduction band lies below the reduction 

potential of water. Thus a barrier is created at semiconductor-electrolyte interface 

which retards spontaneous water splitting. For these systems, external electrical bias 

is required for water splitting. 

Let us consider a photo-electrochemical cell consisting of n-type semiconductor 

electrode (photoanode) and a metal counter electrode (commonly platinum is used so 

as to prevent corrosion and dissolution products). When the photoanode is 

illuminated with photons having energy (hν) greater than or equal to the band gap of 

semiconductor, then formation of electrons and holes takes place in the conduction 

and valance band of the semiconductor, respectively. At the interface between the 

photoanode and electrolyte, the photogenerated holes are transferred and react with 

the water leading to the formation of oxygen and hydrogen ions. 
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2h
+
 + H2O → ½ O2 (g) + 2 H

+
 

Gaseous oxygen is evolved at the photoanode and the hydrogen ion travels 

through the electrolyte to the cathode. At the same time, the photogenerated electrons 

are transferred to the cathode through external circuit; which reacts at the electrode-

electrolyte interface with the hydrogen ion to evolve gaseous hydrogen. This process 

is shown in figure 1.16 (b) 
[75]

. 

Under standard conditions, water can be electrolyzed at a potential of 1.23 V, 

which is derived from the relationship between water splitting threshold energy (Et) 

and standard Gibbs free energy per mole of the reaction (ΔG
0
): 

    
         

    
 

Where, ΔG
0 

is equal to 237.141 kJ/mol and NA is Avogadro’s number which is 

equal to 6.023*10
23

 /mol, which results to the value of threshold energy as 1.23 eV.  

Therefore, water splitting can take place when the electromotive force of the cell 

(EMF) is equal to or larger than 1.23 V. In most cases, the generated EMF is less 

than 1.23 V. For example, TiO2, the most studied material as photoanode, generates 

voltage of ~0.7-0.9 V under solar light illumination in a photo-electrochemical cell. 

Hence water splitting can be performed only in the presence of external electric bias. 

The materials used for water splitting should satisfy a few functional 

semiconducting and electrochemical properties for a good efficiency of PEC cell; 

which are as follows: 

 Band gap 

Band gap is a critical parameter for choosing the material for PEC; since only 

those photons absorbed by the material can be used for conversion (energy greater 

than or equal to its band gap). Theoretically the minimum band gap of ~1.23 eV is 

required to split the water molecule. In practice, for a good PEC material, this band 

gap requirement differs due to the losses caused by recombination and resistance of 

the PEC cell. Considering all the losses and a requirement of maximum absorption of 

light in the solar spectrum, the optimal energy for conversion is ~2 eV 
[75, 76]

. 
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 Semiconductor – Electrolyte interface and flat-band potential 

When a semiconductor is immersed in the liquid electrolyte, a charge transfer 

occurs at the semiconductor/electrolyte interface so as to equilibrate Fermi energy of 

the semiconductor (Ef) and redox potential of the electrolyte. This charge transfer 

results in the formation of space-charge layer at the semiconductor surface forming a 

potential barrier. On the electrolyte side, a layer of opposite charges is induced 

known as ‘Helmholtz layer’. The height of this barrier is known as ‘Helmholtz 

barrier’. The efficiency of the PEC cell depends on this barrier as it is determined by 

the properties of the photo-electrode as well as the nature of the electrolyte 
[77]

. 

 

Figure 1.17: Band positions of semiconductors in contact with aqueous electrolyte 

of pH 1 [printed with permission from Nature, ref. 77 (a)] 

The flat band potential, another useful quantity, is the potential which has to be 

applied at the semiconductor/electrolyte interface in order to make the bands flat. 

The flat band potential helps to determine the positions of conduction and valance 
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band edges of the photo-electrode with respect to the electrolyte. This can be 

measured experimentally by ‘Mott-Schottky plot’. Figure 1.17 shows the band 

positions of some semiconducting materials in contact with aqueous electrolyte of 

pH=1 vs. normal hydrogen electrode (NHE) and vacuum. 

 Electrical resistance 

The major sources of energy losses in the PEC cell are the electrical resistance of 

the photo-electrode, metallic counter electrode and electrical connections. In order to 

minimize the efficiency, the electrical resistances must be minimized. The electrical 

resistance of semiconducting photo-electrode is much higher than that of counter 

electrode and other electrical connections. Hence, the photo-electrode should be of 

high conductivity, which depends on the charge carrier density and their mobility. 

 Corrosion resistance 

The photo-electrode must be resistant to the corrosion reactions in the PEC cell 

that basically occur due to electrochemical reactions and photo-corrosion. The 

corrosion results in the degradation of the photo-electrode i.e. change in its chemical 

composition and properties, thereby its long term use becomes impossible. Many 

materials, which have other suitable properties for efficient photo-electrode, are not 

corrosion resistant. In electrochemical process, corrosion is observed due to excess or 

unwanted charge transfer at the electrode-electrolyte interface leading to anodic or 

cathodic decomposition. Therefore attempts have been made to protect such 

semiconductors from corrosion by deposition of suitable thin protective layers. 

1.6 Outline of the thesis 

Based on the background discussed above, the present thesis work was planned 

to explore the synthesis of quasi 1D metal oxide nanostructures and their 

heterojunction assemblies by employing novel routes for electronic and opto-

electronic applications such as photodetection, Field Electron Emission, 

photocatalysis and photo-electrochemical hydrogen generation. 
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The outline of the thesis is as follows: 

The important properties of nanomaterials, especially of quasi 1D nanomaterials 

and some of their applications have been discussed in Chapter 1. 

In Chapter 2, a brief overview of the synthesis and thin film deposition methods 

for metal oxides are presented. Furthermore, a general outline of the instruments and 

methods used for the characterization of these nanomaterials for their potential 

applications are also presented. 

Chapter 3 discusses the synthesis of cuprous oxide nanoneedles directly on 

copper substrate. The details of the further study for photodetector application by 

making p-Cu2O nanoneedles/n-ZnO nanorods flip-chip heterojunction device has 

also been discussed. We have also observed that the nanowire heterojunction photo-

response is far stronger as compared to a thin film heterojunction made of the same 

materials. 

Chapter 4 discusses the fabrication of an interesting Cu2O/ZnO hetero-

nanobrush assembly. The hetero-nanobrushes show excellent field electron emission 

performance and photocatalytic activity. The detailed mechanism is studied and 

discussed in this chapter. 

In Chapter 5, we have presented and discussed the results of photo-

electrochemical water splitting using cuprous oxide nanoneedles on copper as 

photocathode. The effect of TiO2 capping of Cu2O nanoneedles on the photo-

electrochemical activity is also discussed in this chapter. 

Chapter 6 summarizes the work described in this thesis by presenting the salient 

features of the work and also mentions the possible avenues for future work. 
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Chapter 2 

Experimental Methods and Characterization 

Techniques 

 

 

  

                       

This chapter presents a brief description of nanomaterials 

synthesis and thin film deposition methods employed in the research 

work. The deposition methods include electrochemical and pulsed 

laser deposition. This is followed by a discussion on various 

experimental tools employed to characterize the structural, optical and 

electrical properties of the synthesized nanomaterials. 
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Section – I 

2.I Deposition Techniques 

Over the past decades researchers have developed various techniques for 

synthesis and characterization of nanomaterials. Synthesis of nanomaterials is the 

most crucial and challenging step for the efficient use of these nanomaterials for 

several potential applications, as their morphologies and other relevant properties are 

strongly influenced by the synthesis methods and protocols.  

A facile synthesis protocol for multi-functional metal oxides with desirable 

control on size, shape and phase evolution is still a challenging task for scientists. 

Soft chemical and electrochemical routes have attracted attention in this context, as 

they allow precise control over the synthesis parameters throughout the reaction, 

from the molecular precursors to the final product at low processing temperatures. 

These routes allow formation of nanomaterials with high purity and compositional 

homogeneity. The advantages of these approaches include: (i) wet chemical control 

on oxidation states, (ii) ability to template various nanostructures, (iii) relatively low 

process cost, (iv) ability to form nano, meso and micron sized particles. In the 

present research work, electrochemical synthesis method was used to synthesize 

Copper Oxide nanoneedles. The following section describes the details of the 

protocols employed. 

For many technological applications, materials are needed to be in the form of 

thin films. Various deposition techniques are known to form thin films of oxide 

materials such as pulsed laser deposition (PLD), chemical vapor deposition (CVD), 

DC and RF sputtering, molecular beam epitaxy (MBE), Spray Coating, Spin-coating, 

etc. In the present research work PLD technique was utilized to form thin films of 

metal oxides. The following section describes the details of the PLD deposition 

method and the parameters used for film formation in this work.   

2.I.1 Electrochemical Synthesis 

Electrochemical synthesis is a very effective technique for the synthesis of 

anisotropic nanostructures 
[1]

, such as nanorods, nanowires and nanotubes of various 

material types from metals to polymers 
[2, 3]

. It is a facile and low cost technique, and 

operates at a low temperature. Electrochemical synthesis is performed by passing 
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current between two or more electrodes separated by an electrolyte, where an 

electrochemical reaction occurs between the electrode and the electrolyte leading to 

the formation of a film on the electrode surface. The reaction is either oxidation or 

reduction of reactants or the electrode itself; therefore it can be controlled by fine 

tuning of the operating voltage and/or current passing through the electrodes. 

Another important parameter that affects the deposition quality and rate is the 

reaction bath composition. Electrochemical deposition is a low temperature reaction 

and is generally limited by the boiling point of the electrolyte. The success of the 

electrochemical synthesis depends on number of factors such as choice of 

electrochemical bath, mode of deposition – potentiostatic or galvanostatic, 

temperature, concentration, pH and composition of bath, etc. By controlling these 

parameters, oxides, hydroxides, nitrides and even ternary oxides can be formed. The 

only limiting factor is that, the electrochemical deposition / synthesis can be 

performed only on conducting substrates. 

For the synthesis of 1D nanostructures primarily two electrochemical methods 

are used 
[4]

: a) deposition using hard porous templates and b) direct electrochemical 

synthesis with/without capping agent. The template-assisted process uses a porous 

template guiding the growth of deposit while the capping agent-assisted process uses 

the precursor atoms to selectively adsorb onto the specific crystallographic planes to 

enhance the anisotropic growth in a particular direction. Recently, researchers are 

trying to synthesize 1-D nanostructures without any template and any surfactants, 

although it is very difficult to do so because of the isotropic crystallographic 

structure of the material. However, for the crystalline materials with crystallographic 

anisotropy, 1-D growth is driven by the different surface energies depending upon 

the crystal orientation 
[5]

. 

Anodization is one of the electrochemical methods, successively used for the 

synthesis of TiO2 nanotubes 
[6]

. In our work we have used anodization method in 

galvanostatic mode in a basic bath for the deposition of copper hydroxide nanowires. 

This will be discussed in detail in chapter 3.  

2.I.2 Pulsed Laser Deposition (PLD) 

Among the various techniques known for thin film deposition, Pulsed Laser 

Deposition is one of the most widely used techniques 
[7 - 9]

. It has been used 
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successfully for wide range of materials’, from polymers to superconducting oxides. 

The success of PLD lies in its simplicity of setup and a great control on the 

stoichiometry of the film. 

 

Figure 2.1: Typical schematic of the pulsed laser deposition technique  

 

Pulsed Laser Deposition is a physical vapour deposition method, carried out in a 

vacuum chamber. The experimental setup, as shown in figure 2.1, consists of a high 

energy laser source (generally an UV excimer laser like KrF (248 nm), ArF (193 nm) 

or Nd:YAG laser) and a vacuum chamber (capable of evacuating in the order of ~10
-

6
 mbar with the help of rotary and turbo molecular pumps). The vacuum chamber is 

equipped with a rotating target holder (where multiple target mounting is possible for 

the multilayer deposition) controlled by a motor and a substrate holder, which can be 

simultaneously heated with the help of a heater controlled by a thermocouple. A gas 

inlet for inserting reacting gases, such as oxygen is also provided. The laser beam 
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incident at an angle of 45° to the target surface is focused on to the rotating target 

(made up of the material to be deposited) with a quartz lens. Laser beams of energy 

~100 to 400 mJ are focused to a size such that energy density is maintained between 

1 to 5 J/cm
2
, at the target. The deposition processes can be controlled by externally 

connected computer. For the deposition, at sufficiently high laser energy, the target 

material is ablated to form plasma plume. The plasma plume contains various excited 

atoms, molecules, ions and small particles. This plasma quickly expands away from 

the target towards the substrate where it is deposited at the surface of the heated 

substrate leading to growth of the desired thin film. 

There are several parameters, which immensely influence the growth and 

properties of thin films. These parameters are: laser energy density falling on the 

surface of the target, ambient pressure during and after deposition, pulse repetition 

rate, temperature of the substrate, choice and orientation of the substrate itself, target 

to substrate distance, etc. Laser energy density is a vital factor that hugely affects the 

properties of the films. The energy density must be selected and controlled according 

to the target material. If the target is made up of a soft material, such as a polymer, 

then the energy density should be kept low, so that the polymer chains won’t break. 

While for a ceramic target material, it should be kept little high so that the material 

will be ablated. In all cases, care should be taken so that droplet-like particles should 

not get deposited on the substrate, due to very high energy density. The ambient 

oxygen partial pressure too is vital for the thin film growth of complex oxides to 

make up the loss of oxygen in the ceramic target itself or during the course of 

transfer of the excited species from the target to the substrate. The temperature is 

important to maintain the desired phase and stoichiometry of the film. In spite of 

having all the mentioned advantages, PLD technique suffers from having difficulty 

in large area uniform film deposition due to narrow angular distribution of the 

plasma plume. 
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Figure 2.2: Photograph of PLD system at National Chemical Laboratory, Pune. 

 

In the present work, a KrF excimer laser (Lambda Physik, LPX200) having 248 

nm wavelength and pulse duration of 20 ns was used for thin film deposition. The 

photograph of the PLD system is shown in figure 2.2. 

 

Section – II 

2.II Materials Characterization Techniques 

A detail analysis of properties of the nanomaterials and thin films is very crucial 

in order to employ them for any application. When material’s dimensions are 

reduced to nanoscale they show different properties as compared to their bulk 

counterparts. Their structural, electronic and optical properties drastically change 

when the size is reduced. Such changes in the properties can make the analysis 

complicated at times. Therefore it is very important to select the appropriate 

characterization technique that will give precise and clear information about the 

nanomaterials under study. Following sections present the discussion on the various 

characterization techniques used for the present doctoral work. 

To realize the quality and composition of the synthesized material, it is very 

crucial to characterize the material. Better resolution, higher sensitivity and greater 

accuracy of characterization tools can give better insights of the materials; hence will 

be much useful to design appropriate technological devices. 
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2.II.1 X-Ray Diffraction (XRD) 

X-ray crystallography is the most crucial tool for studying structural properties of 

crystalline material 
[10]

. X-ray diffraction (XRD) is a fast, non destructive, analytical 

technique primarily used for structure, phase identification of a crystalline material 

and can also provide information on particle / crystallite size. XRD patterns are 

generated from the interference pattern of elastically dispersed X-ray beams by atom 

cores. This technique is suitable for thin films, bulk and nanomaterials. In case of 

nanostructures, the change in lattice parameter with respect to bulk gives idea of 

nature of strain present in the film. 

 

Figure 2.3: (a) Representation of X-ray Diffraction. The  -2  scan maintains these 

angles with the sample, detector and X-ray source. Only planes of atoms that share 

this normal will be seen in the  -2  scan. (b) Typical XRD plot of cuprous oxide film 

on copper substrate 

 

In the XRD instrument, a collimated monochromatic beam of X-rays is incident 

on the sample. A constructive interference occurs only for certain  values 

correlating to those (hkl) plane, where path difference is an integral multiple (n) of 

wavelength.  Based on this, the Bragg’s condition is given by 
[11]

, 

                                           2dsin = n                                 

Where,  is the wavelength of the incident X-ray, d is the inter-planer distance, 

‘’ is the scattering angle and n is an integer-called order of diffraction. In 

nanostructures, X-rays are diffracted by the oriented crystallites at a particular angle 

to satisfy the Bragg’s condition. Experimentally, we use X-ray with known 
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wavelength and take readings for different   values to calculate the inter-planer 

spacing that satisfies Bragg’s condition i.e. for peaks in XRD data. The XRD can be 

taken in different modes such as -2  scan mode,  -2  rocking curve, and  scan. 

In the -2 scan mode, a monochromatic beam of X-ray is incident on the sample at 

an angle of   with the sample surface. The detector motion is coupled with the X-ray 

source in such a way that it always makes an angle 2 with the incident direction of 

the X-ray beam (figure 2.3 (a)). The resulting spectrum is a plot between the 

intensity recorded by the detector versus 2, as shown in figure 2.3 (b), which is a 

typical XRD plot cuprous oxide film on copper substrate. 

The incident X-rays may reflect in many directions but will only be measured at 

one location so we will require: 

Angle of Incidence (i) = Angle of Reflectance (r) 

This is done by moving the detector twice as fast in () as the source. So, only 

where i = r, will be the intensity of the reflected X-rays to be measured. 

Nanomaterials have smaller sized crystallites and significant strains due to 

surface effects, causing considerable peak broadening and shifts in the peak positions 

w.r.t standard data. From the shifts in the peak positions, one can calculate the 

change in the d-spacing, which is the result of the change in the lattice constants 

under strain. The crystallite size (t) is calculated using Scherrer’s formula: 

    t = k λ / β cos θ 

Where, k = Scherrer’s Constant ≈ 0.9, β = Full Width at Half Maximum 

(FWHM) for a peak at an angle θ. 

The only disadvantage of XRD is its less sensitivity towards low-Z materials, 

thus usually high-Z materials are used. In such cases, electron or neutron diffraction 

is employed to overcome the low intensity of diffracted X-rays. 

In the present work, the XRD pattern for all the samples were recorded at 

National Chemical Laboratory, Pune using Pan-analytical Philips X’Pert PRO 
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powder diffractometer. For all the cases, we have used Cu Kα X-ray source of 

wavelength,  = 1.542 Å. 

2.II.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy allows direct observations of topography and 

morphological features with high resolution and depth of field than optical 

microscope. A typical schematic of a SEM is shown in figure 2.4. The three major 

components of SEM are: the electron column, detector and control console 
[12]

. The 

electron column consists of an electron gun and two or more electron lenses, which 

influence the path of electrons travelling down an evacuated tube. There are various 

types of detectors for the detection of various ways in which the electron beam 

interacts with the sample. The Everhart-Thornley detector is used for detection of 

secondary electrons, which are the electrons come out from the outer surface of a 

sample, capable to produce a detail image of the sample’s surface morphology. The 

control console consists of a cathode ray tube viewing screen and computer to 

control the electron beam. The purpose of electron gun is to provide a stable beam of 

electrons. There are two types of electron guns: thermionic emission gun and field 

emission gun. Field emission guns are more preferable since they can produce high 

primary electron brightness and small spot size even at low accelerating potentials. 

Generally, tungsten thermionic emitters or Lanthanum hexaboride (LaB6) coated 

field emitters are used as electron gun. The spot size from a tungsten gun is too large 

and requires electron lenses to focus the electron spot on the specimen. 



Ph.D. Thesis      Physics                                     2. Experimental   November 2013 

 

Meenal S. Deo 52 University of Pune 

  

Figure 2.4: Schematic diagram of the Scanning Electron Microscope [13] 

 

When the electron beam interacts with the specimen, many types of signals are 

generated. The two signals most often used to produce SEM images are secondary 

electrons (SE) and backscattered electrons (BSE). Most of the electrons are scattered 

at large angles (from 0
o
 to 180

o
) when they interact with the positively charged 

nucleus. These elastically scattered electrons usually called 'backscattered electrons' 

(BSE) are used for backscattered electron imaging. These images provide 

information about the distribution of different elements in the sample as the intensity 

of backscattered electrons strongly depends on the atomic number (Z) of the 

elements in the sample. Some other electrons scatter inelastically due to the loss in 

kinetic energy upon their interaction with orbital shell electrons. The incident 

electrons may knock off loosely bound conduction electrons out of the surface of the 

sample. These are secondary electrons (SE) and are used for SEM topographical 

imaging. 

Both, secondary and back scattered electrons (BSE) are collected when a positive 

voltage is applied to the collector screen in front of detector. When a negative 

voltage is applied on the collector screen only BSE signal is captured because the 
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low energy SE’s are repelled. Electrons captured by the scintillator/ photomultiplier 

are then amplified and used to form an image in the SEM. If the electron beam 

knocks off an inner shell electron, the atom rearranges by dropping an outer shell 

electron to an inner one. This excited or ionized atom emits an electron commonly 

known as the Auger electron. Recently Auger electron spectroscopy (AES) has also 

been useful to provide compositional information. Here instead of excited atom 

releasing Auger electron, it can release a photon of electromagnetic radiation. If the 

amount of energy released is high, the photon will be an X-ray photon. These 

electrons are characteristic of the sample and can be used for analysis. This type of 

analysis is known as Energy Dispersive analysis of X-rays (EDAX). 

2.II.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) allows to obtain atomic resolution of 

crystal lattices due to its unique characteristics and hence is one of the most powerful 

and versatile techniques for the characterization of nanostructured systems. It can 

also be used to obtain chemical and electronic information at the sub-nanometer 

scale (with the assistance of energy-dispersive X-ray spectroscopy (EDS) 

complementary techniques). The line diagram of a typical TEM column is shown in 

figure 2.5. In TEM, a thin specimen is illuminated with uniform and high intensity 

electrons. The interaction of an electron beam with a solid specimen results in a 

number of elastic or inelastic scattering phenomena (backscattering or reflection, 

emission of secondary electrons, X-rays or optical photons, and transmission of the 

undeviated beam along with beams deviated as a consequence of elastic – single 

atom scattering, diffraction - or inelastic phenomena). The TEM technique is 

dedicated to the analysis of the transmitted or forward-scattered beam. The beam is 

passed through a series of lenses to obtain the magnified image. The Objective lens 

mainly determines the final image resolution. In low resolution TEM, the objective 

aperture is adjusted for selection of the central beam (containing the less-scattered 

electrons) or of a particular diffracted (or scattered in any form) beam to form the 

bright-field or dark-field image, respectively. The high resolution TEM (HRTEM) is 

usually performed in bright-field mode where the image is formed by collecting a 

few diffracted beams in addition to the central one. 
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Figure 2.5: Schematic diagram of the Transmission Electron Microscope [14]. 

 

Angular distribution of scattering electrons can be viewed in the form of 

diffraction patterns, commonly referred to as selected area electron diffraction 

(SAED). Spatial distribution of scattering electrons can be observed as contrast in 

images of the specimen. This arrangement allows direct viewing of the area from 

which the diffraction pattern arises. Moreover, Kikuchi patterns obtained by inelastic 

scattering of electrons is also very useful for understanding the crystallographic 

orientation as these are rigidly attached to a crystal plane and therefore move in the 

diffraction pattern when the crystal is tilted. 

Many materials require extensive sample preparation and thinning procedures to 

produce a sample thin enough to be electron transparent, and this process may cause 

some changes in the sample. Therefore sample preparation method should be 

selected carefully. The field of view in TEM is relatively small, which can raise the 

possibility that the region analyzed may not be representative of the whole sample. 

There is always a possibility of the sample getting damaged by the electron beam, 

particularly in the case of biological materials. Despite these limitations, TEM has 

been the technique of choice due to the atomic-level resolution leading direct visual 
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information of size, shape, dispersion and structure. Further, when coupled with 

SAED, the technique can provide important information on the crystallographic 

directions in the structures, helpful to understand the growth kinetics 
[15, 16]

. 

2.II.4 UV-VIS Spectroscopy 

 UV-VIS Spectrophotometer presents information about the spectroscopic 

absorption of light by the material of interest due to electronic transitions 
[17]

. In 

semiconductors, when the incident photon energy exceeds the band gap energy of the 

materials, transition of electrons takes place and corresponding signal is recorded by 

the spectrometer. In case of metals the surface free electrons vibrate coherently with 

the incident frequency and resonant absorption takes place. The spectrophotometer 

can operate in two modes (i) transmission and (ii) reflection mode. For thin films and 

colloidal nanoparticles well-dispersed in solvent transmission mode is used. For 

opaque samples diffuse reflectance (DRS) mode is used. 

 

Figure 2.6: Schematics of UV-VIS Spectrophotometer in Transmission Mode 

 

Instrument: The light from the source is alternatively split into one of two beams 

by a chopper; one beam is passed through the sample and the other through the 

reference. The detector, which is often a photodiode, alternates between measuring 

the sample beam and the reference beam. Some double beam instruments have two 

detectors, and the sample and reference beam are measured at the same time. In other 

instruments, the two beams pass through a beam chopper which blocks one beam at a 

time. The schematic of UV-VIS Spectrophotometer in transmission mode has been 

shown in figure 2.6. 
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Applications: UV-visible spectroscopy is usually used as a very important 

analytical tool for the absorption studies of organic compounds such as conjugated 

polymers and semiconducting, metallic nanomaterials. The wavelength at which 

maximum absorption occurs (max) provides important information about the organic 

compounds. 

The concentration of desired material in a solution can be determined using Beer-

Lambert’s law by knowing the molar extinction coefficient. According to Beer-

Lambert’s law, absorption is proportional the concentration of the substance present 

in the solution. It can be written as: 

   T = I / I0 = 10
-εcl

 

Where T = transmittance = I / I0, I0 is the intensity of incident radiation and I is 

the intensity of transmitted radiation, ε is a constant for each material known as 

molar absorption coefficient (or molar extinction coefficient), l is the path length of 

absorbing material and c is the concentration of the substance present in the solution. 

Inverting above equation and taking logarithms, 

I0 / I = 10
εcl 

 or log (I0 / I) = εcl = A, 

Where A = absorbance / optical density 

Thus, absorbance is directly proportional to the concentration, where the path 

length and molar extinction coefficient is suppose to be constant for the particular 

measurement. 

UV-Visible spectroscopy is used to determine band gap (Eg) of semiconductors 

by using Tauc’s plot. The equation for it is given as 
[18, 19]

: 

        
 

               

Where F(R) is a modified Kubelka – Munk function, 
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R is reflectance measured from the DRS of samples and n=1/2, for direct band 

gap material while n=2 for indirect band gap material. By plotting the graph of 

[F(R)h ]
1/n

 vs. h , we can get the value of band gap (Eg). 

 The source used for the UV and visible light are deuterium and tungsten lamps 

respectively and the detector used is usually PMT. 

2.II.5 Field Emission Measurements 

The field emission current density vs. electric field (J-E) measurements and 

current vs. time (I-t) measurements were carried in all-metal field emission 

microscope with load lock chamber, as shown in figure 2.7. The field emission 

studies were carried out in a planar diode configuration, wherein the sample served 

as a cathode and a semi-transparent cathodoluminescent phosphor screen (ZnS:Cu 

Green Color) as an anode. The cathode, pasted onto a sample holder using vacuum 

compatible conducting silver paste, was held in front of the anode screen at a 

distance of ~500 μm. 

 

Figure 2.7: Schematic of Field-emission setup 

 

The working chamber was evacuated using an ultra high vacuum system 

comprising turbo molecular pump, a sputter ion pump and a titanium sublimation 

pump. The characteristic measurements of the emission current density vs. applied 

electric Field (J-E), were carried out at 1×10
-8

 mbar pressure using a Keithley 6514 
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electrometer and a Spellman high voltage DC power supply (0-40kV). Special care 

was taken to avoid any leakage current by using shielded cables with proper 

grounding. 

2.II.6 Cyclic Voltammetry (CV) 

Cyclic voltammetry or CV is a type of potentiodynamic electrochemical 

measurement and is the most common method used in electrochemistry to obtain 

information about the properties of the analyte in the solution 
[20]

. In a cyclic 

voltammetry experiment the working electrode potential is ramped linearly versus 

time as in case of linear sweep voltammetry, however when cyclic voltammetry 

reaches a set potential, the working electrode's potential ramp is inverted. Thus 

potential scans are taken for a particular potential window in cyclic manner. The 

current at the working electrode is plotted versus the applied voltage to give the 

cyclic voltammogram trace. 

A typical Cyclic Voltammogram is shown in figure 2.8. In this case the voltage is 

swept between two values, starting at V1, at a fixed scan rate (measured in V/s). 

When the voltage reaches V2 the scan is reversed and the voltage is swept back to V1. 

A typical cyclic voltammogram (figure 2.8) recorded for a reversible single electrode 

transfer reaction is demonstrated here by plotting the electrode current (i) versus 

applied potential (E). In a three electrode system, the potential is applied between the 

reference electrode and the working electrode and the current is measured between 

the working electrode and the counter electrode. As shown in figure 2.8, the forward 

scan produces a current peak for the substance that can be oxidized (or reduced 

depending on the initial scan direction) through the range of the potential scanned. 

The current will increase as the potential reaches the oxidation potential of the 

analyte, but then falls off as the concentration of the analyte is depleted close to the 

electrode surface. If the redox couple is reversible then when the applied potential is 

reversed, it will reach the potential that will reduce the product formed in the first 

oxidation reaction, and produce a current of reverse polarity from the forward scan. 

This reduction peak will usually have a similar shape to the oxidation peak. As a 

result, information about the redox potential and electrochemical reaction rates of the 

compounds is obtained. Cyclic Voltammetry provides a wide range of information 



Ph.D. Thesis      Physics                                     2. Experimental   November 2013 

 

Meenal S. Deo 59 University of Pune 

about the electrode and electrode/electrolyte interaction and the nature of the cyclic 

voltammogram depends upon the types of measurements for desired applications. 

 

Figure 2.8: A typical cyclic voltammogram (http://www.ceb.cam.ac.uk/pages/linear-

sweep-and-cyclic-voltametry-the-principles.html) 

 

In the present research work, we have used the technique of CV for the 

determination of oxidation potential and current density, to be applied for the 

anodization process of copper in basic (KOH) solution. We have also used linear 

sweep voltammetry (LSV) for the photo-electrochemical (PEC) measurements using 

cuprous oxide as photocathode. The effect of light in a PEC cell is demonstrated in 

the form of LSV. 

2.II.7 Impedance Spectroscopy (IS) 

Impedance spectroscopy (IS) is an important tool to understand the interface 

properties of materials and is popularly used in electrochemistry to obtain 

information about the solid / liquid interface 
[21]

. It can also be used to investigate the 

dynamics of charges in the interfacial regions of any type of solid or liquid material: 

ionic, semiconducting, electronic–ionic or even insulators. Dielectric constants and 

conductivity of bulk materials can also be calculated using IS. Impedance 

measurements are performed by applying a single-frequency voltage or current to the 

interface and measuring the phase shift and amplitude, or real and imaginary parts of 

http://www.ceb.cam.ac.uk/pages/linear-sweep-and-cyclic-voltametry-the-principles.html
http://www.ceb.cam.ac.uk/pages/linear-sweep-and-cyclic-voltametry-the-principles.html
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impedance at that frequency. The commercial instruments are available which 

measure the impedance as a function of frequency automatically in the frequency 

ranges of about 1 mHz to 1MHz and are interfaced to computers. 

The total impedance of any electronic circuit containing resistors and capacitor is, 

Z = R – iXc, which is a complex parameter, as a function of frequency given by,  

Z (ω) = Z’ - iZ” and Z
2
 = (Z’)

2
 + (Z”)

2
 

where Z’ and Z” are the real and imaginary parts of the impedance, respectively. 

The charge transfer reactions at the interface are usually represented in terms of 

an equivalent circuit composed of a number of single and/or sub-circuit elements 

containing resistors and capacitors. An example of a simple equivalent circuit 

representing an electrochemical system is shown in figure 2.9 (a), where the 

diffusion in the system is represented by a Warberg element (ZW). Impedance data is 

presented in three formats: Nyquist plot (-Z” vs. Z’), Bode phase (phase angle  vs. 

frequency) and Bode modulus (mod Z vs. frequency). A typical Nyquist plot is 

shown in figure 2.9 (b) obtained for the system represented by an equivalent circuit 

shown in figure 2.9 (a). Although having many applications in various fields, 

impedance technique often suffers due to the failure in appropriate analysis and 

fitting of proper equivalent circuit. 
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Figure 2.9: (a) Example of equivalent circuit applied to fit the graph obtained in 

impedance spectroscopy (b) Typical Nyquist plot in case of impedance spectroscopy 

[Permission taken from Elsevier ref. 22 ]. 

 

Mott-Schottky Plot is used to investigate the flat bad potential of a solid in 

contact with a liquid. It can be considered as one of the applications of Impedance 

spectroscopy, where impedance data is recorded at different applied bias voltages. In 

Mott Schottky plot, 1/C
2 

is plotted against the applied potential. The intercept of 

linear portion of 1/C
2
 on the x-axis gives the value of the flat band potential, the 

slope of the curve gives the charge carrier density, and the width provides 

information of space charge layer. It also gives information about type of majority 

carriers (p or n) in a semiconducting solid. 

  

(a)

(b)

Q
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Chapter 3 

Strong Photo-Response in a Flip-Chip Nanowire p-Cu2O/n-ZnO 

heterojunction 

 

 

 

Ref.:  Meenal Deo et. al., Nanoscale, 2011, 3, 4706 

Cu2O nanoneedles are synthesized on copper substrate by a simple 

anodization and reducing ambient annealing protocol. ZnO nanorods are 

grown on ITO coated glass by a low temperature chemical route. The 

electronic and photo-response properties of the p-Cu2O / n-ZnO flip-chip 

heterojunction are then studied and analyzed. We show that the I-V 

characteristic is rectifying and the junction exhibits a good photoresponse 

(~120% under 1V reverse bias) under AM 1.5 1 Sun illumination. This 

nano-heterojunction photo-response is far stronger as compared to that of 

pulsed laser deposited thin film p-Cu2O/n-ZnO heterojunction, which can 

be attributed to higher junction area in the former case. 
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3.1 Introduction 

Energy harvesting using non-silicon and earth abundant materials is an 

increasingly sought after goal of the scientific community at the present time. Metal 

oxides are considered to be the potentially interesting candidates in this respect since 

the range of electronic and optical properties they support are truly exceptional. 

Unfortunately it has not been easy to control the stoichiometry and defect states in 

the case of oxides and this has held back the development of the field of oxide 

electronics for several years. Over the years the techniques and controls have 

improved dramatically and it is envisaged that in the next few years significant 

progress will occur in this field. ZnO and TiO2 are the abundant work-horse oxide 

materials that have been used in several applications and are n-type. Relatively less 

number of oxides is p-type and Cu2O is one of them. Hence it is of interest to find 

out ways of creating functional p-n junctions using these oxides and examine their 

optoelectronic properties, because many devices such as solar cells, photo-detectors, 

emitters etc. can be based on p-n junctions. Eventual goal of these efforts is of course 

to push for efficient solar cell designs. This is non-trivial because one may have to 

engineer surfaces suitably and control defects to avoid recombination effects. Yet 

beginning needs to be done towards such a goal, and the present study is a modest 

attempt
 
along this line. 

 

Cuprous oxide (Cu2O) is one of the few p-type direct band gap metal oxide based 

semiconductors (Band gap ~2.17 eV). Because of its distinct properties, Cu2O has 

attracted interest as a good candidate material for photo-catalysis, Li-ion batteries, 

solar cells, Photo-electrochemical cell, photo-sensor etc. 
[1-5]

. Among various 

nanostructures, quasi 1D nanostructures (nanorods, nanowires, nanotubes) have been 

attracting quite an attention recently because of their potential applications 
[6]

. In the 

context of electronic charge transport such quasi 1D nano-structures provide a direct 

pathway for efficient and confined charge transport along with surface accessibility, 

which is useful in making functional devices at the nanoscale. There are a few 

reports on the synthesis of quasi 1D Cu2O nanostructures by solution processing 

methods 
[7, 8]

 but relatively much less effort has been expended on their evaluation in 

the context of device science. 
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In this work a simple protocol is demonstrated for the synthesis of Cu2O with 

nanoneedle morphology involving anodization of copper and its consequent vacuum 

annealing. ZnO nanorods are also grown on ITO coated glass by a simple chemical 

route. The electronic and photo-response properties of p-Cu2O nanoneedle / n-ZnO 

nanorod flip-chip junction are then examined. The junction shows a rectifying diode 

type behavior, as expected.  This nanowire heterojunction device is shown to exhibit 

considerably stronger response as compared to that of a thin film heterojunction due 

to substantial increase in interfacial area. The reported study of photo-response of the 

p-Cu2O/n-ZnO nanowire junction can be applied for photo-detector application. 

3.2 Experimental 

3.2.1 Synthesis of Cu2O Nanoneedles on Copper and ZnO nanorods on 

ITO/Glass 

The Cu2O nano-needle film is grown directly on copper substrate by anodization 

of copper itself followed by annealing at 450
o
C in controlled oxygen pressure (5*10

-6
 

mbar). For anodization, aqueous solution of 2M KOH was used as the electrolyte in 

an electrochemical cell. High purity polycrystalline copper foil, polished with fine 

grade polish paper was used as working electrode (5 cm x 1 cm x 0.1 mm) and a 

graphite rod as a counter electrode. The deposition was carried out at an applied 

constant current density of ~7 mA/cm
2
 and the growth time was kept around 5 min. 

By anodization, we get evenly spread Cu(OH)2 nanoneedles film on the Cu substrate 

which on annealing in vacuum gets converted into Cu2O nanoneedles. 

ZnO nanorods on ITO substrate were synthesized by wet chemical process 
[9, 10]

. 

First, the ZnO seed layer was prepared by spin coating 5 mM zinc acetate in ethanol 

on clean ITO at the rotation speed of 2500 rpm for 30 sec, followed by annealing at 

300 C for 1h for better adherence of ZnO nanoparticles which act as nucleating sites 

for the growth of ZnO nanorods. For facile growth of ZnO on the seeded surface of 

ITO, an equimolar (25 mM) solution of Zn(NO3)2 and hexamethylene tetramine 

(HMT) and 5 mM polyethylenimine (PEI) was used for the reaction. The reaction 

was carried out in a closed container at 95
o
C while stirring simultaneously for 2 

hours. After the reaction was complete, the grown ZnO NRs were thoroughly rinsed 

with Milli-Q water and dried in air to remove residual polymer. Finally, the 
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deposited samples were kept for annealing at 300 C for 1h for better adherence of 

ZnO nanorods on the substrates. 

3.2.2 Thin Film Deposition of Cu2O & ZnO by PLD 

The thin films of p-Cu2O and n-ZnO were deposited on copper and ITO 

substrates respectively by Pulsed Laser Deposition (PLD) technique. Copper oxide 

(CuO) and Zinc Oxide (ZnO) pellets were used as the target materials for laser 

ablation using KrF laser (wavelength =248 nm, pulse width of 20 ns). The distance 

between the target and the substrate was kept 5 cm. The pulse repetition rate was 

fixed at 10 Hz for both ZnO and Cu2O depositions. The deposition of ZnO on ITO 

coated glass substrate was carried out at room temperature and the oxygen partial 

pressure was kept at 1x10
-1

 mbar. The deposition of Cu2O on copper substrate was 

also carried out at 300
o
C and at 5x10

−6
 Torr background pressure in order to avoid 

the oxidation of Cu2O into CuO. The thickness was kept ~50 nm for both films. The 

p-Cu2O/n-ZnO thin film heterojunction was formed by flip-chip method just like in 

case of nanowires heterojunction for the comparison. 

3.2.3  Characterization 

Various techniques such as X-ray diffraction (XRD, Philips X’Pert PRO), 

Scanning Electron Microscopy (SEM, FEI Quanta 200 3D), High-Resolution 

Transmission Electron Microscope (HR-TEM, FEI Tecnai 300), X-ray photoelectron 

spectroscopy (XPS, VG scientific ESCA-3000 spectrometer), Electrochemical 

Impedance Spectroscopy (EIS, Autolab PGSTAT30 (Eco-Chemie)) were used to 

characterize the samples. All the IS data were analyzed by using ZView software. I-

V measurements were taken using Keithley 2400-C source meter. Solar simulator 

(Newport) at 100 mW/cm
2
 (1 sun AM 1.5 G) was used for illumination of 

photodiode. 

 

Figure 3.1: Schematic diagram of the Cu2O/ZnO nanowire heterojunction 
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The p-n heterojunction of these p-Cu2O nanoneedles was formed with n-ZnO 

nanorods by flip-chip method as shown in the figure 3.1. We found that the device 

can withstand around 1.5*10
5
 N/m

2
 pressure exceeding which it gets damaged 

(short). We therefore restricted to a pressure value fairly lower than this threshold, 

yet giving a firm enough and reproducible contact which gave the overall junction 

resistance of the order of about 15-25 kΩ. The measured pressure in this case was 

about 2.5*10
4
 N/m

2
. We did not use any specific instrument for the purpose and all 

the measurements are performed at room temperature. For the photoresponse 

measurement the light was incident on this flip-chip geometry from the transparent 

(ITO) side. 

3.3 Results and Discussion 

3.3.1 Study of copper in basic solution  

 

Figure 3.2: Cyclic Voltamogram recorded for copper electrode in aqueous solution 

of 2M KOH. Inset shows voltage – time curve during the deposition process at 

constant applied current density 7 mA/cm2. 
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Prior to the deposition of Cu2O nanoneedles, the Cu(OH)2 nanoneedles were first 

deposited on copper in basic solution of 2M KOH. In order to study the behavior of 

polycrystalline copper in aqueous solution of 2M KOH, Cyclic Voltammogram (CV) 

was recorded as shown in figure 3.2. The CV shows the successive anodic (A1, A2, 

A3) and cathodic (C1, C2, C3) peaks, which can be assigned to various redox 

processes. During the positive sweep starting at -1.2 V (hydrogen evolution reaction, 

HER potential), Cu
0
 is first oxidized at -280 mV into Cu2O (peak A1). The 

subsequent feature A2 which appears as a doublet at -13 mV and 94 mV, is due to the 

oxidation of Cu2O into Cu (II) to form a CuO/Cu(OH)2 duplex film. Increase in the 

voltage from -0.2V increases the formation of cuprate ion in the form of the complex 

Cu(OH)4
2-

 at the substrate/electrolyte interface 
[11]

 creating nucleating sites on the 

copper substrate. Due to the negative charge on Cu(OH)4
2-

, it readily gets attracted 

towards copper anode, where this complex precipitates forming Cu(OH)2 film on Cu. 

Since our interest in the present work was to grow needles of Cu(OH)2  for 

subsequent processing to convert them to Cu2O, we optimized galvanostatic 

preparative parameters (current density and potential drop across the electrode) to 

yield evenly spread, thick film of Cu(OH)2 nanoneedles on the copper surface. The 

deposition process was monitored by voltage-time curve as shown in the inset of 

figure 3.2, which is the change in voltage during the deposition at applied constant 

current density of ~7 mA/cm
2
. The constant voltage during the deposition implies 

evenly spread film formation on the surface and the growth time is around 300 sec. 

Thereafter potential drop increases suddenly from about -0.11 to 0.3 V due to 

increase in the resistance of the anode and evolution of oxygen takes place on the 

anode. Thus, the deposition is stopped within 5 minutes. The film is washed in 

MilliQ water and dried in air. The formation of Cu(OH)2 on Cu was confirmed by 

XRD and the needle-like morphology by SEM, as shown in figure 3.3 (a) and (b) 

respectively. This film was annealed at 450
o
C in vacuum (~10

-6
 mbar) for 1 hr in 

order to fully convert Cu(OH)2 nanoneedles to Cu2O nanoneedles. 
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Figure 3.3: (a) XRD and (b) SEM image of as prepared Cu(OH)2 nanoneedles on 

copper substrate 

3.3.2 Characterization of Cu2O Nanoneedles  

 

Figure 3.4: (a) SEM image showing Cu2O Nanoneedles grown on copper substrate. 

(b) XRD pattern of Cu2O nanoneedles and ZnO nanorods. ‘*’ indicates copper 

substrate peaks and ‘o’ indicates ITO substrate peaks in case of Cu2O and ZnO films 

respectively. 

Figure 3.4 (a) shows scanning electron micrograph (SEM) of a Cu2O 

nanoneedles film on Cu.  From the SEM image it is clearly observed that the whole 

surface of the sample is comprised of dense array of needlelike morphology with 

tapering ends. The X-ray Diffraction (XRD) patterns of Cu2O nanoneedles on Cu and 

ZnO nanorods on ITO shown in figure 3.4 (b) establish the phase pure nature of the 

respective, nanomaterials. 
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Figure 3.5: (a) TEM image of single Cu2O nanoneedle. Inset shows lattice fringes of 

Cu2O nanoneedle (b) SEM image showing ZnO nanorods on ITO coated glass 

substrate 

 

The TEM image of single Cu2O nanoneedle is shown in the inset of figure 3.5 

(a). This shows that the needle is ~2.5 µm in length. Inset of figure 3.5 (a) shows 

high resolution TEM micrograph of the Cu2O nanoneedle. From the HRTEM image 

the inter-planer distance is about 0.247 nm, which matches exactly with the (111) 

family of planes of Cu2O (PDF # 782076), as also indicated by the XRD data. The 

SEM image of ZnO nanorods grown on ITO is shown in figure 3.5 (b), which shows 

the formation of the hexagonal rods of diameter ~100 nm evenly distributed on ITO 

substrate. 

 

Figure 3.6: XPS spectra of Cu2O nanoneedles corresponding to (a) Cu 2p (b) O 1s 
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The compositions and purity of the as-synthesized Cu2O films were further 

examined with X-ray photoelectron spectroscopy (XPS), and these results are shown 

in Figure 3.6. The XPS spectrum of Cu 2p as shown in figure 3.6 (a) exhibit peaks at 

932.2 eV and 952.1 eV corresponding to Cu 2p3/2 and 2p1/2 respectively, is in good 

agreement with data observed for copper (I) oxide 
[12]

. The occurrence of a weak 

satellite feature on the higher binding energy (943.2 eV) side of the Cu 2p main peak 

indicates slight presence of CuO on the surface. The observed amount of CuO is very 

tiny due to the slightly oxidized surface of Cu2O nanoneedles due to their exposure 

to the atmosphere. This may also be the reason for the effective stability of the Cu2O 

needle phase. The O 1s core level spectrum, as observed from figure 3.6 (b), shows 

the main peak at the energy of 530.3 eV is characteristic of Cu-O lattice formation in 

Cu2O. The peak of 531.9 eV is attributed to adsorbed oxygen on the surface of Cu2O 

nanoneedles. All of these results bear out that the sample is just composed of Cu2O. 

3.3.3 Electrical properties of p-Cu2O/n-ZnO heterojunction 

The energy band diagram of Cu2O/CuO/ZnO junction based on Anderson’s 

Model 
[13]

 is shown in Figure 3.7 (a). The formation of ultrathin CuO on the surface 

of Cu2O nanoneedles on the exposure to atmosphere also leads to the change of the 

interface between Cu2O and ZnO. This change has been taken into account by 

drawing the band diagram. The effective ∆Ec of the Cu2O/CuO/ZnO junction is ~1 

eV. The conductivity of CuO being less than that of Cu2O one may think of it as a 

resistive (semi-insulating) layer between the Cu2O and ZnO layers. However the 

charge transfer between the end layers, which is critical to the photo-response, is not 

be affected much because of the favorable band alignment of Cu2O/CuO/ZnO layer 

system. Hence, hereafter the Cu2O/CuO/ZnO junction is mentioned as a p-Cu2O/n-

ZnO junction. 
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Figure 3.7: (a) Energy band diagram of Cu2O/CuO/ZnO heterojunction (b) I-V 

characteristics of the Cu2O/ZnO nanowire heterojunction 
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characteristics of the device. The device shows rectifying behavior with rectification 

ratio (Iforward / Ireverse) of about 200 at 3V and about 100 at 5 V in the dark, indicating 

the formation of a p-n junction diode. The turn-on voltage and the reverse leakage 

current values of the device are found to be 1.1 V and 1.35 x 10
-4

 A at -5 V, 

respectively. In the forward bias, electrons should experience a barrier equivalent to 

∆Ec which is equal to 1 eV in this case, as shown in figure 3.7 (a). Hence Ohmic 

behavior is expected above 1.1 V. The I-V characteristics also indicate that there is 

-20 -15 -10 -5 0 5

-4.0x10
-3

0.0

4.0x10
-3

8.0x10
-3

1.2x10
-2

 

C
u

rr
e

n
t 

(A
)

Bias Voltage (V)

(a)

(b)



Ph.D. Thesis      Physics                          3. Cu2O/ZnO flip-chip   November 2013 

 

Meenal S. Deo 74 University of Pune 

no sharp breakdown of the device; however it shows an increase in current from -5 

V. 

 

Figure 3.8: I-V characteristics of the Cu2O/ZnO heterojunction in dark and under 

illumination for (a) nanowire junction and (b) thin film junction 
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interfacial area as compared to nanowire heterojunction. Figure 3.8 (a) also shows 

significant increase in the junction current on illumination due to the contribution of 

the photocurrent. Due to higher surface area of both the nanomaterials and thereby 

the large interfacial area between the Cu2O/ZnO nanowires the generation of charges 

at the interface will be much more as compared to the corresponding planar thin 

films which would yield significant increase in photocurrent. Therefore we get 

considerable enhancement in the photocurrent which promotes its use in photodiode 

mode. 

 

Figure 3.9: I-V characteristics of the (a) Cu2O/ITO junction and (b) ZnO/Cu junction 

in dark and under illumination 
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with very low photoresponse as compared to the p-Cu2O/n-ZnO junction. Thus we 

can clearly rule out the possibility of direct shorting between Cu2O and ITO or ZnO 

and copper. 

 

Figure 3.10: Impedance Spectroscopy (IS) Measurements (Nyquist Plot) of p-

Cu2O/n-ZnO nanowire junction for Dark and Light (illuminated) conditions. Inset 

shows the Equivalent Circuit for the same. 
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shown in inset of figure 3.10. The resistance element Rs in the high frequency range 

over 1 MHz is influenced by the contact resistance between both the contacts which 

are Cu/Cu2O and ZnO/ITO. The value of Rs in dark and under light are 128 and 154 

ohms, respectively, which implies little change under illumination. Various 

parameters in the equivalent circuit of Cu2O/ZnO nanojunction in dark and under 

illumination are given in table 3.1. The charge transfer resistance value reduces from 

about 89 k-ohms to about 6.9 k-ohms under illumination. This reduced resistance is a 

result of photocarriers generated within Cu2O/ZnO nanojunction under illumination. 

ωmax is the peak frequency of the semi-circular arc. Inverse of ωmax corresponds to 

the characteristic time constant, τ of the equivalent RC circuit which indicates the 

carrier lifetime 
[14]

 within the heterojunction film. Carrier lifetime for p-Cu2O/n-ZnO 

nanowire heterojunction reduces under illumination because of various possible 

recombination pathways (radiative / non-radiative) of photo-generated charge 

carriers. The carrier lifetime in the illuminated p-Cu2O/n-ZnO nanowire 

heterojunction is ~23 µsec. This carrier lifetime is very low compared to the 

photovoltaic cells, typically Dye Sensitized Solar Cells, where this value is in the 

order of few milliseconds 
[15]

. This low lifetime of charge carriers can be attributed to 

high density of interfacial states which results in higher rate of recombination. This 

explains the absence of photovoltaic effect in our case although there are few reports 

on p-Cu2O nanoparticles/n-ZnO nanowires junction photovoltaic cell 
[16]

. In these 

cases also the efficiency values are low possibly because of high interfacial 

recombination which is then partially reduced by a thin TiO2 layer between ZnO and 

Cu2O. 

Table 3.1 Parameters determined by Impedance Spectroscopy Measurements 

under Dark and Light (illuminated) conditions. 

 

 max 

(kHz) 

 = 1/max  

(10
-3

 sec.) 

Rs 

(Ω) 

Rk 

(kΩ) 

Cp  

(10
-10

 F) 

Dark 4.53 0.22 128 89 4.4 

Light 42.29 0.023 154 6.9 2.7 
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Figure 3.11: Time dependent photocurrent response of the p-n heterojunction 

under AM 1.5G i.e. 100mW/cm2 illumination at bias of (a) +1 V and (b) -1 V 
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case. It should be noted however that the increase in photo–to–dark current can be 

considerably higher even in the forward bias condition if the device is operated 

below the turn on voltage. 

Further improvement in the device performance using intermediate TiO2 or 

Al2O3 blocking layer is under investigation.  

3.4 Conclusion 

Cu2O nanoneedles were synthesized by a simple anodization method followed by 

annealing in vacuum. A strong photo-response is realized in a simple flip-chip type 

rectifying junction configuration of Cu2O nanoneedles and ZnO nanorods grown on 

metallic Cu and ITO, respectively, and this response is shown to be two orders of 

magnitude stronger than that of a thin film hetero-junction of the same materials. A 

~120% resistance change was obtained under 1V reverse bias in the case of the 

nanowire junction. 
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Chapter 4 

Cu2O/ZnO Hetero-nanobrush: Hierarchical assembly, 

Field Emission and Photocatalytic Properties 

 

 

 

Ref.: Meenal Deo et al. J. Mater. Chem., 2012, 22, 17055  

Cu2O/ZnO hetero-nanobrush assembly is formed by seed 

assisted growth of zinc oxide (ZnO) nanorods on cuprous oxide (Cu2O) 

nanoneedles. It is observed that the turn on field and overall current 

density of the nanobrush improves dramatically as compared to only 

Cu2O nanoneedles. Also, the charge separation and transport are 

facilitated because of the multiple p/n junctions formed at p-Cu2O/n-

ZnO interfaces and quasi 1D structures of both the materials, 

respectively. Thus, the Cu2O/ZnO hetero-nanobrush assembly can also 

be used as a good photocatalyst for degradation of organic pollutants 

as compared to only Cu2O nanoneedles, as it shows an excellent 

improvement in photocatalytic properties. 
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4.1 Introduction 

Since the discovery of carbon nanotubes
1
, quasi-1D nanostructures have become 

an interesting and special class of materials in view of their unique properties such as 

specific nature of the electronic density of states, possibility of ballistic charge 

transport, localization effects, increased surface area enabling surface electronic 

functionalization etc. These lead to many applications in the field of electronics and 

opto-electronics
2, 3

. Forming a branched 3-D structure of 1-D systems enhances the 

application domain even further. Indeed, such branched 3-D structures have found 

applications in the fields of solar energy conversion
4
, field electron emission

5-8
, gas 

sensing
9
, and photocatalysis

10
. ZnO is perhaps the most studied material in this 

respect because it can be easily formed in interesting 3D morphologies by seeded 

secondary growth
11

. Interestingly, formation of heterostructure with components 

having different functionalities with favourable band alignment can not only lead to a 

functional integration of the properties of both the materials but also to novel 

interface effects and phenomena
12

. For example, some nanocomposites involving 

carbon nanostructures have shown excellent enhancement in photocatalytic activity 

than their components
13, 14

. Semiconducting oxides are a special class of materials 

known for their broad range of electronic and optical properties and have therefore 

attracted scientific attention for several years. Heterostructures of such metal oxides 

have been of significant interest in the context of diverse applications.
15

 3-D 

branched heterostructures in particular are now beginning to attract more attention 

due to major advantages of tremendously increased surface area, enhanced 

heterojunction density, and intrinsic light harvesting effects. Various 3-D branched 

heterostructures of metal oxides have been pursued for different applications: For 

example, ZnO-WO3
16

, SnO2-WO3
17

 for field emission, SnO2-Fe2O3 for 

photocatalysis
18

, In2O3-SnO2 for gas sensing
19

, Fe2O3-SnO2 for Li-ion batteries
20

 and 

ternary oxides such as MnMoO4-CoMoO4 for supercapacitors
21

. 

Cuprous oxide (Cu2O) is one of the few p-type direct band gap metal oxide based 

semiconductors (Band gap ~2.17 eV). It has additional advantages of non-toxicity, 

low cost and abundance of its starting material i.e. copper. Cu2O has attracted 

interest as a good candidate material for solar cells
22

, photocatalysis
23

, and photo-

electrochemical (PEC) water splitting
24

 because of its favourable absorption in the 
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visible range. However Cu2O is far less explored in heterostructure nanomaterial 

form for various applications. It is also less explored material for field electron 

emission studies although its work function (4.8 eV) is low. To our knowledge there 

are only two reports, one on thin film form
25

 and one on nanostructured Cu2O
26

 for 

field emission. ZnO is another interesting material which has n-type conductivity 

with a band gap of ~3.37 eV. It has been well studied for solar cell
27

 and field 

emission
28

 applications. The major advantage of ZnO is that it can be fabricated in 

various morphologies which are useful in different applications. Although a few 

heterojunction forms of Cu2O/ZnO have been studied for photovoltaic
29-33

 and 

photocatalytic
34-36

 applications, clearly further work on the heterostructures of Cu2O 

and ZnO is needed for enhanced functionality. In this work, we report synthesis of 

the hetero-nanobrush comprising of Cu2O nanoneedles decorated with ZnO nanorods 

by a two step chemical method. We have examined such a hetero-nanobrush system 

for field electron emission and photocatalysis applications. 

4.2 Experimental Section 

4.2.1 Synthesis of Cu2O/ZnO hetero-nanobrush on copper 

The Cu2O nanoneedles film was grown directly on copper substrate employing a 

protocol previously reported by us
37

. Copper foil was anodized in the presence of 2M 

KOH which acts as electrolyte and graphite rod as the counter electrode. This leads 

to evenly spread Cu(OH)2 nanoneedles film on the Cu substrate which on annealing 

at 450
o
C in controlled oxygen pressure (5*10

-6
 mbar) gets converted into Cu2O 

nanoneedles. 

We carried out seed assisted growth of ZnO on Cu2O, to achieve brush like ZnO 

morphology. Thus a seed layer of ZnO was deposited by Pulsed Laser Deposition 

(PLD) technique on the Cu2O nanoneedle film. The deposition was carried out in an 

oxygen pressure of 1*10
-4

 mbar at the substrate temperature of 100
o
C for better 

adherence of the ultrathin ZnO surface nanostructure. For facile growth of ZnO on 

the seeded surface of Cu2O, an equimolar (25 mM) solution of Zn(NO3)2 and 

hexamethylene tetramine (HMT) was used for the reaction. The reaction was carried 

out at 95
o
C while stirring simultaneously for only 15 minutes. The samples were then 

rinsed with de-ionized water and dried in air. The Cu2O/ZnO heterostructure films 



Ph.D. Thesis Physics                     4. Cu2O/ZnO Nanobrush      November 2013 

 

 

Meenal S. Deo 84 University of Pune 

were then annealed in vacuum (5*10
-5

 mbar) at 250
o
C for better adherence and better 

crystallinity of the nanostructure. This growth procedure is schematically shown in 

Figure 4.1. 

 

Figure 4.1: Schematic of the growth procedure of Cu2O/ZnO hetero-nanobrush. The 

bottom pictures show SEM images of each growth step. 

 

From the high resolution SEM shown in fig. 4.1 (b), there are ZnO nanoparticles 

formed all over the surface of the Cu2O nanoneedles by PLD, which ensures further 

growth of ZnO nanorods. The ZnO nanorod growth was carried out in the presence 

of hexamethylene tetramine (HMT) which covers non-polar surfaces of ZnO, other 

than the (002) plane system, to enhance the nanorod growth in the direction of (002). 

Fig. 4.1 (c) gives the schematic and SEM image of the growth of ZnO nanorods on 

Cu2O nanoneedles surface. These heterostructured films were further characterized 

by using XRD, SEM and TEM. 

4.2.2 General Characterizations 

Various techniques such as X-ray diffraction (XRD, Philips X’Pert PRO), Field 

Emission Scanning Electron Microscopy (FE-SEM, Hitachi S4800), UV-Vis spectro-

photometer (Jasco V-570) were used for characterizations. The analytical 

transmission electron microscopy (TEM) was also performed with a probe corrected 
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ARM200F JEOL microscope operated at 200kV. Energy Dispersive X-ray 

Spectroscopy (EDS) was performed with a JEOL JED2300 detector with a probe size 

of 0.2 nm. 

4.2.3 Field Emission and Photocatalysis experiments 

The field emission (FE) current density-electric field (J-E) characteristic 

measurements were carried in all-metal field emission microscope with a load lock 

chamber. The FE studies were carried out in a planar diode configuration, wherein 

Cu2O nanoneedles or Cu2O/ZnO hetero-nanobrushes served as a cathode and a semi-

transparent cathodoluminescent phosphor screen (ZnS:Cu Green Color) as an anode. 

The cathode was pasted onto a sample holder using vacuum compatible conducting 

silver paste and was held in front of the anode screen at a distance of ~500 μm. The 

emission current density - applied electric Field (J-E) characteristic measurements 

were carried out at 1×10
-8

 mbar pressure using a Keithley 6514 electrometer and a 

Spellman high voltage DC power supply (0-40kV). For FE, we kept the area of the 

specimen as 1 cm
2
. 

The Photocatalysis measurements were done at room temperature and in 10
-5

 M 

aqueous solution of methyl orange (MO), used as a pollutant. The Cu2O nanoneedles 

and Cu2O/ZnO heterostructure films of the same area were directly dipped into the 

methyl orange solution. The solution was first stirred in the dark in the presence of 

the film for 30 minutes before photocatalytic measurements so as to reach the 

adsorption/desorption equilibrium. Then it was continuously stirred under solar 

simulator (AM 1.5, 100 mW/cm
2
) used for illumination. The spectral intensity 

distribution was analyzed using UV-Vis spectro-photometer for specific intervals of 

time for a total time of 2.5 hours. 

4.3 Results and Discussion 

4.3.1 Characterization of Cu2O/ZnO Heterostructure 

The morphology of the as-synthesized Cu2O/ZnO heterostructure was imaged by 

Field Emission Scanning Electron Microscopy (FESEM). Figure 4.2 (a) shows low 

magnification SEM image which reveals a uniform formation of brush like 

structures. From the high magnification SEM images, shown in inset of fig. 4.2 (a), it 
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is seen that ZnO nanorods have been decorated all over the Cu2O nanoneedle surface 

forming the hetero-nanobrush morphology. It is also seen that the length of single 

ZnO nanorod is around 500 nm with hexagonal cross section having a diameter about 

50 nm. 

 

Figure 4.2: (a) Low magnification FESEM image of Cu2O/ZnO hetero-nanobrush, 

inset shows High magnification FESEM image, (b) X-Ray Diffraction pattern of 

Cu2O/ZnO hetero-nanobrush. * represents copper substrate peaks 

Figure 4.2 (b) shows the X-Ray Diffraction (XRD) pattern of Cu2O/ZnO hetero-

nanobrush. The XRD shows polycrystalline phase of Cu2O nanoneedles grown 

directly on copper. The formation of ZnO phase is also confirmed by XRD. During 

the deposition of ZnO nanorods on these Cu2O nanoneedles, even if the deposition is 

carried out at 95
o
C in air, the Cu2O phase does not get converted into CuO. This can 

be attributed to uniform growth and surface coverage of ZnO seed layer by PLD, 

which also acts as protecting layer for Cu2O avoiding its further oxidation. 

To reveal the precise morphology and the interconnection of the two phases 

detected by XRD (namely Cu2O and ZnO) some TEM observations were carried out. 

As shown in Fig. 4.3 (a), the structure of hetero-nanobrushes consists of a core 

nanoneedle covered by nanorods that are seen to nucleate and grow on its surface. 

EDS elemental mapping (Fig. 4.3 (b), (d) and (e)), clearly brings out the copper rich 

core and the Zn rich shell. SAED patterns recorded on the nanoneedle (Fig. 4.3 (c)) 

and on nanorod (Fig. 4.3 (f)) confirm that the two pure phases present are Cu2O and 

ZnO, respectively, in agreement with the XRD data. The typical diameter of ZnO 

(a) (b)
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nanorods measured from TEM images is in a range of 30 to 50 nm, while the mean 

diameter of Cu2O nanoneedles is about 100 nm. Using EDS analysis, the 

composition of both oxides was qualitatively estimated. A Zn:O (Cu:O) ratio of 0.96 

(1.94) was found for the ZnO (Cu2O), in good agreement with the expected 

stoichiometry. 

 

Figure 4.3: (a) Bright field STEM image of a Cu2O/ZnO hetero-nanobrush and (b) 

corresponding EDS elemental mapping showing the distribution of Zn (green), Cu 

(red) and O (blue) within the structure, and separate elemental mapping of (d) Cu 

and (e) Zn, SAED pattern obtained with a small probe located on the (c) cuprous 

oxide nano-needle and (f) on the Zinc oxide nanorods, confirming that only two 

phases are present, namely Cu2O and ZnO. 

We have performed HRTEM analysis of Cu2O nanoneedle and ZnO nanorods 

grown on Cu2O nanoneedles to find exact crystal growth directions of both Cu2O and 

ZnO, as shown in fig. 4.4 (a) and (b), respectively. We find that Cu2O nanoneedle 

grows along [220] direction, while the ZnO nanorods grow along the  00   direction. 

 s the  ro th direction of he a onal  nO nanorods is alon   00  , the si  s rface 

facets of  nO nanorods are alon  the ( 0   0) family of planes which are 
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perpendicular to the [002] direction. The Cu2O surface facets, which are found from 

HRTEM analysis, are mostly along (111) planes. 

 

Figure 4.4: HRTEM images of (a) Cu2O nanoneedle and (b) ZnO nanorod. 

4.3.2 Field Emission studies 

The field emission properties of Cu2O are rarely studied, in contrast to the other 

semiconducting oxides such as ZnO, SnO2, WO3, etc. Moreover the possibility of the 

enhancement in its field emission properties by making its composites with other 

materials has not been explored yet. We have therefore studied the field emission 

properties of Cu2O nanoneedles and also Cu2O/ZnO hetero-nanobrushes. 

 Figure 4.5 (a) depicts the field emission current density as a function of the 

applied electric field (J-E) plot. The turn-on field and threshold field, defined as the 

field required to draw an emission current density of ~10 µA/cm
2
 and ~100 µA/cm

2
, 

are found to be ~8.4 V/µm and ~11.8 V/µm, respectively, for Cu2O nanoneedles, and 

~6.5 V/μm and ~8.9 V/μm, respectively, for the C 2O/ZnO nanobrush sample. 

Relatively the lower turn on field for the Cu2O/ZnO heterostructure can be attributed 

to its unique geometrical form (which controls the field distribution) along with 

favourable band structure. As reported by Ujjal Gautam et. al.
38

, in the case of such 

branched structures, the applied primary field gets enhanced at the stems (Cu2O 

nanoneedles in our case) which successively acts as secondary field for the branches 

(ZnO nanorods in our case), thereby enhancing the local electric field.

(a) (b)

Cu2O nanoneedle ZnO nanorod
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Figure 4.5: (a) Field emission current density - applied electric field (J-E) 

characteristics (Inset shows turn-on value), (b) Corresponding Fowler- Nordheim (F-

N)  plot of Cu2O nanoneedles and Cu2O/ZnO nanobrush, (c) and (d) show the field 

emission micrographs of Cu2O nanoneedles and Cu2O/ZnO nanobrush, respectively. 

The traces in (e) and (f) show the current stability for Cu2O nanoneedles and 

Cu2O/ZnO nanobrush, respectively. 

(c) (d)

(e) (f)

(a)
(b)
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Interestingly, the current density in the case of the Cu2O/ZnO nanobrush is seen 

to have increased dramatically to ~425 µA/cm
2
 in comparison to ~40 µA/cm

2
 in the 

case of Cu2O nanoneedles at an applied electric field of ~10.5 V/µm. This 

tremendous increase in the current density can be attributed to the branched structure 

which acts as multiple emitters. As reflected from the basics of field emission, the 

emission current density is mainly decided by the intrinsic property (work function) 

and the extrinsic property (shape and size) of the emitter material. Thus for a better 

field emission performance the material with low work function should be in quasi 

1D form and preferably oriented perpendicular to the substrate i.e. vertically aligned. 

As seen from the SEM image (fig. 4.1 (a)), the random orientation of the Cu2O 

nanoneedles is also responsible for their inferior FE characteristics as compared to 

Cu2O/ZnO hetero-nanobrushes. On the other hand, in case of Cu2O/ZnO nanobrush 

(Fig. 4.2 (a)) there are relatively fair number of emitters pointing towards the anode; 

thus the effective electric field experienced by an individual ZnO nanorod will be 

more as compared to only Cu2O nanoneedle and hence enhancement in the field 

emission current is observed. 

 

Figure 4.6: Band diagram of Cu2O/ZnO heterojunction 

This phenomenon can be further discussed on the basis of the band diagram of 

Cu2O/ZnO heterostucture schematically shown in fig. 4.6. Normally in the case of 

the field emission from heterostructures, it is well accepted that the work function of 

the shell material should be lower than that of the core material. Considering the 

work functions of Cu2O and ZnO of about 4.8 eV and 5.3 eV, respectively, one could 
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expect higher value of the turn-on field in the case of Cu2O/ZnO nanobrush than that 

of only Cu2O nanoneedles. But, when these two materials come into contact, there is 

a formation of p-n junction at their interface and there is a favourable band alignment 

for the electron transport from the conduction band of core Cu2O to the conduction 

band of shell ZnO, as shown in fig. 4.6. 

 

Figure 4.7: SEM images of (a) Cu2O nanoneedles and (b) Cu2O/ZnO nanobrush 

In any practical measurement, the turn-on field is defined as the field at which the 

emission current attains a specific chosen value. It is taken as 10 µA/cm
2
 in our case, 

as in many other works. This value then also depends on the number of emission 

points (tips) per cm
2
 in addition to the value of the work function. In the present case 

since a number of ZnO brush-like strands grow on each Cu2O tip, the density of 

emission points is considerably higher in the case of ZnO/Cu2O hetero-brush, as 

clear from SEM images shown in fig. 4.7 (a) and (b). Hence in spite of the higher 

work function of ZnO, the current density of 10 µA/cm
2
 is reached at a lower applied 

field. Thus the effective turn on field is lower. 

 The field emission characteristics were further analysed by Fowler-Nordheim 

equation
39

, which is given by, 
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Where, A=1.54 × 10
-6

 A eV V
-2

 and B= 6.83 × 10
3
 eV

-3/2
 V m

-1
, J is the current 

density, E is the applied electric field, φ is the work function of emitting material and 

 is field enhancement factor. 

The Fowler-Nordheim (F-N) plot derived from the observed J-E characteristic is 

shown in fig. 4.5 (b). The F-N plot shows an overall linear behaviour with decrease 

in the slope (non-linearity) at very high applied field range. Such type of F-N plot 

exhibiting tendency toward nonlinearity at very high applied field has been also 

reported in our previous work
17

. 

The field emission micrographs corresponding to Cu2O nanoneedles and 

Cu2O/ZnO nanobrush emitters are shown in Fig. 4.5 (c) and (d) respectively. The 

number of spots for the Cu2O/ZnO nanobrush is larger because of the increased 

density of the emission sites as compared to Cu2O nanoneedles. More non- 

uniformity of the emission spots in case Cu2O also suggests that all the needles 

cannot take part in the emission at lower applied fields. 

 For field emission electron sources, along with the emission competence, the 

current stability is also a decisive and important parameter. The current stability 

curve (I-t plot) recorded for Cu2O nanoneedles is shown in fig. 4.5 (e) which shows 

that the emission current is quite steady, whereas an instability in the emission 

current is seen for Cu2O/ZnO nanobrush (fig. 4.5 (f)). This can be attributed to the 

adsorption / desorption of residual gas molecules present in the ambient of the 

specimen. The instability in emission current in Cu2O/ZnO nanobrush can be 

attributed to the densely crowded ZnO branches which cause more surface area for 

the adsorption and diffusion of residual gas molecules on the emitter surface. Other 

considerations such as field migration of oxygen vacancies, mild ion bombardment 

etc. may also be operative. 

4.3.3 Photocatalysis 

In view of the favourable band alignment of Cu2O and ZnO for efficient 

separation of charges, we studied the photocatalytic activity of Cu2O nanoneedles 

and Cu2O/ZnO hetero-nanobrush for degradation of Methyl Orange (MO) dye in the 

presence of simulated sunlight as shown in figures 4.8 (a) and (b) respectively. 
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Figure 4.8: UV-Vis absorption spectroscopy of Methyl orange dye taken at different 

times under visible light in the presence of (a) Cu2O nanoneedles and (b) Cu2O/ZnO 

nanobrush (c) Rates of corresponding Methyl Orange degradation (d) Schematic 

diagram showing charge generation and transfer in the presence light causing 

degradation of dye.  

The Cu2O nanoneedles film and Cu2O/ZnO nanobrush film were treated in the 

dark for 30 minutes before the photocatalytic measurements (light on) to eliminate 

the possibility that higher adsorption site density in the case of the Cu2O/ZnO 

nanobrush did not simply adsorb more dye molecules and hence showed an 

“apparent” rapid dye removal from the sol tion that is e amined optically. It can be 

clearly seen from figures 4.8 (a) and (b) that there is hardly any change in the 

intensity of MO after 30 minutes treatment in the dark. Also, from fig. 4.8 (a) and (b) 

we can notice that the Cu2O/ZnO nanobrush system can degrade the dye almost 

completely in 120 minutes under illumination, which is not possible with the Cu2O 

nanoneedles alone. By considering the intensity of measure peak of methyl orange at 

464 nm, we have plotted the corresponding rates of degradation by Cu2O and 

(a)

(d)

(b)

(c)
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Cu2O/ZnO as shown in fig. 4.8 (c), which indicates that, the rate in the presence of 

Cu2O/ZnO is much faster than only Cu2O. According to this data, after 2 hours in the 

presence of light, the amount of MO remaining in the case of Cu2O nanoneedles is 

around 70% while that in the case of Cu2O/ZnO nanobrush is only around 7%. 

There can be two possible reasons for this fast photocatalysis in the case of 

Cu2O/ZnO. Because of the special brush-like morphology, the surface area in the 

case of Cu2O/ZnO nanobrush is much greater than that of Cu2O nanoneedles which 

is highly advantageous for good photocatalytic activity
40

. Also, the Cu2O is p-type 

having band gap of 2.1 eV, which absorbs visible light, but there is a possibility of 

recombination in the case of only Cu2O. When we make Cu2O/ZnO heterostructure 

there is a favourable p-n junction formation which helps in the separation of 

generated electron-hole pairs in the presence of light and avoids recombination. This 

is shown schematically in fig. 4.8 (d). Also, because of the quasi 1D nature of both 

Cu2O and ZnO, the generated charges can very quickly come at the surface, which 

contributes to the degradation of dye. After the separation of electrons and holes, 

there are some reactions involved for the formation of OH• radicals,  hich can be 

written as
41

: 

 

h
+
 + H2O → H

+
 + •OH 

e
−
 + O2 → •O2- 

•O2
-
 + H

+
→ HO2• 

HO2• + H
+
 + •O2

-
 → H2O2 + O2 

H2O2 + e
-
→ OH• + OH

-
 

 

These hydroxyl radicals are known to be very reactive oxidative species which 

react with the organic or water pollutants and degrade them. 

4.4 Conclusion 

We have synthesized Cu2O/ZnO hetero-nanobrush on copper substrate by simple 

chemical route. The Cu2O/ZnO hetero-nanobrush leads to the formation of multiple 

p-n junctions, and enhancement of the surface area and tip density. These properties 

are utilized in the applications of field electron emission and photocatalysis. We 

observe that for the Cu2O/ZnO nanobrush case the field emission current increases 
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and turn-on field decreases significantly in comparison to the case of Cu2O 

nanoneedles. The Cu2O/ZnO nanobrush structure is also shown to be a good 

candidate for photocatalysis as it degrades methyl orange effectively than only Cu2O 

nanoneedles. 
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Chapter 5 

Evaluation of cuprous oxide nanoneedle photocathode for photo-

electrochemical activity 

 

 

  

Controlled synthesis of single crystalline cuprous oxide (Cu2O) 

nanoneedles with {111} exposed facets is achieved on copper foil and the 

same film is used as photocathode for photo-electrochemical water splitting. 

It shows excellent performance as reflected by the current density of ~1.7 

mA/cm
2
 photocurrent at 0V vs. RHE in 0.05 M Na2SO4 having pH ~6.5. 

This performance shows ~40% stability upto 1 hr of exposure to light. We 

attribute this photocurrent and stability performance to the exposed (111) 

facets. The Cu2O nanoneedles are further covered by TiO2 with simple wet 

chemical route, which form p-n junction, leading to effective separation of 

charges at the interface and enhancement of the photocurrent. 



Ph.D. Thesis Physics                                      5. Cu2O PEC      November 2013 

 

 

Meenal S. Deo 99 University of Pune 

5.1 Introduction 

The production of hydrogen by solar energy conversion combined with water 

electrolysis (i.e. water splitting by photo-electrochemical (PEC) cell using 

semiconducting material) has attracted the attention of researchers due to the need of 

renewable fuels 
[1-3]

. The semiconducting material used for PEC must be earth 

abundant, low cost and should absorb the visible light with suitable band edge 

positions so as to reduce / oxidize water.
[3, 4]

 Amongst metal oxides, p-type Cu2O can 

be considered as an potentially useful material in this context, with direct band gap 

~2.2 eV and favorable band positions for water splitting. For Cu2O the conduction 

band is located 0.7 V negative to the hydrogen evolution potential and the valence 

band is just positive of the oxygen evolution potential 
[5]

. 

Cu2O was explored long back for photocatalytic water splitting
 [6]

 because of its 

favorable band alignment with respect to the water oxidation and reduction levels. 

Some researchers suggested that this may in fact be a better system for water 

splitting by photo-electrochemical route
 [7]

. However Cu2O is known to be unstable 

due to photo-corrosion in aqueous medium during illumination 
[8]

, and this concern 

has remained unanswered for many years. Recently, Gratzel group reported 

enhancement in the PEC performance as well as high stability by depositing 

protective layers of Al:ZnO and TiO2 on Cu2O by atomic layer deposition (ALD) 
[9]

. 

This report boosted the attention again towards Cu2O as a potentially viable 

photocathode for PEC application. Researchers are now focusing on protecting the 

surface of Cu2O, which undergoes reduction reaction on exposure of light under the 

applied bias, affecting the PEC performance. Some efforts have been undertaken to 

make the Cu2O film stable in the PEC cell by depositing different coatings such as 

CuO 
[10]

, NiOx 
[11]

, and carbon 
[12]

 on the surface of Cu2O. 

It is a well known fact that, the catalytic or electrochemical properties of 

semiconducting materials vary depending on which crystal face has been exposed at 

the interface, because of the different atomic arrangement of each crystal face(s) 
[13, 

14]
 and the corresponding surface electronic structure. In the photocatalytic context of 

Cu2O, the (111) facet is considered as most stable 
[15]

. A systematic study by Sowers 

et. al. on the crystal face dependent stability of Cu2O as photocathode showed that 

the (111) surface, which is Cu
+
 - terminated, is the most stable for PEC 

[16]
. However, 
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hardly any efforts have been undertaken towards the development of stable Cu2O 

nanostructures with specific surface facets 
[17]

. 

For the photocatalytic and photo-electrochemical reactions, surface area of the 

active material is a crucial factor. Although, in this context some nanostructured 

Cu2O materials have been studied as effective photocathode 
[17 - 22]

, they show low 

photocurrent in the range of few hundreds of µA/cm
2
 due to various reasons. 

Amongst the various nanostructures, quasi 1D nanostructures seem to be promising 

because they possess high surface area and provide a direct pathway for electronic 

charge transport. Also, in the case of planer films the photocurrent collection is 

limited by the high absorption depth near band gap, which is much larger (~10 µm) 

than the minority carrier diffusion length (~10-100 nm) 
[23]

. Therefore, high aspect 

ratio Cu2O is advisable, which can effectively solve the problem of light absorption 

and charge separation, for its use in PEC 
[9, 12]

. 

In this work, we have grown single crystalline Cu2O nanoneedles with (111) 

facets exposed at the surface on a copper foil. The PEC performance of this film is 

tested and analyzed systematically. We have further coated n-type TiO2 on the p-type 

Cu2O using a simple TiCl4 treatment 
[24]

 to form a p-n junction system for effective 

charge separation at the Cu2O/TiO2 interface, rendering possibility of further 

enhancement of the photocurrent. 

5.2 Experimental 

5.2.1 Synthesis 

The Cu2O nano-needle films were grown directly on copper substrate by 

anodization of copper itself. By anodization of copper in basic solution, we obtained 

Cu(OH)2 nanoneedles film on copper, as reported earlier 
[25]

. It was followed by 

annealing at 700
o
C in vacuum (5*10

-6
 mbar pressure) to get Cu2O nanoneedles film 

on copper substrate. This Cu2O film was characterized by SEM, XRD, TEM and 

DRS. 
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5.2.2 Characterization 

X-Ray diffraction (XRD) data were recorded on a Philips X’Pert PRO using Cu 

Ka radiation. Scanning Electron Microscopy (SEM, FEI Quanta 200 3D) was used to 

record the morphology of the film. High-resolution transmission electron 

micrographs of the samples were recorded with HR-TEM, FEI Tecnai 300. UV–

visible diffused reflectance spectra (DRS) were recorded using a Jasco V-570 

spectrophotometer. 

5.2.3 TiCl4 treatment 

For conformal coating of TiO2 on Cu2O, we used aqueous 5 mM TiCl4 solution 

prepared in ice. The films of Cu2O were dipped in the solution for 5 and 10 seconds, 

while maintaining the temperature of the solution at 70
o
C in oil bath. The films were 

washed thoroughly with MilliQ water and absolute ethanol after dip coating. They 

were then dried at room temperature and annealed in vacuum at 200
o
C for the 

formation of TiO2. 

5.2.4 Photoelectrochemical measurements 

An Autolab PGSTAT30 (Eco-Chemie) was used for photoelectrochemical 

measurements, which were performed in a three neck quartz photo-reactor with a 

planer window. The photoelectrochemical cell was prepared using Cu2O film on 

copper as the working electrode, platinum foil as the counter electrode, and Ag/AgCl 

as the reference electrode. In our optimized experiment, we used 0.05 M sodium 

sulphate (Na2SO4) as electrolyte and the voltage was applied in Linear Sweep 

Voltammogram (LSV) mode at a scan rate of 5 mV/s. The PEC cell was illuminated 

using solar simulator, AM 1.5G, at incident power density of 100 mW/cm
2
. 

5.3 Results and discussion 

5.3.1 Characterization of Cu2O nanoneedles 

The morphology of the as-synthesized Cu2O film was imaged by Scanning 

Electron Microscopy (SEM). Figure 5.1 (a) shows the SEM image from which it is 

clearly observed that the whole surface of the film is comprised of dense uniform 

elongated structures. These nanowire-type structures were further characterized by 

TEM, as shown in the inset of figure 5.1 (a). The corresponding TEM of single 



Ph.D. Thesis Physics                                      5. Cu2O PEC      November 2013 

 

 

Meenal S. Deo 102 University of Pune 

nanowire shows tapering needle-like morphology. This also shows that the needle is 

very long ~5 µm in length. 

 

Figure 5.1: (a) SEM image of Cu2O nanoneedles, Inset shows low-magnification TEM 

image of single nanoneedle, (b) X-Ray Diffraction pattern of Cu2O nanoneedles. * 

represents copper substrate peaks 

Figure 5.1 (b) shows the X-Ray Diffraction (XRD) pattern of this Cu2O 

nanoneedles film. The XRD shows pure phase of Cu2O nanoneedles on copper 

substrate, the peaks matching perfectly with cubic Cu2O (JCPDS # 782076).  

 

Figure 5.2: (a) HRTEM image recorded at the edge and (b) SAED pattern for single 

Cu2O nanoneedle 

10 20 30 40 50 60 70 80

(2
2

2
)

(3
1

1
)

(2
2

0
)

(2
0

0
)

(1
1

1
)

 

 

In
te

n
s

it
y

 (
A

.U
.)

2

(1
1

0
)

*(a) (b)

~2.6 Å

(111)

(111) (110)

(220)

(200)

(a) (b)



Ph.D. Thesis Physics                                      5. Cu2O PEC      November 2013 

 

 

Meenal S. Deo 103 University of Pune 

The single Cu2O nanoneedle was further investigated by HRTEM, as shown in 

figure 5.2 (a). Interestingly, one-dimensional growth was observed along (111) plane 

which was also confirmed by the lattice spacing of ~ 0.26 nm for (111) plane. The 

SAED pattern recorded on the entire nanoneedle is shown in figure 5.2 (b). The 

cubic diffraction spots corresponding to (111), (200) and (110) planes clearly 

indicate that the nanoneedle is single crystalline. As discussed earlier, it is highly 

desirable to synthesize quasi-1D Cu2O with exposing (111) facets, for the application 

in PEC. 

 

Figure 5.3: (a) Diffused reflectance spectra for Cu2O nanoneedles film. (b) Tauc’s 

plot for Cu2O. 

The optical absorption of Cu2O nanoneedles film was studied using diffused 

reflectance spectroscopy (DRS), the data being shown in figure 5.3 (a). The energy 

gap of optically active semiconducting materials can be calculated by extrapolation 

of the tangent to Tauc’s plots based on the equation 
[26, 27]

: 

        
 

               

Where F(R) is modified Kubelka–Munk function, 
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nanoneedles, shown in figure 5.3 (b), the band gap (Eg) of the Cu2O nanoneedles film 

is estimated to be ~2.46 eV. The band gap energy of Cu2O nanoneedles is slightly 

higher as compared to that of bulk Cu2O (~2.2 eV). 

5.3.2 Mott – Schottky Plot 

We carried out a Mott–Schottky analysis in order to determine the flat band 

potential for Cu2O in the presence of Na2SO4 electrolyte. Mott–schottky plots were 

taken in the dark with three electrode assembly and perturbation amplitude of 10 mV 

in 0.05 M Na2SO4 aqueous electrolyte. Potential dependent electrochemical 

impedance spectroscopy measurements were performed in order to get the respective 

capacitances at semiconductor/electrolyte interface. 

 

Figure 5.4: Mott – Schottky plot for Cu2O film in aqueous Na2SO4 solution recorded 

at 5 kHz 

In Mott Schottky plot 1/C
2 

is plotted against the applied potential. The intercept 

of linear portion of 1/C
2
 on the x-axis gives the value of the flat band potential, the 

slope of the curve gives the charge carrier density, and the width of space charge 

layer can be calculated by Mott-Schottky equation which is 
[28]
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The charge density can be calculated by,  

    
 

     
  

  
 
   

  
 

  

 

where, ε0 is permittivity of free space, ε is the dielectric constant which is 6.3 for 

Cu2O 
[29]

, e0 is electronic charge, Nd is carrier density, and VFB is the flat band 

potential. C is the interfacial capacitance, and e is the electronic charge (1.6×10
−19

 

C). 

Figure 5.4 shows the Mott– Schottky plot for the Cu2O film measured at 5 kHz. 

The negative slope for Mott–Schottky plot implies the obvious p-type conductivity in 

Cu2O. Extrapolating the linear region of the Mott–Schottky plots gives the flat band 

potential of the samples to be 0.16 V against reversible hydrogen electrode (RHE). 

The value for carrier density, Nd, as obtained from the slope of the Mott-Schottky 

plot is 1.6 * 10
18

 cm
-3

. 

5.3.3 Photo-electrochemical Measurements 

 

Figure 5.5: The photo-electrochemical response of Cu2O nanoneedles film under the 

chopped solar-simulated light  
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The photo-electrochemical characteristics of Cu2O nanoneedles were measured 

in a three-electrode electrochemical set up consisting of Cu2O film as working, 

platinum foil as counter and Ag/AgCl as reference electrode. The electrolyte used 

was 0.05 M Na2SO4. No purging of gas was used during the measurements. Linear 

Sweep Voltammogram (LSV) was performed avoiding the oxygen evolution reaction 

above 0.65 V and reduction below -0.05 V vs. RHE. The photo-electrochemical 

current was measured under mechanically chopped light (solar simulator, AM 1.5 

G), which was periodically chopped at the cycle of 5 seconds, so as to measure dark 

and light response simultaneously. The current was recorded while the voltage was 

changed at a scan rate of 5 mV. The corresponding voltage-current density data are 

presented in Figure 5.5. A significant photocathodic current of ~1.7 mA/cm
2
 was 

observed at 0 V vs. RHE. This photo-induced cathodic current occurs due to the 

reduction of protons by photo-generated electrons at the Cu2O/electrolyte interface. 

This good photocurrent can be assigned to the quasi-1D nature of the photoelectrode, 

which provides direct pathway for the separated charges after absorption of light to 

come to the surface. The nanoneedle nature of the film also leads to light harvesting 

inside the film, which can enhance the photocurrent significantly. The exposed (111) 

facets at the interface play a significant role in this enhancement, as they are most 

active due to dangling Cu-bonds. 

5.3.4 Photo-stability of Cu2O nanoneedles electrode  

As Cu2O is known to undergo photo-corrosion in PEC cell, it is important to 

study the stability of the Cu2O photocathode. We have taken the stability data for 

Cu2O nanoneedles in the same set up as that for PEC measurements. The transient 

photocurrent measurement taken at 0V vs. RHE is shown in figure 5.6. Interestingly, 

the initial photocurrent (~1.5 mA/cm
2
) reduces to ~0.6 mA/cm

2
 which maintains 

itself after 5 minutes of light exposure. This ~ 40% retention can be considered as 

very good for the case of only Cu2O. This can be attributed to the (111) exposed 

planes in our case. The stability obtained here is certainly good as compared to other 

reports, e.g. A. Paracchino et. al. have shown 0% stability after 20 minutes of light 

exposure for bare Cu2O electrode 
[9]

, where mainly {100} facets of Cu2O are 

exposed. 
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Figure 5.6: The transient photocurrent measurement of Cu2O nanoneedles 

photocathode under the bias of 0 V vs. RHE 

 

As indicated by H. Gerischer 
[30]

, the photocurrent in the PEC cell depends 
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readily present in the reaction bath. This causes a formation of uniform coating of 
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figure 5.7. This leads in the change of color from yellowish to blackish of the 

inserted Cu2O film. 

 

Figure 5.7: The current stability measurement of Cu2O nanoneedles photocathode 

under the bias of 0 V vs. RHE for 1 hr 
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increased dramatically than that of bare Cu2O case. This increase in the current can 

be attributed to the favourable band alignment for charge separation at the 

Cu2O/TiO2 interface 
[9, 32]

. Although it is expected that the TiO2 layer will protect the 

Cu2O from photocorrosion, we did not observe improvement in stability for the case 

of TiCl4 treated Cu2O. This may be due to the non-uniform coating of TiO2, where 

exposed underlying Cu2O still undergoes the degradation upon light illumination. 

 

Figure 5.8: The photo-electrochemical response of TiO2 (5 sec.) coated Cu2O 

nanoneedles film under the chopped solar-simulated light 

5.4 Conclusion 

We have successfully grown single crystalline Cu2O nanoneedles with (111) 

facets exposed to the surface on a copper foil. Such film gave a substantial 

photocurrent of ~1.7 mA/cm
2
 and good stability over 1 hr, when used as a 

photocathode in PEC cell containing 0.05M Na2SO4 electrolyte having pH ~6.5. The 

performance was further enhanced by coating ultrathin TiO2 on the surface of Cu2O 

by simple TiCl4 treatment. This modification yielded a photocurrent of ~2.5 mA/cm
2
 

at 0V vs. RHE; however unfortunately the stability did not improve much possibly 

because of partial coverage of TiO2. A technique such as atomic layer deposition 

(ALD) may be needed to circumvent this problem. 
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Chapter 6 

Conclusion and Future Scope 

 

 

 

 

 

This chapter presents a summary of the work with concluding remarks for the 

research performed and reported in this thesis and then lays out the future scope 

pertaining to this work. 
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6.1 Summary of the thesis 

The research and development of electronic and optoelectronic devices leads to 

direct impact on our modern society, as most of them are used in day-to-day life. The 

rapid miniaturization and compact architecture of these devices has led to 

tremendously enhanced performance and cost reduction, but are restricted to only 

silicon based devices. Hence, the demand for other earth-abundant and cost effective 

materials with improved functionality and enhanced performance is growing. Metal 

oxides are considered to be good candidates in this respect because the range of 

electronic and optical properties they support is remarkable. Also, quasi 1D 

nanostructures have emerged as an important class of materials which facilitate, 

through controlled growth, making novel electronic and optoelectronic devices. The 

work on quasi 1D metal oxide nanostructures has witnessed considerable expansion 

during the past few years with fields such as field effect transistors, p-n junction 

diodes, sensors, solar energy conversion, etc. acquiring centre stage. Formation of 

heterojunction using such quasi 1D metal oxides widens the application domain even 

further due to integration of properties of both the materials and novel interface 

effects. 

In the research work presented in this thesis, we have focused on the synthesis of 

p-type cuprous oxide (Cu2O) nanoneedles and its heterojunctions with ZnO and TiO2 

using simple synthesis protocols. These materials have been studied for a few 

applications covering important current areas such as photo-sensing, field electron 

emission, photocatalysis and water splitting for hydrogen generation, etc. 

The summary of the work done is as follows: 

1. It is interesting to fabricate and study p-n junction using functional quasi 1D 

metal oxides and examine their opto-electronic properties. Therefore we 

synthesized Cu2O nanoneedles by a simple anodization method followed by 

annealing in vacuum. A strong photo-response is realized in a simple flip-

chip type rectifying junction configuration of Cu2O nanoneedles and ZnO 

nanorods grown on metallic Cu and ITO, respectively. This response is 

shown to be two orders of magnitude stronger than that of a thin film hetero-
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junction of the same materials. A ~120% resistance change was obtained 

under 1V reverse bias in the case of the nanowire junction. 

2. To further improve the properties of the heterojunction, Cu2O/ZnO hetero-

nanobrush assembly has been synthesized directly on copper substrate by 

simple chemical route. The Cu2O/ZnO hetero-nanobrush leads to the 

formation of multiple p-n junctions, and enhancement of the surface area and 

tip density. These properties are utilized in the applications of field electron 

emission and photocatalysis. We observed that for the Cu2O/ZnO nanobrush 

case the field emission current increases and turn-on field decreases 

significantly in comparison to the case of Cu2O nanoneedles. The Cu2O/ZnO 

nanobrush structure is also shown to be a good candidate for photocatalysis as 

it degrades methyl orange very effectively than only Cu2O nanoneedles. 

3. Cuprous oxide, having band gap ~2.2 eV, is considered to be a very good 

photocathode material for photo-electrochemical (PEC) water splitting. It is 

important to investigate Cu2O with high surface area and high activity grown 

on desired substrate for photo-electrochemical hydrogen generation. Hence 

we have grown single crystalline Cu2O nanoneedles, with (111) facets 

exposed to the surface directly on a copper foil. Such film gave a substantial 

photocurrent of ~1.7 mA/cm
2
 at 0V vs. RHE and good stability over 1 hr, 

when used as a photocathode in PEC cell containing 0.05M Na2SO4 

electrolyte having pH ~6.5. The performance was further enhanced by 

coating ultrathin TiO2 on the surface of Cu2O by simple TiCl4 treatment. This 

modification gave the photocurrent of ~2.5 mA/cm
2
 at 0 V vs. RHE; however 

the stability did not improve much. 

6.2 Scope for future work 

Quasi 1D metal oxides are explored as the possible building blocks for the future 

electronic and opto-electronic technologies. But for their practical use, a control over 

structure and morphology during growth, which determines their properties, is a key 

parameter. Also, one should keep in mind that the materials used should overcome 

the cost and efficiency challenges and secondly they should be capable of long term 
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stability. Keeping these aspects in mind, a few possible points pertaining to the 

possible future work based on the outcome of current thesis work are as follows: 

1. Organic-inorganic photodetectors with enhanced performance than its 

individual constituents have attracted much attention recently. This device 

structure combines inorganic material having high carrier mobility and 

organic material with good flexibility and low temperature processability. 

Therefore it would be interesting to study a photodetector designs based on p-

Cu2O as the inorganic component and an n-type polymer or ionic liquid, with 

proper band alignment with Cu2O, as an organic component, in a quasi liquid-

solid hybrid device. Certainly, an optimization would be required for such 

device to work as ‘self-powered’ photodetector. 

2. In flat-panel displays, conducting carbon based nanomaterials are used as 

very efficient field electron emitters, because of their low work function and 

high conductivity. Formation of uniform thin film of graphitic carbon is 

possible by physical deposition techniques like PLD. Therefore it is important 

to deposit conducting carbon on aligned arrays of metal oxide nanowires by 

pulsed laser deposition (PLD) and study their field emission properties for 

future field emission displays. 

3. Photo-electrochemical (PEC) cell containing a semiconductor as an electrode 

splits water under sunlight generating hydrogen with high efficiency. But, 

practically there are not many materials which have an ideal band gap and 

band alignment with hydrogen and oxygen evolution levels of water. Cu2O 

has nearly ideal band gap of ~2 eV having proper alignment with water 

reduction level. Unfortunately, it gets corroded under illumination in aqueous 

environment due to slightly slow electron transfer across 

semiconductor/water interface. Therefore to protect the corrosion and to 

facilitate fast electron transfer across the junction, Cu2O should be covered 

with another suitable material. Metal chalcogenites are used in solar cells and 

PEC cells for their visible light absorbing properties and good catalytic 

function. Cu2S, is one of the less explored metal chalcogenites, can be easily 

grown on the surface of Cu2O by controlled sulphurization and can be used as 
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a protecting layer on Cu2O when used as photocathode for PEC water 

splitting.  

4. The design of an efficient system for direct water splitting using abundantly 

available sunlight and water is a current challenging task for scientific 

community. One approach has proposed construction of a tandem PEC cell 

having n-type and p-type materials in contact with each other, where 

hydrogen will be evolved at p-side and oxygen on the n-side. The cell design 

should be such that the potential developed should be enough for the water 

splitting reaction i.e. it should be self-biased cell and the band gap of the 

materials should be such that they will absorb maximum portion of the solar 

spectrum. Since there are a lot of options for stable n-type materials, synthesis 

of a suitable p-type material is very important. A surface-protected photo 

corrosion-free Cu2O nanostructure is attractive in this respect. 

5. In the PEC cell containing Cu2O as photocathode, the photo-generated 

electrons which cannot be transferred to the electrolyte efficiently cause 

reduction of Cu2O itself leading to its photo-corrosion. To avoid the 

accumulation of these electrons on the surface of Cu2O and to protect the 

Cu2O surface an electron scavenger molecule like methyl viologen can be 

used in the electrolyte in PEC cell. 



118 

 

 

 

 

 

  

-0.2 0.0 0.2 0.4 0.6 0.8
0.0

1.0x10
-4

2.0x10
-4

3.0x10
-4

4.0x10
-4

5.0x10
-4

6.0x10
-4

7.0x10
-4

 

 

C
u

rr
e

n
t 

(A
)

Bias Voltage (V)High Voltage

Syringe Pump

Syringe Solution

Taylor Cone

Needle

+

-
Collector

Appendix - I 

Fabrication of Anatase TiO2 Nanofibers 

by Electrospinning for Dye and Quantum 

Dots Sensitized Solar Cells 

Anatase TiO2 nanofibers represent another quasi-1D system of 

current optoelectronic interest. In this work such fibers have been 

synthesized by electrospinning method. These electrospun TiO2 

nanofibers are used to prepare working electrode in Dye Sensitized 

Solar Cell (DSSC) and Quantum Dot Sensitized Solar Cell (QDSSC). 

A power conversion efficiency of ~4.4% was obtained for DSSC. 

Moreover, this value was seen to get enhanced when the nanofibers 

were used to form a light harvesting layer (~6%) or mixed with ~20 

nm TiO2 nanoparticles for the fabrication of DSSC (~6.5%). These 

TiO2 nanofibers also show substantial efficiency in the case of CdS 

sensitized solar cells. 
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A-I.1 Introduction 

Dye sensitized solar cells (DSSC) have attracted a lot of attention recently as a 

promising alternative to silicon solar cells because of their low production cost and 

reasonable efficiency 
[1]

. In DSSC, a film of metal oxide nanoparticles, sensitized by 

a dye, on conducting glass is used as photoelectrode and an electrolyte is sandwiched 

in between such photoelectrode and another conducting glass with a specific catalyst. 

The dye generates excitons upon absorption of photons; the free electrons are 

injected into metal oxide nanoparticles and transported to adjacent conducting glass 

for charge collection. Meanwhile, the holes in the dye are compensated by redox 

reaction occurring in the electrolyte thereby getting transferred to another electrode.  

More the collection of charges, higher is the efficiency. Nanostructured TiO2 is 

considered as one of the most important materials used as photoanode in DSSC 
[2]

. 

Basically, TiO2 occurs in nature in three different polymorphs: rutile, anatase, and 

brookite. Amongst all these phases, anatase TiO2 shows better efficiency and more 

photocatalytic activity because of its favourable properties and great stability in 

aqueous/organic medium. 

Metal oxide photoanodes used for DSSC should have higher surface area so that 

there should be higher dye loading. Enhanced mobility of the electrons through the 

metal oxide nanochannels is another requirement for the achievement of good 

efficiency 
[3]

. Recently, photoanodes comprising of anisotropic nanostructures (e.g. 

nanorods, nanotubes, nanowires etc.) are being examined with interest in this 

context. These quasi-1-dimensional (1-D) nanostructures have received growing 

attention as charge transport media for their semi-directed transport capability, 

reduction of grain boundaries and hence less recombination of charge carriers 

compared to spherical particles. They can also have high porosity and specific 

surface area which increases the dye adsorption. Moreover, 1-D nanostructures also 

show improved light scattering effect which enables its use as light harvesting layer 

in DSSC 
[4]

. But, it is difficult to form anisotropic morphologies of TiO2 due to its 

tetragonal structure with almost equal (a,b,c) values. Hence electrospinning can be 

used for the fabrication of nanofibers or nanorods of TiO2.  

Electrospinning is a well-established and cost-effective technique for large-scale 

production of quasi-1-D nanostructures of polymers as well as other advanced 
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ceramic materials, when combined with sol-gel process 
[5]

. Electrospinning method 

can produce ultra-fine fibers or fibrous structures of various polymer based solutions 

with diameters down to submicrons or few nanometers. 

In this work, we have synthesized electrospun TiO2 nanofibers and used them as 

an active photoanode material for efficient DSSC.  To make use of both, good dye 

uptake of TiO2 nanoparticles and electron transport property of TiO2 nanofibers, we 

have used hybrid structure of TiO2 nanoparticle-nanofibers 
[6]

 in an optimized 

percentage to get maximum efficiency for DSSC. Also, because of the favorable 

light scattering property, TiO2 nanofibers have been used as a light harvesting layer 

in photoelectrode. 

More recently, quantum dots (QDs) are being explored intensively as novel 

sensitizers, instead of dye molecules, for their probable multi-excitons generation 

which elevates the theoretical efficiency as high as 44%. Recently, metal 

chalcogenide quantum dot (QD) semiconductors such as CdS, CdSe, PbS, and PbSe 

have been tried as sensitizers for the solar cells, instead of Ruthenium based dyes 
[7]

. 

These systems are referred as next-generation sensitizers as they are expected to 

provide the advantage of facile tuning of effective band gap down to the IR range by 

changing their sizes and compositions. Among the semiconductor QD sensitizing 

materials, CdS is a promising candidate for its bulk band gap of ~2.4 eV and flat 

band edge at 0.66 V (pH 7), rendering it capable of absorbing visible light and form a 

favorable band alignment with TiO2 for efficient electron injection 
[8]

. Considering 

all these advantages, we have fabricated CdS coated TiO2 nanofiber photoelectrodes 

for reasonably efficient QDSSCs. 

A-I.2 Experimental 

A-I.2.1 Synthesis of Electrospun TiO2 Nanofibers: 

We have employed electrospinning method for the synthesis of TiO2 nanofibers 

by using mixture of TiO2 sol and polyvinylpyrrolidone (PVP) solution. In our 

optimized process, we first dissolved 1 gm polyvinylpyrrolidone (PVP) [mol. Wt. 

1,300,000] completely into 9 ml ethanol. 10 µl concentrated HNO3 (70%) was added 

drop-wise to this polymer solution. Titanium Tetraisopropoxide (TiP) was used as 
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precursor for TiO2 sol, 5 ml of which was then added slowly and the solution was 

stirred overnight to form uniform, viscous solution for electrospinning. The solution 

was loaded in 10 ml syringe connected with stainless steel needle having inner 

diameter ~0.2 mm. An electric field of ~1 kV/cm was applied between the needle 

and a metallic collector plate, placed in front of the syringe and covered with 

aluminium foil, using high voltage power supply. The flow rate of 1ml/hr was kept 

fixed. The collected electrospun fibers on aluminium foil were dried under IR lamp 

for 15 minutes. The fibers were then annealed at heating rate of 1 
o
C/min to 500

o
C 

for 1 hr to obtain anatase TiO2 nanofibers. The electrospun TiO2 nanofibers were 

further characterized by XRD, SEM and TEM. 

A-I.2.2 Fabrication of photoanode for DSSC 

Films of the TiO2 nanofibers were made using the standard protocol of doctor 

blading method 
[9]

. The TiO2 nanofibers were first crushed to form uniform nanorods 

paste in an agate mortar with small amount of water, Triton X-100, ethanol, dilute 

acetyl acetone, dilute acid and binding agents (Poly ethylene glycol). To produce 

uniform films from this paste, “Doctor Blade” coating method was used. The coated 

film was allowed to air dry for 10 mins and then heated for 1 hr at 450
o
C to form 

electrical bridges between the TiO2 nanocrystals. The films were post-treated with 

TiCl4 to improve the electron transport. For the nanoparticle-nanofibers hybrid 

structure films, TiO2 nanofibers were mixed and ultra-sonicated with lab-synthesized 

TiO2 nanoparticles (of size ~20 nm) in ethanol in the desired amount for 30 minutes, 

and then heated at ~70
o
C under constant stirring to get uniform viscous paste. The 

films were then coated with Doctors blade method. 

For dye sensitization, the films were dipped in N719 dye in ethanol for 24 h at 

room temperature. The samples were then rinsed with ethanol to remove excess dye 

on the surface and air-dried at room temperature. The active area of all the cells for 

DSSC was kept as 0.25 cm
2
 by scratching other area of the film. To form the solar 

cell assembly, the film was sandwiched with the counter electrode of Pt coated FTO 

followed by addition of redox electrolyte. The electrolyte used was iodine/triiodide 

in acetonitrile. The I-V characteristics were measured under exposure of 100 

mW/cm
2
 (450W xenon lamp, Newport Instruments), 1 sun AM 1.5, simulated 



Ph.D. Thesis     Physics       A-I. TiO2 nanofibers for solar cells November 2013 

 

 

Meenal S. Deo 122 University of Pune 

sunlight as a solar simulator. The current was measured using a Keithley 2400 

source. 

A-I.2.3 Deposition of CdS quantum dots 

The CdS QDs were deposited on the TiO2 nanofibers electrode by successive 

ionic layer adsorption and reaction” (SILAR) method 
[10]

. In this method, dissolved 

cationic and anionic precursors are reacted slowly in one bath or separated into two 

containers; the bare electrode is dipped alternatively into each one, to grow the target 

QDs. Here, we have used non-aqueous solutions of reactants: 0.2 M Cd(NO3)2 and 

0.2 M Na2S in ethanol and methanol, respectively. Particularly non-aqueous solution 

was chosen because they have lower surface tension and thus have better penetrating 

ability through the porous matrix than aqueous solution. The films of TiO2 

nanofibers were dipped for 5 minutes each and then rinsed thoroughly with 

respective solvents. The ionic state of the reactants Cd
2+

 and S
2−

 ions could thus 

penetrate the TiO2 film and incorporate into the inner region of a mesopore. Scheme 

A-I.1 illustrates the steps involved in the SILAR method. All the TiO2 films used for 

QDSSC were made up of thin layer of TiO2 nanoparticles (of size ~20 nm) 

underneath the TiO2 nanofibers and of overall thickness ~12 µm. The CdS deposition 

cycles were varied from 4 to 10. The deposition of CdS on TiO2 nanofibers was 

confirmed by further characterization of the film using XRD, DRS and SEM. 

      
    

                    
   

                                  

Scheme A-I.1: CdS Sensitization process on TiO2 film 

A-I.3 Results and discussion 

A-I.3.1 Characterization of TiO2 nanofibers 

The as synthesized TiP-PVP electrospun fibers have diameters of ~100 - 300 

nm and lengths of few microns, as seen by SEM image in figure A-I.1 (a). After 

sintering of the nanofibers, the morphology remains almost the same however the 

diameter slightly decreases because of PVP evaporation from the system. The 

TiO2 nanofibers, as seen from SEM image in figure A-I.1 (b), have diameters 

~100 - 200 nm. The TEM image in figure A-I.1 (c) indicates that the single 
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nanofiber is polycrystalline and consists of TiO2 crystallites or grains with sizes 

of ~10 nm. TEM also shows that the grains are densely packed in the fiber. The 

HRTEM in figure A-I.1 (d) shows that the interplanar spacing (d) is ~0.36 nm, 

suggesting that the TiO2 crystallites in the nanofibers are in the anatase phase. 

 

Figure A-I.1: SEM images of (a) as synthesized TiP-PVP nanofibers, (b) annealed TiO2 

nanofibers; (c) TEM and (d) HR-TEM image of single TiO2 nanofiber; inset of (d) 

shows d-spacing of single TiO2 grain 

The pure anatase phase of TiO2 nanofibers was further confirmed by the XRD 

pattern of the nanofibers as shown in figure A-I.2 and compared with standard 

JCPDS data #211272. The XRD pattern also shows polycrystalline nature of TiO2 

without any polymeric part after annealing at 500
o
C for 1 hr, as expected. The 

anatase phase of TiO2 is important because it possesses a higher electron transport 

capability than the rutile phase of TiO2, leading to a better photovoltaic performance. 

100 nm

3.6 Å

(a) (b)

(c) (d)
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Figure A-I.2: X-Ray Diffraction pattern of annealed TiO2 nanofibers 

A-I.3.2 Photovoltaic characterizations of DSSC 

 

Figure A-I.3: Current- Voltage (J-V) curve for photoelectrode made up of only TiO2 

nanofibers 

When only TiO2 nanofibers were used as active material for photoanode in 

DSSC, the solar cell efficiency of ~4.4% was obtained. This comparatively low 

efficiency is due to low dye loading on the electrospun nanofiber films as compared 
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to the TiO2 nanoparticles film. This is due to the voids present in between the 

nanostructured TiO2 nanofibers film. To fill these voids and to increase the dye 

loading, we mixed the TiO2 nanofibers with TiO2 nanoparticles in specific 

percentage. This hybrid structure has the advantage of both: good dye adsorption in 

the case of spherical particle surface, while the presence of nanorods renders faster 

electron transport rate and favorable light scattering as well. By comparing the J-V 

curves of only TiO2 nanofibers case (figure A-I.3) and 30% TiO2 nanofibers in TiO2 

nanoparticles case (figure A-I.4 (a)), it is clear that there is a drastic improvement in 

the current (Jsc) and hence improvement in efficiency of ~6.5% in case of hybrid 

structure. This shows improvement in efficiency of ~45% by the use of 

nanoparticles. It is also worth noting here that in the prepared composite films the 

electrospun TiO2 nanofibers were randomly distributed amongst the TiO2 

nanoparticles. The nanofibers scatter the incident light effectively inside the film, 

resulting in a substantial improvement in light harvesting 
[11]

. We have studied the 

efficiency variation by varying the amount of TiO2 nanofibers and we got maximum 

efficiency for the photoelectrode consists of 30% nanofibers mixed with 70% 

nanoparticles, as shown in figure A-I.4 (b). 

 

Figure A-I.4: (a) Current – Voltage (J-V) curve for 30% TiO2 nanofibers in TiO2 

nanoparticles case (b) Efficiency as increasing percentage of nanofibers in 

nanoparticles 

Generally, it is observed that small nanoparticles used in photoelectrode can not 

scatter the incident light leading to poor light harvesting. Hence it is useful to make 

thin transparent layer of small nanoparticles below the light scattering layer for 
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effective light harvesting and hence effective current enhancement in the DSSC. The 

light scattering layer usually consists of nanoparticles of size ~100 – 200 nm 
[12]

. 

Here, we have used the TiO2 nanofibers as scattering layer in the DSSC. For this we 

deposited the transparent TiO2 (of particle size ~20 nm) thin film underneath and 

deposited a layer of electrospun nanofibers on the top. In this case the electrospun 

nanofibers proved to be beneficial as the light harvesting layer and gave higher 

efficiency of 6%, which was higher by almost 36%, as shown in figure A-I.5.  

 

Figure A-I.5: Current- Voltage (J-V) curve for photoelectrode made up of TiO2 

nanofibers as scattering layer on thin TiO2 nanoparticles film 

It is noteworthy that here the inward Mie scattering of light by nanofibers leads 

to reduction of reflectance which in turn increases the light absorption in the film. 

The Mie scattering taking place here is most effective for nanofibers of diameter 

~100 – 200 nm 
[11, 12]

. Thus, by optimizing the electrospinning parameters further we 

can optimize the efficiency of DSSC. The overall DSSC results are shown in table A-

I.1. 
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Film Voc  (V) Isc (A) FF(%)    η (%) 

TiO2 Nanofibers 0.78 9.0 62.0 4.4 

Thin TiO2 nanoparticles 

layer + TiO2 Nanofibers 
0.75 15.1 53.4 6.0 

Film of TiO2 nanoparticles 

+ TiO2 Nanofibers (30%) 
0.74 15.1 57.5 6.5 

 

Table A-I.1: Solar cell parameters of DSSC made from different configuration of 

electrospun TiO2 nanofibers 

A-I.3.3 Characterization of CdS sensitized TiO2 film 

Figure A-I.6: (a) XRD and (b) DRS of CdS (5 layers) deposited on TiO2 nanofibers 

film 

We also performed experiments on CdS QD sensitized solar cells. The formation 

of CdS, after 5 SILAR cycles of deposition (most efficient case for QDSSC), on 

TiO2 nanofibers film was confirmed by XRD as shown in figure A-I.6 (a). All the 

peaks are indexed to anatase TiO2, CdS and FTO confirming with standard JCPDS 

data. This validates the usefulness of simple SILAR method for the deposition of 

CdS on TiO2 nanorods. The Diffused Reflectance Spectra (DRS) of 5 layers of CdS 

deposited on TiO2 nanofibers film is shown in figure A-I.6 (b). It is clear that after 
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CdS deposition the absorption red-shifts corresponding to the visible light absorption 

of CdS. The band gap of CdS as calculated from the DRS is ~2.5 eV. 

 

Figure A-I.7: SEM images showing (a) as deposited TiO2 nanofibers on FTO and (b) 

CdS (5 layers) deposited on TiO2 nanofibers, insets show photographs of respective 

films 

The surface morphology of only TiO2 nanofibers film and 5 layers CdS deposited 

TiO2 nanofibers film are shown in figure A-I.7 (a) and (b) respectively. The clear 

change in color of the film can be seen in the photographs shown in respective insets. 

As the fibers get crushed when we make TiO2 films by usual Doctor’s blade method, 

the morphology of only TiO2 film shows the formation of randomly oriented TiO2 

nanorods, although the 1D nature retains even after the crushing. After 5 SILAR 

cycles of CdS on TiO2 film, there is a formation of CdS nanoparticles uniformly on 

TiO2, but there is no evidence of formation TiO2-CdS core-shell heterojunction. 

A-I.3.4 Photovoltaic characterizations of CdS Sensitized solar cells 

The photovoltaic characterization of CdS sensitized solar cells was performed by 

sandwiching the CdS deposited TiO2 photoelectrode with Pt coated FTO and 

inserting iodine/triiodide electrolyte in it. The active area of the cell was kept 0.16 

cm
2
.  The best performance we achieved was for 5 SILAR cycles case with an open-

circuit voltage of 0.7 V, a short-circuit photocurrent density of 3.8 mA/cm
2
, a fill 

factor of ~69% and an overall power-conversion efficiency of ~1.8%. 

(a) (b)
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Figure A-I.8: (a) Current – Voltage (J-V) curve for 5 layers of CdS deposited on TiO2 

nanofibers (b) Efficiency as a function of increasing CdS deposition cycles on  TiO2 

nanofibers film 

The photovoltaic performance realized by varying the SILAR cycles is shown in 

figure A-I.8 (b). It is observed that less SILAR cycles can not deposit sufficient CdS 

for maximum absorption of incident light. On the other hand more SILAR cycles 

lead to overloading of CdS which blocks electrolyte percolation and also serves to 

enahnce recombination
[13]

. This leads to decrease in the current density, thus 

hampering the efficiency. We believe that the 1D nature of TiO2 nanofibers plays 

significant role in electron transport and light harvesting for overall enhancement in 

the efficiency. 

A-I.4 Conclusion 

In conclusion, we have successfully used TiO2 nanofibers for both DSSC and 

QDSSC systems. We achived the best performance efficiency of ~ 6.5% for DSSC, 

using TiO2 nanofibers (30%) - nanoparticles hybrid structure. For the case of CdS 

sensitized solar cells, we repetitively achived ~1.8% efficiency for the case of 5 

SILAR layers of CdS on TiO2 nanofibers. To obtain enhancement in the efficiency, 

further optimization of the solar cell fabrication process as well as optimization of 

TiO2 nanofibers synthesis process are needed. 
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This work is primarily a part of the PhD thesis of Lily Mandal in view of the specific focus of her 

work. The author of this thesis has contributed to specific physical measurements in this work. Hence 

inclusion here as an Appendix.  

Appendix – II 

A Hybrid Photodetector based on ZnO Nanorods/Agarose 

Gel with Giant Response in UV-Visible 

In this work, a novel photodetector design was conceived and demonstrated 

based on ZnO nanorods with surface dispensed agarose hydrogel which 

represents the concept of an ionic-electronic hybrid system. This ZnO-gel 

device showed a remarkable enhancement (about three orders of magnitude) in 

photocurrent as compared to bare ZnO nanorods. The observed giant 

enhancement in photo-response in ZnO / agarose gel device is explained on the 

basis of interface band bending and related effects. 
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ZnO nanorods were grown on transparent conducting substrate (FTO) by simple 

solvothermal method. The agarose gel was prepared by mixing agarose (2 wt %) in 

D. I. water by continuous stirring and boiling the solution on a hot plate. This 

solution was dispensed on the ZnO nanorods film. The gelation occurs directly on 

the film by cooling it to room temperature. X-ray diffraction and SEM showed that 

the ZnO nanorods are vertically oriented. 

The device structures of ZnO-Pt and ZnO-agarose gel-Pt studied in this work are 

illustrated in Figures A-II (a) and (b), respectively. A FTO coated glass serves as the 

bottom electrode and a platinum tip acts as the top contact. Figures A-II (c) and (d) 

compare the I-V characteristics for the ZnO-Pt and the ZnO-gel-Pt systems under 

dark and under AM1.5 1 Sun illumination (100 mW/cm
2
). In dark the slight non-

linearity of the I-V curve in the case of ZnO-Pt interface indicates that the contact 

between ZnO and Pt is Schottky type. The presence of agarose gel modifies the 

characteristic, making it more rectifying. It can be seen that the current minimum 

occurs in between -1V to -2V in the dark, whereas under illumination it occurs at 0V. 

This shift can be attributed to formation of electrical double layer at the solid /quasi-

liquid interface, which results in different capacitances at the interface in the dark. 

When this interface is illuminated high density of electrons and holes is generated 

which changes the interface charge distribution, thereby dramatically reducing the 

capacitances of the interface regions and shifting the current minimum to 0V. Since, 

the current minimum in the ZnO-gel-Pt occurs at around -2V, maximum 

photoresponse could be obtained for this bias. 
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Figure A-II: The Device architecture of the (a) ZnO-Pt and (b) ZnO-gel-Pt systems; I-V 

under Dark and AM1.5 1 Sun illumination of (c) ZnO-Pt and (d) ZnO-gel-Pt systems 

and (e) Photoresponse as a function of time with visible light chopping 

Figure A-II (e) shows the photocurrent response as function of time for the ZnO-

Pt and ZnO-gel-Pt systems. The data represents the current at an applied voltage of -

2V under chopped solar simulated light (AM1.5 1 Sun, 100 mW/cm
2
) for 10 sec 

cycle. Upon illumination the current enhances by a factor of 2 in bare ZnO-nanorods 

case, while in ZnO nanorods-gel-Pt case it increases by almost three orders of 

magnitude. This remarkable difference is discussed at great length in the paper by 

Mandal et al. (Adv. Mater. 2012, 24, 3686–3691)  
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This work is primarily a part of the PhD thesis of Ashish Yengantiwar in view of the specific focus of 

his work. The author of this thesis has contributed to specific physical measurements and analysis in 

this work. Hence inclusion here as an Appendix.  

Appendix – III 

Plasmonic Au / ZnFe2O4 / ZnO triple heterojunction 

photoanode for solar photo-electrochemical water splitting 

For efficient solar photo-electroctrochemical water splitting, we have 

demonstrated a novel plasmonic triple heterojunction photoanode made up of 

Au / ZnFe2O4 (ZFO) / ZnO nanorods. We have observed drastic (factor of 5) 

photocurrent increment in Au/ZFO/ZnO junction as compared to only ZnO 

nanorods photoanode. This dramatic effect is attributed to near-field plasmonic 

enhancement induced by Au nanoparticles. 
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ZnO nanorods (NR) were grown on FTO coated glass substrate by open aqueous 

solution deposition method. An ultrathin ZnFe2O4 (ZFO) layer was deposited on 

ZnO nanorods using pulsed laser deposition (PLD) technique. Further growth of Au 

NPs on the surface of ZFO/ZnO heterojunction was done using DC magnetron 

sputtering method. For this, Au metal target was sputtered in the Ar at a process 

pressure of 0.02 mbar at room temperature. 

The photoelectrochemical (PEC) performance of pristine ZnO, the heterojunction 

of ZFO/ZnO and Au NP decorated ZFO/ZnO photoelectrodes, measured under 1.5 

AM Sun (100 mW/cm
2
) in an aqueous solution of 0.1 M sodium sulphate (Na2SO4) 

is presented in Figure A-III (a). The thickness of the ZFO film was optimized for 

maximum PEC performance, which was found to be 5 nm, before evaluation of the 

influence of Au on the ZFO/ZnO heterojunction. As can be seen from Figure A-III 

(a), the 5 nm ZFO/ZnO heterostructure provides a photocurrent density of 0.57 

mA/cm
2
 at an applied voltage of 0.8V vs. Ag/AgCl. This is almost two times higher 

as compared to the pristine ZnO photoelectrode. This improvement is mainly 

attributed to the efficient charge separation at the ZFO/ZnO interface and most 

possibly the significant reduction in the recombination rate in ZnO due to passivation 

or elimination of the surface defects.
 
Further, the triple junction of Au/ZFO/ZnO 

shows a dramatic enhancement of photocurrent density rendering ~1.1 mA/cm
2
 at 

~0.8 V vs. Ag/AgCl. This is almost five times higher than that for the only ZnO case 

and two times higher than that for the ZFO/ZnO heterojunction case without Au NP. 
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Figure A-III: (a) Photocurrent density (mA/cm2) vs applied potential of pristine ZnO, 

ZFO/ZnO and Au/ZFO/ZnO films; (b) IPCE data for pristine ZnO, ZFO/ZnO and 

Au/ZFO/ZnO samples at 0.8 V vs Ag/AgCl. Inset shows the IPCE data of same 

samples selectively in the visible range of the spectrum 

 

Figure A-III (b) shows the IPCE spectrum of each electrode measured at 0.8 V in 

0.1 M Na2SO4 under monochromatic illumination. In the case of pure ZnO, it can be 

seen that negligible photocurrent is generated in the visible region as expected; the 

small contribution can be due to the surface defects. The ZFO/ZnO and 

Au/ZFO/ZnO nanostructures are seen to exhibit a substantial progressive 

enhancement in IPCE. Interestingly, the enhancement effect is seen to be stronger in 

the UV region than the visible (see inset of Fig. A-III (b)). The enhancement in the 

UV region for the case of Au/ZFO/ZnO indicates the near-field optical enhancement 

effect of Au NP on the hetero-junction, which is discussed in detail in the paper by 

A. Sheikh et. al. (Small, 2013, 9, 2091–2096). 
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