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Abstract
Cuprous (I) chloride (CuCl) is an intensively studied inorganic material, particularly for
its excitonic related linear/non-linear optical processes. This is due in large measure to
its very large excitonic binding energies (~190 meV) which are much larger than those
of III-V and II-VI semiconductors resulting in a high stability of the exciton even at room
temperature. Thus CuCl should be an extremely efficient light emitter due to excitonmediated electron-hole recombination.

In

this

study,

CuCl

nanocrystals

were

synthesized,

embedded

in

organic

Polysilsesquioxane (PSSQ) matrices, deposited on a variety of substrates via the spin
coating method and its properties studied optimized for optical and electrical behaviour.
Room temperature X-ray diffraction (XRD) confirmed the preferential growth of CuCl
nanocrystals whose average radius size was ≈14-22 nm in the (111) orientation.
Scanning Electron Microscopy (SEM) measurements revealed that the average surface
area of the films covered by the CuCl nanocrystals was ≈40-60 % of its total surface
area. Atomic Force Microscopy (AFM) revealed that the average roughness of the film
increases with the annealing time.

Room temperature UV-Vis absorption revealed both Z1,2 and Z3 excitonic absorption
features at ≈368 nm (≈3.37 eV) and ≈377 nm (≈3.29 eV), respectively. Room
temperature photoluminescence (PL) and cathodoluminescence (CL) measurements
exhibit strong emission in the UV region. Electronic transitions of the CuCl hybrid films
were studied using temperature and power dependent PL spectroscopy measurements.
Thermal quenching of the Z3 free exciton PL emission in hybrid films has been
observed. The bi-exciton emission peak intensity follows a quadratic dependency on
power in the excitation power range <10 kWcm-2. The results obtained for the CuCl
hybrid films are comparable to those of vacuum evaporated and sputtered CuCl films
reported in the literature.
Room temperature electrical characterization and electroluminescence (EL) emission
were investigated using Au/CuCl hybrid film/ITO structures. Field dependent DC
conduction studies exhibit ohmic conduction in the lower field region and electrode

VI

limited Schottky emission type conduction for higher field regions. The device showed
bright electroluminescent emission at ~384 nm when subjected to an AC voltage of
about 100 volts peak to peak.
One challenge linked with the use of CuCl is that it is sensitive to moist air, i.e. CuCl is
not stable in ambient conditions; it forms oxyhalides of Cu(II) within a few days of
exposure to air. The ageing effects on CuCl hybrid films were extensively investigated
and this research indicates that the blend of CuCl with an organic material in particular
PSSQ may be a useful interim solution to the degradation of CuCl films.

Proof-of-concept p-CuCl/n-ZnO heterojunction diodes were fabricated and their
structural, optical and electrical properties were investigated. XRD measurements
confirm that no intermediate compound forms at the heterojunction. Room temperature
I-V characteristics show diode-like behaviour with the values of barrier height and
ideality factor equal to 0.72 eV and 4.6, respectively. This structure could be useful for
photovoltaic cell fabrication, particularly for the blue/UV spectral regions.
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INTRODUCTION AND OVERVIEW
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Chapter One

Excessive use of the earth’s resources causes an increase in the demand on the
resources and also causes environmental problems. Global warming is now almost
universally accepted as a serious problem caused by human activity mainly via
burning fossil fuels that demands strong remedial action as soon as possible.
Nanotechnology will continue to provide breakthrough solutions for energy
conversion, energy storage, and carbon encapsulation. This chapter presents the
background, a brief literature review and the motivation for this research.

1.1

General Introduction

Globally, energy consumption is one of the major problems in the 21st century.
Development of civilization and technology increases the demand for energy. The
World Energy Council projects that primary energy demands will be tripled by 2050
[1]. Annually, more than ~1013 kWh of electricity is produced in the world, and
approximately 20% of this electricity is used for lighting applications [2, 3]. Today,
80% of the world's electrical production comes from fossil and nuclear fuels, and
virtually all transportation is fuelled by liquid petroleum. The use of oil, coal and
other fossil energy sources are polluting the planet with greenhouse gases [4]. The
supply of oil, which is the primary source of energy, is gradually running out [5].
There are two ways of improving the energy supply problem: (i) by using renewable
energy or natural energy resources such as air, solar, ocean wave, etc. and (ii)
reducing the use of energy i.e. saving energy [6]. Nanotechnology research may
contribute to the latter possibility in particular. It should be possible to reduce
significantly energy consumption in the world by converting all conventional whitelight sources into energy efficient light emitting diode (LED) light sources [7].

In September 2009, the United States Department of Energy announced the Bright
Tomorrow Lighting Prize competition [8]. This is the first government-sponsored
technology competition to promote the development and manufacture of highquality, high-efficiency solid-state lighting (SSL) products to replace conventional
incandescent light bulbs [9]. Following that, U.S. Department of Energy announced
a fund of $25 million for advanced research, development, and market adoption of
SSL technology [10]. Similarly, the European Union (EU) funded €12.5 million
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through the Seventh Framework Programme (FP7) for the development of organiclight-emitting-diode (OLED) technology for the commercial market [11]. This
project included participants from six countries including lighting specialist Novaled,
the University of Ghent, Philips and Siemens. Several companies currently offer
LED lamps for general lighting purposes [12], for example, the American C. Crane
Company has a product called the "Geobulb" [13], in the Netherlands, a company
called Lemnis Lighting offers a dimmable LED lamp called Pharox [14], and
Eternleds Inc. offers a bulb called HydraLux-4 which uses liquid cooling of the LED
chips [15]. Toshiba, one of the largest lighting production companies in Japan ended
the production of incandescent bulbs from March 2010 and they plan to focus on
more energy efficient LED lights. In a related development the Philips Lighting
Company has ceased research on compact fluorescents, and decided to invest > 5%
of the company's global lighting revenue on research and development of solid-state
lighting [16].

1.2

Lighting Applications of Electroluminescent Devices (ELDs)

Electroluminescence is the process whereby light is emitted in response to an electric
current passed through a material. In 1907, British scientist H. J. Round discovered
electroluminescence using a crystal of silicon carbide and a cat's-whisker detector
[17]. In 1955, Rubin Braunstein reported on infrared emission generated by simple
diode structures using gallium antimonide (GaSb), gallium arsenide (GaAs), indium
phosphide (InP), and silicon-germanium (SiGe) alloys at room temperature and 77 K
[18]. In 1962, N. Holonyak developed the first practical visible-spectrum (red) light
emitting diode (LED) [19]. S. Nakamura of the Nichia Corporation first
demonstrated a high-brightness blue LED in 1995 [20]. This blue LED quickly led to
the development of the first white LED by using Y3Al5O12:Ce, otherwise known as
"YAG", phosphor coating to mix yellow light with blue to produce a light that
appears white [20]. Since the incandescent light bulb was developed in the late
1800s, various methods have been investigated to produce more efficient light
sources.
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Figure 1.1: Global LED shipment forecast [21]

The efficiency of incandescent lamps and even “high efficiency” compact
fluorescent lamps (CFL) are approximately 5% and 20-25%, respectively [22].
European Union and other countries banned the use of incandescent bulbs from
2010. Mercury, an essential material used in compact fluorescent lamps is well
known to be a hazardous material. There are some significant issues such as energy
consumption, environmental impact and the health of individuals that have inspired
research into white light sources based on LEDs [23]. Figure 1.1 shows that the
worldwide demand of LEDs will increase rapidly. Advanced lighting based on solidstate technology will eventually replace conventional incandescent and fluorescent
sources in general-lighting applications. Solid-state lighting could be used to reduce
the amount of energy required to provide lighting when compared to incandescent
light, which are associated with a light output of less than 20 lumens per watt. The
efficiency of light emitting diodes is of the order of 160 lumens per watt [24].
Optoelectronic devices operating beyond the 3 electron volts (eV) range also have
applications in environmental contaminant decomposition [25]. Increases in
efficiency, lifetime, total luminous flux, and reliability are also necessary for solidstate lighting to be a successful general-lighting source. The first-generation devices
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use a blue LED with a yellow phosphor for white lighting applications as alluded to
earlier. Efficient UV emitters represent a means of pumping highly efficient
phosphors to create white light for next-generation solid-state lighting sources. They
are particularly attractive because of the wider range of phosphors that can be
fluoresced with UV light, and because they can be manufactured more easily than
red-green-blue (RGB) white-light devices. If all the conventional white-light sources
in the world are converted into energy efficient LED light sources, the total energy
consumption could be reduced by ~1,000 TW h yr-1, the equivalent of about 230
typical ~500 MW coal plants, and consequent greenhouse gas emission can be
reduced by around 200 million tonnes [26]. As mentioned previously the efficiency
of incandescent lamps and “high efficiency” CFLs are approximately 5% and 2025%, respectively. Solid-state lamps (SSL) have an efficiency of more than 80 %
[27] and producing novel CuCl-based solid-state light emitters is the main goal of
this research.

1.3

Electroluminescent Device Structures

There are two main types of electroluminescent device (ELD) structures: p-n
junction and Metal-Insulator- Semiconductor (MIS) based ELDs. In the p-n junction
ELD the p-region is dominated by positive electric charges (holes) and the n-region
is dominated by negative electric charges (electrons). The junction serves as a barrier
to the flow of the electrons between the p- and the n-regions. This is somewhat
similar to the role of the bandgap because it determines how much voltage is needed
to be applied to the semiconductor device before the current can flow and the
electrons pass across the junction into the p-region. The band structure and schematic
diagram of a p-n junction ELD is shown in figure 1.2. The energy levels are shifted
when a forward voltage is applied across the ELD. Under this condition the
concentration of electrons in the conduction band near the junction on the n-side and
the concentration of holes in the valence band near the junction on the p-side are
significantly increased. The electrons recombine with the holes resulting in the
release of energy in the form of photons.
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Figure 1.2: Band structure and basic operation of a p-n junction ELD

In the Metal Insulator Semiconductor structure, the light emission occurs due to the
hot electron impact excitation of electron-hole pairs. For the MIS structure the EL
process involves six primary physical phenomena which are illustrated in Figure 1.3.

1. Injection
-

Ef

e

2. Transport

e3. Impact
excitation

5. Electron
trapping

E

G

6. Electroluminescence

4. Radiative
recombination

Ef

Figure 1.3: Energy band diagram illustrating the six primary physical processes of
importance for operation of an MIS based ELD
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Firstly, when a sufficiently large voltage is applied to the MIS device, the electrons
trapped in interface states are tunnel-emitted into the semiconductor conduction
band. Then, these injected electrons are transported across the semiconductor after
gaining energy from the applied field. In step 3, during the transition of hot electrons
to the semiconductor layer, a fraction of them excite luminescent centres from their
ground state to their excited states; concurrently the hot electrons lose energy during
this impact excitation. Subsequently the luminescence centre relaxes from its excited
state to its ground state, with a probability of releasing energy in the form of photons.
In step 5, the transported electrons eventually reach and are trapped in the
semiconductor/insulator anode interface. Finally, in step 6, photons are generated by
radiative recombination and are emitted as a light from the device [28]. Generally,
the luminescence intensity, efficiency and device reliability is higher in p-n junction
based ELDs than in MIS structure based ELDs. For a MIS structure based ELD a
relatively small fraction of hot electrons release energy as photons and a large
number of electrons remain trapped in the insulator whereas in p-n junction based
ELDs most of the electrons and holes recombine to release the energy as photons. In
this research, the proposed ELD device structure will be initially based on an MIS
structure and then later on, we will report on trials of a p-n junction based device.

Material

Eg(eV)

Exciton Binding

Lattice Constant

Energy (meV)

(Å)

Structure

ZnO

3.44

63

3.249

Wurtzite

GaN

3.43

26

4.53

Wurtzite

γ-CuCl

3.39

190

5.420

Zincblende

γ-CuBr

3.072

108

5.677

Zincblende

γ-CuI

3.118

58

6.13

Zincblende

Si

1.12

-

5.431

Diamond

Table 1.1: A selection properties of different semiconductor materials [29]
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Wide Band Gap Materials

The semiconductor band gap, commonly referred to as the energy gap, is defined as
the energy difference between the top of the valence band and bottom of the
conduction band. Semiconductor materials with an electronic band gap greater than 1
or 2 eV are referred to as wide band gap semiconductor materials. Recently, wide
band gap semiconductor materials have become a very important field for research,
due to their excellent thermal, optical and electrical characteristics [30]. For the
development of blue/UV light emitting devices, II-VI materials such as ZnS, ZnSe
and ZnO, III-V materials such as AlN, BN, AlGaN, GaAs and GaN, group IV SiC
and group I-VII CuCl has been extensively investigated [31-40]. Table 1.1 shows
some properties of a selection of wide band gap materials.

1.5

Motivation of this Research

At present, III-N compound semiconductor materials has been the most successful
materials for the fabrication of short wavelength optoelectronics and also white light
emitting diodes (WLED) [41]. III–N compound semiconductor materials such as
GaN, InGaN and AlGaN have a wurtzite lattice structure with typically direct band
gap energies from 1.9 to 6.2 eV depending on the composition. The growth of GaN
single crystal epilayers is still a difficult task because of the lack of high quality nonpolar and low-cost substrates lattice matched to GaN. Therefore, they are grown
epitaxially in thin single crystal layers on suitable substrates. In these processes, the
main problem is the large lattice constant differences between the epilayers and
substrate, which leads to the generation of misfit dislocations [42-44]. These misfit
dislocations are deleterious to the performance of LEDs produced thereupon.

In 1971, Pankove et al. first demonstrated a GaN LED based on the MIS structure
since p-type GaN was not available at that time [45]. In 1989, Akasaki et al. used
Mg as a dopant material to demonstrate a p-type GaN film, and following that they
fabricated the first GaN p-n junction LED [46]. The carrier concentration of p-type
GaN film was very small. Short lifetimes of these devices due to high defect
densities prevented their commercialization. LEDs based on GaN nanocrystals have
been reported by many researchers [47-50]. Several processes are used to synthesize
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GaN nanocrystals such as the vapor-liquid-solid process, the hydrothermal process,
use of single-source precursors, the ammonothermal method, etc. [51-54]. Most of
these methods are not usually straightforward and need high temperatures to obtain
good quality GaN nanocrystals.

Zinc Oxide (ZnO) is another promising wide direct band gap II-VI semiconductor
material with the wurtzite structure for efficient room temperature ultra-violet (UV)
light emitting devices. The exciton binding energy of ZnO is 60 meV [55], which is
comparatively larger than GaN and ZnO is usually deposited naturally as n-type
semiconductor material. It is still difficult to produce highly conductive p-type ZnO
semiconductor material [56]. Therefore, for the time being, homo-junction based
optoelectronics applications of ZnO are limited. There has been some success on the
demonstration of ZnO nanocrystal (nc-ZnO) UV/White ELDs in recent years [5759]. [ZnO(CH3COO)22H2O] is a common precursor material for the synthesis of ncZnO, while monoethanolamine, and 2-methoxyethanol are well known solvents for
[ZnO(CH3COO)22H2O]. These solvents are harmful to humans and require extra
precautions when being used. A high processing temperature of the order of 500 o C
is also required. LEDs based on nanocrystals of other materials like CdSe along with
conjugated polymers have also been reported [60-67]. However these devices
applications are seriously limited due to the toxicity of cadmium. Table 1.2 outlines
typical precursor materials, solvents and processing temperatures for the synthesis of
GaN, ZnO and CuCl nanocrystals by the sol-gel technique. The precursor materials
and solvents for GaN and ZnO are much more dangerous than CuCl precursor
materials.
Raw Materials and Solvents

Technique

Material

Temperature (o)
C

GaN68

Ga(NO3)3/HNO3/NH3/Citric acid

Sol-gel

900

ZnO69

Zn(CH3COO)22H2O/CH3OH

Sol-gel

500

CuCl70

CuCl22H2O/C6H12O6/H2O

Sol-gel

120

Table 1.2: Precursor materials, solvents and processing temperature for synthesis of
GaN, ZnO and CuCl nanocrystals
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The synthesis of CuCl nanocrystals requires a relatively lower curing temperature
than for both GaN and ZnO nanocrystals. CuCl is one of the most studied inorganic
materials for excitonic related linear/non-linear optical processes due to its large
excitonic binding energies. Excitonic-based luminescence in CuCl crystals has
attracted much attention for the past few decades [71-77]. The free exciton binding
energies of the order of 190 meV are much larger than those of III-V and II-VI
semiconductors resulting in a high stability of the exciton even at room temperature
[78]. Thus the CuCl should be an efficient light emitter via exciton-mediated
electron-hole recombination. The effective total spontaneous luminescence emission
of an emitting material may be given as [79]:

Aeff = ∑ Ai
i

γi

(1.1)

γ i + di

where Ai is the spontaneous emission rate into the ith optical mode, di is the
absorption rate of photons in the ith optical mode and γi is the output coupling rate of
photons in the ith optical mode. To first order Aeff ≈ Ai. This rate is directly dependent
on the Von Roosbroeck-Schockley rate of recombination per unit volume

RCV (hω ) [80]. But RCV (hω ) ∝ α (hω ) , the frequency (ω ) dependent absorption
coefficient and α ∝

Eb , where Eb is the exciton binding energy. A rough

comparison with ZnO and GaN leads to the first order estimate for an improvement
of quantum efficiency utilizing CuCl instead of the more common ZnO and GaN of

EbCuCl
190meV
=
= 1.779
ZnO
Eb
60meV
EbCuCl
=
EbGaN

190meV
= 2.703
26meV

Therefore the quantum efficiency improvement of CuCl based ELDs is ≈1.78 and
≈2.70 times greater than ZnO and GaN based ELDs, respectively. The biexciton
binding energy of CuCl is 34 meV [81]. This is considerably larger than the biexciton binding energies of II-VI semiconductors such as ZnSe, CdS, and ZnO (BM3
and BM7 band) which are approximately 3.5, 6.3 and 15 meV, respectively [82]. In
1971, Shaklee et al. first demonstrated the optical gain mechanism due to the
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biexciton in CuCl bulk crystal [83]. The biexciton emission can be used as a quantum
bit pair for quantum processing [84].

Owing to the environmentally friendly synthesis of CuCl nanocrystals and the
massive improvement of quantum efficiency of CuCl when compared to GaN and
ZnO, we will report on the study of a new organic-inorganic nanocrystalline Copper
(I) Chloride (CuCl) hybrid film on a flexible substrate deposited by the spin coating
technique. A hybrid film is a mixture of more than one kind of material with its own
unique characteristics. In hybrid materials, it is possible to combine organic and
inorganic compounds [85]. In recent years, researchers in this laboratory have
fabricated ELDs based on CuCl thin films deposited by vacuum evaporation and
sputtering techniques on silicon substrates [86, 87]. The vacuum evaporation and
sputtering methods are more complicated as both of these methods need pure CuCl
material. In ambient conditions the CuCl films deposited by these methods degrade
rapidly, thus an extra layer is needed to protect from oxidation. In nanocrystalline
CuCl hybrid films, optical properties are comparable with vacuum evaporation and
sputtered deposited thin films; no encapsulation layer is needed and the materials
system benefits from the use of nanocrystals. The effects of chemical stoichiometry
and nanostructure of the films are crucial from the device point of view. Using
various chemistry and process parameters such as spin speed and duration, annealing
temperature and time duration, the nanostructures are synthesized to yield
stoichiometric and high optical quality hybrid films. In this research work, we use
CuCl2.2H2O instead of pure CuCl, which is much cheaper than CuCl. We use a
simple spin-coating technique to deposit our hybrid film. This method is
environmentally friendly and produces no harmful by-products. Only a small
quantity of coating fluid is required even for large substrates, the process is very
rapid and simple and good for multilayer applications. The process can be performed
at room temperature and is cost effective. We can summarise the stimulus to conduct
this research as follows:
 Higher quantum efficiency than GaN and ZnO
 Flexible substrate
 Repeatable stoichiometry
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 Improved optical properties
 Higher film stability than vacuum evaporated and sputtered deposited films
 Inexpensive, environmentally friendly and low temperature process
 Finally, the development of ELDs to meet the requirements of lighting
applications will provide an environmentally-friendly and energy-saving light
source and research in this area helps promotes the adoption of ELDs for
general lighting applications in the 21st century.

In this research, the CuCl nanocrystals were synthesised by the reaction of
CuCl2.2H2O alpha D-glucose and de-ionized (DI) water and embedded in glass
matrices and deposited on variety substrates via a simple low temperature spin
coating technique. Studies were carried out to optimise the films’ structural, optical,
and electrical properties in order to develop prototype devices for flexible
UV/White–light emitters.

1.6

Thesis Organization

In Chapter 1 a literature review on electroluminescent devices followed by the
motivation for this research has been briefly described. The fundamental aims of this
research have been outlined.
Chapter 2 gives the description of materials, sample preparation techniques including
the growth mechanisms for CuCl nanocrystals, their synthesis and the deposition of
hybrid films via the spin coating method.
Chapter 3 provides a brief description of the structural, optical and electrical
characterization techniques: X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM) and atomic force microscopy (AFM), ultraviolet-visible absorption
measurements (UV-Vis), Fourier Transform Infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL), cathodoluminescence
(CL) and electroluminescence (EL) spectroscopy and their applications in
semiconductor materials.
In Chapter 4 detailed experimental structural and morphological results of the
organic–inorganic CuCl nanocrystalline hybrid films are presented.
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In Chapter 5 detailed experimental optical results of the organic–inorganic CuCl
nanocrystalline hybrid films are presented.
Chapter 6 outlines detailed experimental electrical and electroluminescence results
for the organic–inorganic CuCl nanocrystalline hybrid films.
Chapter 7 outlines the impacts of atmospheric ageing effects on nanocrystalline CuCl
hybrid films.
In Chapter 8 detailed experimental results for proof-of-concept p-CuCl/n-ZnO
heterojunction diodes are presented.
In conclusion, chapter 9 summarizes the subject matter of the thesis and outlines
future research directions.
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Materials and processing method selection is one of most important factors involved
in device fabrication. For the synthesis of nanocrystalline CuCl hybrid films to
fabricate prototype devices for flexible UV/White-light emission, a number of
different materials are used. In this chapter we briefly describe the materials and the
methods employed.

2.1

Materials

2.1.1 Copper(II) Chloride
Copper(II) chloride, alternatively known as cupric chloride, is a chemical compound
with the formula CuCl2. It is a yellow-brown solid which slowly absorbs moisture to
form a blue-green dihydrate, orthorhombic crystalline structure, which results in
CuCl2.2H2O. By heating the hydrated copper chlorides water can be driven off from
the CuCl2.2H2O crystals to form anhydrous copper(II) chloride. Due to the JahnTeller effect, the anhydrous CuCl2 forms a distorted cadmium iodide structure
compared to its idealized octahedral geometry [1]. The Crystal structure of copper(II)
chloride hydrate as shown in Figure 2.1.

Figure 2.1: Crystal structure of copper(II) chloride hydrate [2]
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Copper (II) chloride is highly soluble in water and produces a blue solution, but a
high concentration in aqueous solution appears to be dark green. Solutions of Cu(I)Cl
in HCl or NH3 absorb carbon monoxide to form colourless complexes such as the
chloride-bridged dimer [CuCl(CO)]2.

Molecular formula
Molar mass

Appearance

CuCl2
134.45g/mol (anhydrous)
170.48 g/mol (dihydrate)
yellow-brown solid (anhydrous)
blue-green solid (dehydrate)
3.386 g/cm3 (anhydrous)

Density

2.51 g/cm3 (dehydrate)

Melting point
Boiling point
Solubility in water

498 °C (anhydrous)
100 °C (dehydration of dihydrate)
993 °C (anhydrous, decomp)
70.6 g/100 mL (0 °C)
75.7 g/100 mL (25 °C)

Crystal structure

distorted CdI2 structure

Coordination geometry

Octahedral

Table 2.1: Some Properties of Copper (II) Chloride [6]

The same hydrochloric acid solutions also react with acetylene gas to form [CuCl
(C2H2)]. Ammoniacal solutions of CuCl react with acetylenes to form the explosive
copper(I) acetylide [3]. In aqueous solution Copper(II) chloride will segregate and
give the blue colour compound [Cu(H2O)6]2+ and yellow or red coloured halide
complexes, of the formula [CuCl2+x]x- [4]. Concentrated solutions of CuCl2 appear
green because of the combination of these various chromophores. The dilute solution
colour depends on temperature; at ~100oC it appears green and is blue at room
temperature [4, 5]. Table 2.1 shows some properties of copper (II) chloride. When
copper(II) chloride is heated in a flame it emits a green-blue colour. Cupric chloride
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can also be prepared by the reaction of hydrochloric acid with copper(II) oxide,
copper(II) hydroxide or copper(II) carbonate, as indicated by:
CuO(s) + 2 HCl(aq) → CuCl2 + H2O

(2.1)

By combining the element copper and chlorine, anhydrous CuCl2 may be prepared
directly. CuCl2 can be purified via crystallization from hot dilute hydrochloric acid,
as well as by cooling in a CaCl2-ice bath [7]. Copper(II) chloride is mostly used in
organic synthesis, as a co-catalyst, for hydrolysis of acetonides, in pyrotechnics and
is also used as a root killer [7-10]. CuCl2.2H2O was used as the source for copper and
chlorine in this study.

2.1.2

Copper(I) Chloride

Copper(I) chloride, commonly known as cuprous chloride, is a chemical compound
with the formula CuCl. At room temperature and atmospheric pressure, the prevalent
phase of CuCl is called γ-CuCl. Intrinsic γ-CuCl (Eg= 3.395eV at 4 K) has a direct,
wide band-gap, and is an ionic I-VII compound semiconductor material with a
zincblende structure at room temperature [11].

Cu

Cl

Figure 2.2: Crystal structure of copper (I) chloride [13]
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The substance is a white solid sparingly soluble in water, but very soluble in
concentrated hydrochloric acid. Impure samples appear green due to the presence
of copper(II) chloride [12]. The zincblende lattice is composed of two
interpenetrating FCC (face-centred-cubic) sub-lattices occupied by Cu+ and Clatoms respectively. These are shifted relative to each other diagonally by ¼ of the
unit space. The crystal lattice structure of CuCl is shown in Figure 2.2 and Table 2.2
shows some properties of copper(I) chloride.

Molecular formula

CuCl

Molar mass

98.999 g/mol

Appearance

White powder, slightly green from
oxidized impurities

Density

4.145 g/cm3

Melting point

426 ° C (703 K)

Boiling point

1490° C (1760K) (decomp.)

Solubility in water

0.0062 g/100 mL (20 °C)

Solubility product, Ksp

1.72×10-7
Insoluble in ethanol acetone; soluble in

Solubility

concentrated HCl, NH4OH

Refractive index (nD)

1.930

Crystal structure

Zinc blende structure

Table 2.2: Some properties of copper(I) chloride [6, 14]

The schematic band diagram is shown in Figure 2.3. The valance band of copper(I)
chloride is split into two exciton absorption bands separated by spin-orbit splitting,
these having energies in the near ultraviolet region; one band is a doublet and the
other is a singlet and are historically called Z1,2 and Z3,respectively [15]. The top
valance band of CuCl is the split-off hole band (Γ7), roughly 60 meV away from the
degenerate heavy-hole and light-hole (Γ8) bands. The exciton consisting of the Γ7
(Γ8) hole and Γ6 electron has been called the Z3 (Z1,2) exciton [16]. The Z1,2 and Z3
edge excitons originate from the coupling of the lowest conduction-band state Γ6 to
both the uppermost valence band holes Γ8 (Z1,2) and Γ7 (Z3), respectively [17] . The
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numbers in brackets indicate the degeneracy of the corresponding state. Cardona
proved experimentally that this spin-orbit splitting in CuCl is reversed with respect to
the typical Cu-halide and Ag-halide zincblende semiconductors resulting in the Z3
exciton appearing at a lower energy than the Z1,2 exciton [15].

atom

zincblende
Γ1 (1)

s(1)

spin-orbit
interaction
Γ6 (2)
Z3

Eg=3.4 eV
EF

Z1,2
Γ7 (2)
Γ15 (3)

p(3)
d(5)

0.07 eV
Γ8 (4)

1.9eV

Γ12 (2)

Γ8 (4)
Γ7 (2)

1.6eV
Γ15 (3)

Γ8 (4)
12.3eV

s(1)

Γ1 (1)

Γ6 (2)

Figure 2.3: Schematic development of conduction and valence states due to s, p and
d electrons at the Brillouin Zone Centre Γ in the cubic crystal field of the zincblende
structure (not to scale). Energies given are experimental results for CuCl [12, 18].

In the middle of the seventeenth century, Robert Boyle first prepared Copper(I)
chloride from mercury(II) chloride and copper metal using the reaction below [19]:
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HgCl2 + 2Cu → 2CuCl + Hg

(2.2)

In 1799, J. L. Proust characterized the two different chlorides of copper. He prepared
CuCl by heating CuCl2 in the absence of air, causing it to lose half of its combined
chlorine. This was followed by removing residual CuCl2 by washing with water [20].
Commercial copper(I) chloride is made by passing a mixture of hydrochloric acid
solution and argon over 99.999% copper metal at 950 oC (1223 K) [21]. The
precipitated CuCl powder is washed in organic solvents, dried, and stored in a sealed
bottle under argon gas. The process reaction is governed by the chemical equation:
2Cu + 2HCl → 2CuCl↓ + H2↑

(2.3)

Besides these, there are several alternate methods reported in the literature, such as,
the reaction of copper metal with tetrachlorocabornate [22], carbonation of palladium
in a solution containing cupric sulphate-chloride [23], thermal decomposition of
organic copper compounds [24], exposure of copper single crystals to chlorine gas in
an ultra high vacuum chamber [25], reaction of copper oxide with ammonium
chloride at 673 K and an ion implantation method combined with post heating at
high temperatures [26]. Almost all of these techniques require complicated
equipment, high reaction temperatures, utilize toxic reactants and organic solvent, or
produce pollutive byproducts. Recently, Zhang et. al demonstrated the hydrothermal
reaction of copper (II) chloride (CuCl2) and alpha-D-glucose (C6H12O6), a mild
renewable, inexpensive and non toxic reducing agent, in the presence of distilled
water and at a temperature of 120 oC (393 K) to synthesise purified CuCl
nanocrystals [27]. It was suggested that the formation of nanocrystalline CuCl
powder from this method is by complexation-reduction-precipitation mechanism, and
the equation for the process was summarised as:
2CuCl2 + C6H12O6 + H2O → 2CuCl↓ + C6H12O7 + 2HCl

(2.4)

They called the method “A green hydrothermal route to nanocrystalline CuCl”
because the combined use of safe and renewable reactants and a benign solvent
medium involved in the synthesis. In this study, we use this method to synthesise the
CuCl nanocrystals for nanocrystalline CuCl hybrid films. The structural, optical and
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electrical properties of γ-CuCl will be briefly presented independently within the
pertinent chapters.

2.1.3 α-D-Glucose
The name “glucose” comes from the Greek word glukus meaning "sweet", and the
suffix "-ose," which denotes a sugar. This is a very important carbohydrate in
biology. There are two mirror-image isomers that exist for glucose molecules, the
right hand isomer forming D-glucose. This is also known as dextrose monohydrate,
or more commonly dextrose [28]. Table 2.2 shows some physical properties and
Figure 2.4 shows the chemical structure of α-D-Glucose. There are six carbon atoms
contained in glucose (C6H12O6). One of these is a part of an aldehyede group and
therefore it is referred to as an aldohexose. The glucose molecule in solution can be
in an open-chain form or a ring form in equilibrium.

Name

α-D-Glucose

Molecular formula

C6H12O6

Molar mass

180.16 g/mol

Density

1.54 g/cm3

Melting point

146° C

Table 2.3: Some physical properties of Dextrose [6]

The covalent bond between the aldehyde C atom and the C-5 hydroxyl group forms a
six-membered cyclic hemiacetal which results in the cyclic form. The cyclic form is
predominant at pH≈ 7. The glucose assumes the cyclic form in the solid phase. Due
to the fact that the ring contains five carbon atoms and one oxygen atom, the cyclic
form of glucose is also referred to as glucopyranose.
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Figure 2.2: Chemical structure of alpha-D-glucose [12].

Figure 2.4: Chemical structure of alpha-D-glucose [29].

In the ring, each carbon is linked to a hydroxyl side group with the exception of the
fifth atom, which links to a sixth carbon atom outside the ring, forming a -CH2OH
group. Glucose is usually available in the form of a white substance or as a solid
crystal. Glucose is highly soluble in water. In this research, CuCl2.2H2O was used as
the copper and chlorine source and alpha-D-glucose (C6H12O6) is a polyol containing
an aldehyde group (polyol is an organic molecule with three or more alcohol groups
attached) was selected as the reducing agent, where it releases Cu2+ ions from the
dissolution of CuCl2.2H2O in water from relatively stable complex ions, namely
Cu(C6H12O6)x2+. One of the indicators of this reaction is, when the alpha-D-glucose
is added to the CuCl2 aqueous solution, the colour of the CuCl2 aqueous solution
changes rapidly from light to dark blue [30].

2.1.4 Polysilsesquioxane (PSSQ)
Polysilsesquioxane (PSSQ) was developed more than 6 decades ago and it has since
found applications in many industries. For example, the first commercialized silicon
devices used PSSQ as a high temperature dielectric material [31]. In recent years,
poly(hydridosilsesquioxane) (PHSQ with R) (H) and poly(methylsilsesquioxane)
(PMSQ with R) (CH3) have emerged as low dielectric constant interlayer materials
for interconnects in microelectronic devices because of their excellent thermal and
electrical properties. PSSQ is an essential part of hybrid organic-inorganic
composites designed with the good physical properties of ceramics and a superb
selection of functional group chemical reactivity. One and a half (sesqui) oxygen
atoms and one hydrocarbon group (ane) are bonded with every silicon atom. The
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general empirical formula of poly(silsesquioxane)s is (RSiO1.5)n, where R can be
hydrogen, methyl, phenyl, or higher molecular weight organic groups [31].

Figure 2.5: Chemical structure of polysilsesquioxane in (a) cage form and (b)
network form [32]

The dielectric constant of PSSQ is low and its dielectric properties are very good
with high breakdown strength comparable to that of SiO2 [33]. The acid–catalysed
hydrolytic condensation reactions of trifunctional organosilicon monomers such as
alkyltrialkoxysilane, alkyltrihalosilane or trimethoxysilane are usually used to
prepare Silsesquioxanes [32, 33]. Figure 2.5 shows the chemical structure of PSSQ;
it consists of mixed cage and network structures before thermal conversion, with part
of the cage structure transforming into a network structure after thermal conversion
[33, 34]. The PSSQ film structural and dielectric properties are highly sensitive to
heat treatment [35]. Commercially supplied PSSQ generally comes in flaked form,
which is soluble in different types of organic solvents such as methanol, ethanol, isopropanol, butanol, hexanol, butanone and acetone, and the quality of the PSSQ film
mainly depends on the solvent and the underlying substrates used [36]. In this study,
the PSSQ (which contains methanol 3-5 % and ethyl alcohol 70-80 % in the solution
form) is used as a host matrix and its source was commercially supplied PSSQ
solution from Emulsitone Inc., USA.
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Spin Coating Method

2.2.1 Introduction
Spin coating is a process in which solution is spread uniformly over the substrate
surface using centrifugal force. In 1958 Emslie et al. first developed the spin coating
model, which most subsequent models have followed [37]. This model predicts that
initially the uniform fluid coating will stay uniform and that non-uniform coatings
will tend to become more uniform as the coating layer thins down during spinning.
Other investigators have used the Emslie model as the basis for improved spin
coating models. Acrivos, Shah, and Peterson investigated the behavior of nonNewtonian fluids, while Meyerhofer investigated the effects of evaporation [38, 39].
Many other models improve on early developments by modelling other phenomena,
such as fluid and gas-phase resistance to solvent diffusion, the effects of topography,
and the effects of relative humidity in the air flowing over the wafer [40-42].

2.2.2 Substrate Preparation
Samples were prepared on rectangular silicon or glass substrates cut from standard
commercial silicon wafers (approximately 1.5 cm x 1.5 cm in size) and standard
glass object slides (approximately 2 cm x 2 cm in size). The silicon substrates are
single-side polished, p-type with a resistivity in the range of ~20 Ωcm. The samples
were cleaned first by scrubbing with Decon™ solution, then dipping in
trichloroethylene, acetone and methanol, each for 5-10 minutes to degrease the
substrate. The solvents were removed by dipping in de-ionized water for 5 minutes.
Finally, the substrates were dried with a flow of nitrogen.

2.2.3 Coating Solution
Normally high-purity solvents and reagents are used in the preparation of coating
solutions though the possibility of contamination after preparation is always present.
This contamination happens either via the environment or from deterioration of the
solution. The solution to be used for spin coating should be filtered prior to spin
coating, especially if the solutions contain water-sensitive components which give
solid by-products, e.g. metal alkoxides. For our hybrid film deposition we use
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Cellulose Acetate Filter Syringes of pore size 0.2 µm. We have found that the film’s
surface smoothness depends on the pore size of the filter.

2.2.4 Coating Environment
The ideal coating environment is a clean room, preferably at least Class 100 to avoid
contamination. If a clean room is not possible then at the very least clean hoods
should be used for the spin coating process. The flow of air should be clean because
the pollutant air can contaminate the film. The variation of air flow over the sample
can lead to thickness inhomogeneities, therefore the air flow should be uniform and
unidirectional. The spin coating environment temperature should be controlled as the
environment temperature can affect the film thickness [43]. In this study, a Class
100 clean room was used to deposit the nanocrystalline CuCl hybrid films.

2.2.5 Spin Coating Process
Figure 2.6 shows a schematic diagram of a Laurell WS-400A-6PP/LITE spin coater,
which was used in our hybrid film synthesis. For the spin-coating process a certain
amount of solution (for small samples of 15 to 25 mm dimensions, 0.1 mL for
concentrations of 1-15 mg/mL up to 0.2 mL, for a concentration of 20 mg/mL) was
carefully pipetted centrally onto the cleaned substrate. The solution was spread over
the surface, and immediately after the solution had wetted the whole substrate, the
sample was spun. Spin coating uses centrifugal force to the spread solution over the
surface of the substrate to produce a thin film. The process has three phases: (i)
solution is first dispensed onto a wafer or substrate, (ii) then it is spread across the
substrate, and finally (iii) the substrate is spun at a high angular speed to decrease the
thickness of the solution layer to the final film thickness and uniformity. During this
third phase, the film thins to its final thickness by flowing outward off the wafer in
concentric "waves”. The ultimate film thickness also depends on the solvent
evaporation due to high convection over the substrate surface. The solvent fraction in
the solution gradually decreases with acceleration, the viscosity of the residue
increases, causing the outward flow of residue to diminish until it almost ceases.
Subsequent thinning of the films comes almost entirely from solvent evaporation [44,
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45]. In ideal conditions the film thickness can be calculated using the following
equation [46]:

t∝ 1

(2.5)

v

where t is thickness of the film and v is the speed .

Solution
Substrate

Stage
Basin
Chuck
Vacuum

Figure 2.6: Schematic diagram of the spin coating system used in this study

Since the coating thickness is inversely proportional to the square root of the rotation
speed, thinner films are obtained at higher speeds. Coating thickness can also be
varied by changing the concentration of the coating solution. Besides this, other
factors can have an impact on film thickness such as viscosity, surface tension,
temperature, etc.
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Spin Time

Film Thickness

Thickness Uniformity

Spin Speed

Exhaust Volume

Exhaust Volume

Figure 2.7: The film thickness depends on different process parameters [47]

Figure 2.7 shows a series of generic charts representing general trends for the
various process parameters. For most resin materials the final film thickness will be
inversely proportional to the spin speed and spin time. Final thickness will be also be
somewhat proportional to the exhaust volume although uniformity will suffer if the
exhaust flow is too high since turbulence will cause non-uniform drying of the film
during the spin process.

2.2.6 Advantages and Disadvantages
A selection of advantages of the spin coating method:
1. Environmentally friendly and no harmful by-products are produced.
2. Only a small quantity of coating fluid is required even for large substrates.

32

M.M.Alam

Chapter Two

3. Process is very rapid and simple.
4. Process is good for multilayer applications.
5. There are many types of commercial equipment available.
6. Process can be performed at room temperature.
7. Cost effective process typically.

A selection of disadvantages of this method:
1. Only really good for circular substrates. Odd shapes require fairings to
smooth air and liquid flow over the edges and corners.
2. Requires stringent solvent properties.
3. Difficult to keep clean.
4. Only good for Newtonian fluids.
5. Large substrates (e.g. > 20 cm diameters) are difficult to coat uniformly.

2.3

Hybrid Film Deposition

CuCl hybrid films were deposited on several clean (cleaning process described in
section 2.2.2) substrates including silicon, glass and Indium Tin Oxide (ITO) coated
glass, by the aforementioned spin coating method using a Laurell WS-400A6PP/LITE spin coater in a class 100 clean room environment to avoid contamination.
The flow diagram representing the optimum process parameters for synthesis of
CuCl nanocrystals and deposition of hybrid films is shown in Figure 2.8. A typical
solution was prepared using 0.50, 0.60 and 0.75 gm of CuCl2.2H2O powder
(laboratory reagent grade, Fisher Scientific Company) and 0.50, 0.40 and 0.25 gm of
alpha-D-Glucose powder (99.5% Sigma-Aldrich Inc., Germany) with 1, 2 and 3 ml
of de-ionized water. The powders were dissolved completely in the de-ionized water
after vigorous stirring of the solution. 2.1 gm of a PSSQ based solution known as
Emulsitone glass forming solution (Emulsitone Company, New Jersey, USA.) was
added to the CuCl2 glucose aqueous solution.
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De-ionized water

CuCl2 2H2O + C6H12O6

Stirring
Adding PSSQ based glass forming solution

Stirring
Filtering
Spin coating

Heat treatment

Nanocrystalline CuCl hybrid films

Figure 2.8: Flow diagram representing the optimum process parameters for synthesis
of CuCl nanocrystalline hybrid films

The solution was stirred for 5 minutes and finally filtered by using a 0.2 µm filter
(Cellulose Acetate Filter Syringe). Approximately 0.75 ml of the solution was
dropped at the centre of the substrate (2x2 cm2) and spun. The film was spin coated
by gradually increasing the speed from 0 to 2000, 3000, 4000 and 5000 rpm (typical
thicknesses of ≈ 200-500 nm) over a period of one minute.

The coating was

performed at room temperature. The films were subsequently heated at 80 oC, 100 oC
120 oC and 140 oC for durations between 1 and 24 hours in vacuo.
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To fabricate a device, materials optimization is very important, and to optimize
materials, characterization is a key factor. This chapter presents a brief description
of structural, optical and electrical characterization techniques used in this report.

3.1

X-Ray Diffraction (XRD)

3.1.1 Introduction
X-rays occupy the region of the electromagnetic spectrum between ultra-violet and
gamma radiation and are produced by bombarding a target, usually made of tungsten,
(Cu, Mo targets are also used) with high-speed electrons [1]. X-rays were discovered
accidentally in 1895 by the German physicist Wilhelm Conrad Roentgen while he
was studying cathode rays in a high-voltage, gaseous-discharge tube. Despite the fact
that the tube was encased in a black cardboard box, Roentgen noticed that a bariumplatinocyanide screen, inadvertently lying nearby, emitted fluorescent light whenever
the tube was in operation. After conducting further experiments, he determined that
the fluorescence was caused by invisible radiation of a more penetrating nature than
ultra-violet rays [2]. He named the invisible radiation “X-rays” because of its
unknown nature. Subsequently, X-rays were also known as Roentgen rays in his
honour. This extremely short wavelength electromagnetic radiation is produced by
deceleration of charged particles or the transitions of electrons in atoms. The
wavelengths of X-rays lie in the range of 10 to 0.01 nanometres, corresponding to
frequencies in the range 30 petahertz to 30 exahertz (3 × 1016 Hz to 3 × 1019 Hz) and
energies in the range 120 eV to 120 keV [1, 3]. The electromagnetic spectrum is
shown in Figure 3.1. Like other forms of electromagnetic radiation (gamma rays,
ultra-violet, visible light, infra-red, and radio waves), X-rays have the same speed in
vacuo (c = 3×108 metres per second) and show phenomena associated with its
wavelike nature, such as interference, diffraction, and polarization. It was not until
1912 that the exact nature of X-rays was established, the first application of which
was in the study of the internal structure of opaque objects (radiography) [4]. In 1912
Max von Laue discovered X-ray diffraction the same year that W.H. Bragg and his
son, W.L. Bragg, analysed Laue’s experiment and gave the necessary conditions for
diffraction in a simpler mathematical form than that of Laue.
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Figure 3.1: The electromagnetic spectrum [2].

They proceeded by applying x-ray diffraction to crystal structures and in the
following year and deduced the structures of sodium chloride (NaCl), potassium
chloride (KCl), potassium bromide (KBr), and potassium iodide (KI) for the first
time ever, which were all face-center-cubic (FCC) in structure [5].

3.1.2 Bragg’s Law
In physics, Bragg's law gives the angles for coherent and incoherent scattering from a
crystal lattice. Bragg's Law is the result of experiments into the diffraction of X-rays
or neutrons off crystal surfaces at certain angles. The law was first formulated by the
English physicist Lawrence Bragg. Bragg’s diffraction scheme is shown in Figure
3.2. From this we can derive Bragg's Law by observing that the rays of the incident
beam are always in phase and parallel up to the point at which the top beam strikes
the top layer at atom A. The second beam continues to the next layer where it is
scattered by atom B. The second beam must travel the extra distance BC + BD if the
two beams are to continue travelling adjacent and parallel.

40

M.M.Alam

Chapter Three

A
θ
d

C

B

Figure 3.2: Bragg’s Diffraction Scheme [2].

This extra distance must be an integral (n) multiple of the wavelength (λ) for the
phases of the two beams to be the same, i.e.

n λ = BC + BD

(3.1)

The lower beam must travel the extra distance (BC + BD) to continue travelling
parallel and adjacent to the top beam. Recognizing d as the hypotenuse of the right
triangle ABC, we can use trigonometry to relate d and θ to the distance (BC + BD).
Thus

BC = d sin θ

(3.2)

Because BC = BD eq. (3.1) becomes,

n λ = 2 BC

(3.3)

Substituting eq. (3.2) in eq. (3.3) we have,

n λ = 2 d sin θ

(3.4)

Equation 3.4 is known as Bragg’s Law [6]. As may be seen from the diagram, when
n = 2 there is only one wavelength along path CB; also, the reflected angle will be
smaller than that for, say, n = 3. Waves reflected through an angle corresponding to n
= 1 are said to be in the first order of reflection; the angle corresponding to n = 2 is
the second order, and so on. For any other angle (corresponding to fractional n) the
reflected waves will be out of phase and will result in destructive interference.
Bragg’s law is useful for measuring wavelengths and for determining the lattice
spacing of crystals. To measure a particular wavelength, the radiation beam and the
detector are both set at some arbitrary angle θ. The angle is then modified until a
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strong signal is received at what is defined as the Bragg angle and the wavelength is
deduced directly from the Bragg equation. This is the principal way of producing
precise energy measurements of X-rays and low-energy gamma rays. The energies of
neutrons, which by quantum theory also have wave attributes, are frequently
determined by Bragg reflection.

3.1.3

Experimental Techniques for X-ray Diffraction

X-ray diffraction is a versatile non-destructive analytical technique for identification
and quantitative determination of various crystalline phases of powdered or solid
samples of any compound. The most basic setup of the x-ray diffractometer is the
Bragg-Brentano geometry as shown in figure 3.3.

Focusing Circle

Focus
Detector
Slits
X-Ray Tube

D

A

C
B
2θ
θ

Sample
Measuring Circle

Figure 3.3: Basic setup of D8 Advance X-Ray Diffractometer, Bragg-Brentano
Geometry [7]. A: aperture slit, B: scattered radiation slit, C: Kα filter, D: detector
slit.
The sample rotates at a constant angular velocity such that the angle of incidence of
the primary beam changes whilst the detector rotates at double the angular velocity
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around the sample. The diffraction angle 2θ is thus always equal to twice the
glancing angle, θ. The focus, sample and detector slit are on the focusing circle; the
focus and detector slit are also located on the measuring circle. The radiation
emanating from the line focus of the x-ray tube is diffracted at the sample and
recorded by the detector. Each time the Bragg condition is satisfied the primary beam
is reflected from the sample to the detector. The detector and the connected
measuring electronics measure the intensity of the reflected radiation; the angular
position of the reflections is displayed at the controller. Pulse counts of diffraction
patterns are obtained in this way. In this study, XRD measurements were carried out
by using a Bruker AXS D8 Advance X-ray diffractometer, using monochromatic
CuKα radiation (λ = 1.54056 Å) at room temperature. The standard setting for the Xrays generator was 40 kV at 40 mA. The scans were measured in the aforementioned
Bragg–Brentano geometry (θ–2θ) in a range of 5º to 60º, a step size of 0.005o and a
step time of 0.2 seconds.

3.2 Scanning Electron Microscopy (SEM)
3.2.1 Introduction
The scanning electron microscope creates various high magnification images by
focusing a high energy beam of electrons onto the surface of a sample in a raster scan
pattern and detecting signals from the interaction of the incident electrons with the
sample's surface. The electrons interact with the atoms and produce the signals that
contain information about the sample's surface topography, composition and other
properties such as electrical conductivity. In 1935, Max Knoll obtained the first SEM
image of silicon steel showing electron channeling contrast [8]. Following this, in
1937 Manfred von Ardenne worked on the physical principles of the SEM and beam
specimen interactions [9, 10]. In 1965, Professor Sir Charles Oatley and his student
Gary Stewart further developed the SEM and it was subsequently marketed by the
Cambridge Instrument Company as the "Stereoscan". The first instrument was
delivered to DuPont [10].
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Incident Electron Beam
Characteristic X-Ray photons
Visible light
(Cathodoluminescence)

Backscattered Electrons

Secondary Electrons
Auger Electrons

Bremsstrahlung

SPECIMEN

Elastically Scattered
Electrons

Transmitted and Inelastically
Scattered Electrons

Figure 3.4: Signals produced when an electron beam is incident on a sample [11].

3.2.2 X-ray Microanalysis
When the sample is bombarded by an electron beam the following signals/products
may occur as shown in Figure 3.4 backscattered electrons, secondary electrons, xrays, cathodoluminescence and Auger electrons. Backscattered and secondary
electrons are used to obtain a detailed topographical image of the surface of the
sample. Besides these, scanning electron microscopes are often equipped with
Energy Dispersed Spectroscopy (EDS) or Energy Dispersed Analysis of X-rays
(EDAX) detectors that analyse the emitted X-ray energies. With such instruments, it
is possible to determine which elements are present in the surface layer of the sample
(at a depth in the micrometre range) and where these elements are present. This
particular microscope also allows one to capture directly reflected electrons, the socalled backscattered electrons, from which one can obtain a global appreciation
whether one or several elements are present in the surface layer of the sample. Also
the Auger electrons, which are emitted just under the surface, provide information
about the nature of the atoms in the sample.
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θ
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(b)
Figure 3.5: Schematic of (a) typical SEM and (b) path of the electron beam in this
system [12]

3.2.3 Scanning Process
In a typical SEM, electrons are thermionically emitted from a tungsten or lanthanum
hexaboride (LaB6) cathode and are accelerated towards an anode; alternatively,
electrons can be emitted via field emission (FE). Tungsten is used because it has the
highest melting point and lowest vapour pressure of all metals, thereby allowing it to
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be heated for electron emission. The electron beam, which typically has an energy
ranging from a few hundred eV to 100 keV, is focused by one or two condenser
lenses into a beam with a very fine focal spot sized 0.4 nm to 5 nm, typically. The
beam passes through pairs of scanning coils or pairs of deflector plates in the
electron optical column, typically in the objective lens, which deflect the beam
horizontally and vertically so that it scans in a raster fashion over a rectangular area
of the sample surface. Figure 3.5 shows the schematic of a typical SEM system.
When the primary electron beam interacts with the sample, the electrons lose energy
by repeated random scattering and absorption within a teardrop-shaped volume of the
specimen known as the interaction volume, which extends from less than 100 nm to
around 5 µm into the surface. The size of the interaction volume depends on the
electron's arrival energy, the atomic number of the specimen and the specimen's
density. The energy exchange between the electron beam and the sample results in
the reflection of high-energy electrons by elastic scattering, emission of secondary
electrons by inelastic scattering and the emission of electromagnetic radiation, each
of which can be detected by specialized detectors. The beam current absorbed by the
specimen can also be detected and used to create images of the distribution of
specimen current. Electronic amplifiers of various types are used to amplify the
signals which are displayed as variations in brightness on a screen. The raster
scanning of the display is synchronized with that of the beam on the specimen in the
microscope, and the resulting image is therefore a distribution map of the intensity of
the signal being emitted from the scanned area of the specimen. The image may be
captured by photography from a high resolution cathode ray tube, but in modern
machines it is digitally captured and displayed on a computer monitor and saved to a
computer's hard disc. In this study, the surface morphology and composition of asdeposited and heat treated CuCl hybrid films were investigated using an ‘EVO LS
15’ scanning electron microscope developed by Carl Zeiss. An accelerating voltage
of 15-19 keV and probe current of ~800 pA was used for a qualitative comparison of
the CuCl composition as a function of time and heat treatment.
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Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution scanning tool for imaging,
measuring and manipulating matter at the nanoscale. It can create three dimensional
highly magnified images of a surface. The advantage of AFM over scanning
tunnelling microscopy (STM) is the ability to image both conductive and nonconductive materials [13]. In the early 1980s, Gerd Binnig and Heinrich Rohrer
developed the scanning tunnelling microscope which was the precursor of the AFM;
this development won them the Nobel Prize for Physics in 1986. Binnig et al.
invented the first AFM in 1986. Since the invention of AFM it has found applications
in

surface

science

based

technology

including

the

semiconductor,

telecommunications, biological, chemical automotive, aerospace and energy
industries [14].

Detector and Feedback
Electronics

Photodiode

Laser

Cantilever & Tip
Sample Surface

Piezoelectric ceramic

Figure 3.6: Schematic representation of a typical modern AFM [15]

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface [13, 14]. The cantilever is typically silicon or silicon
nitride with a tip radius of curvature on the order of nanometres. When the tip is
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brought into proximity with a sample surface, the force F between the tip and the
sample leads to a deflection of the cantilever according to Hooke’s law:

F = kx

(3.6)

where x is the deflection of the cantilever out of equilibrium position and k is directly
proportional to the Coulomb forces between the tip and the surface sample. The
schematic diagram of the AFM is shown in Figure 3.6. When the sample surface is
scanned then a motion or force is generated on the atomically sharp probe. The
forces exist over a short range, and measuring them via the cantilever deflection on
the surface gives a pictorial representation of the atom on the surface and thus the
surface topography. Typically, the deflection is measured using a laser spot reflected
from the top surface of the cantilever into an array of photodiodes. The photodiode
array determines the position of the reflected spot and this is compared with the
equilibrium value. The change of the surface height corresponds to the deflection of
the laser spot via the deflection of the cantilever. An electronic feedback control
system is used to adjust the tip–to–sample distance in order to keep the force
between the tip and the sample constant. The AFM can be operated in several
different imaging modes, depending on the application. In contact mode operation of
the static tip deflection is used as a feedback signal. The force between the tip and
the surface is kept constant during scanning by maintaining a constant deflection
[16]. In tapping mode the cantilever is driven to oscillate up and down near its
resonance frequency by a small piezoelectric element mounted in the AFM tip holder
[17]. A tapping AFM image is therefore produced by imaging the force of the
oscillating contacts of the tip with the sample surface. The commonest modes of
operation are contact and tapping modes [18]. In non-contact mode, the tip of the
cantilever does not contact the sample surface. The cantilever is instead oscillated at
a frequency slightly above its resonance frequency where the amplitude of oscillation
is typically a few nanometers (<10 nm). In comparison, imaging in contact mode
and tapping mode shows that soft surfaces are less modified in the tapping mode
[19], thus they are very useful in imaging biological and soft samples. In this study,
the contact mode was used to obtain surface topography and roughness analysis for
all the samples using a Pacific Nanotechnology Nano-R AFM system.

48

M.M.Alam

3.4

Chapter Three

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, also known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a quantitative spectroscopic technique that measures
the elemental composition, empirical formula, chemical state and electronic state of
the elements that exist within a material. XPS based on the photoelectric effect [20,
21] was developed in the mid 1960s by K. Siegbahn and his research group [22].

Electron Energy
Analyzer

Electron
Detector

Electron
Collection Lens
Photo-Emitted
Focused Beam Electrons
of X-ray

θ
Sample

XPS
Signals

Figure 3.7: The schematic diagram of a monochromatic XPS system

Each atom in the surface has core electrons with characteristic binding energies.
When an X-ray beam is directed to the sample surface, the energy of the X-ray
photon is absorbed completely by the core electron of an atom. If the photon energy,
hν, is large enough, the core electron will then escape from the atom and be emitted
from the surface. The emitted electron with kinetic energy of Ek is referred to as the
photoelectron. The binding energy of the core electron is given by the Einstein
relationship:

Eb = hν − E k − φ

(3.7)

where hν is the X-ray photon energy, Ek is the kinetic energy of the photoelectron,
which can be measured by an energy analyzer; and φ is the work function induced
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by the analyzer. Since the work function φ , can be compensated artificially, it is
eliminated, giving the binding energy as follows:

Eb = hν − Ek

(3.8)

The basic mechanism of an XPS instrument is shown in Figure 3.7, where photons
of a specific energy are used to excite the electronic states of atoms below the surface
of the sample. Electrons ejected from the surface are energy filtered via an analyzer
before the intensity for a defined energy is recorded by a detector. Since core level
electrons in solid-state atoms are quantized, the resulting energy spectra exhibit
resonance peaks characteristic of the electronic structure for atoms at the sample
surface [23]. In this research, the nanocrystalline CuCl hybrid film composition was
studied using a Vacuum Generators XPS system operating at base pressures in the
preparation and analysis chambers of 2×10−6 and 1×10−9 mbar, respectively,
equipped with a Al Kα (hυ = 1486.6 eV) X-ray source. The pass energy of the
analyser was typically set at 20 eV yielding a resolution of approximately .1 eV. The
XPS peaks were fitted with mixed ratios of Gaussian and Lorentzian line shapes and
a Shirley background function. The calibration of the binding energy scale was
performed with the C1S line (285 eV) from the carbon contamination layer.

3.5

Absorption Spectroscopy

Absorption spectroscopy is one of the most direct and perhaps simplest methods for
probing the band structure of semiconductor materials. During the absorption
process, a photon of known energy excites an electron from a lower to a higher
energy state. The Bouguer-Lambert-Beer law forms the mathematical-physical basis
of light absorption measurements in the UV-Vis and IR regions [24]:
I
 = ε cd
Aν ′ = log  0  = log  100
ν′
(
)
%
I
T

ν ′

ν ′

(3.9)

where Aν ′ = log  I 0  is the absorbance and Tν ′ in % is the transmittance, ε ν ′ is
I ν ′

the molar decadic extinction coefficient. I 0 is the intensity of the monochromatic
light entering the sample and I is the intensity of this light emerging from the
sample; c is the concentration of the light–absorbing substance and d is the path
length of the sample. Therefore by placing a semiconductor sample at the output of a
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monochromator and studying the changes in the transmitted radiation, one can
discover the possible transitions being made by the electron.

3.5.1 UV-Vis Spectroscopy
Optical spectroscopy is based on the Bohr-Einstein frequency relationship [25]:

∆ E = E1 − E 2 = h ν

(3.10)

[ν

∆ E = E1 − E 2 = hc ν ′,

= ν ′c ]

(3.11)

where ν ′ is the wavenumber. This relationship links the discrete or molecular
energy states Ei with the frequency ν of the electromagnetic radiation. Absorbed or
emitted radiation of frequency ν can thus be assigned to specific energy differences:

ν ′ = ∆ E h = E 1 hc − E 2 hc

(3.12)

The energy differences correspond to those of the electronic states of atoms and
molecules; hence the concept of “electronic spectroscopy”.

Monochromator

Sample

I0

I

Detector

Amplifier

Light Source
UV/Vis

Figure 3.8: the schematic diagram of a UV/Vis spectrophotometer
Figure 3.8: Schematic diagram of a UV/Vis spectrophotometer

The schematic of a UV/Visible light (UV/Vis) spectrophotometer is shown in Figure
3.8. A deuterium and tungsten lamp are typically used as a source of UV and Visible
light, respectively. The functioning of this instrument is relatively straightforward. A
beam of light from the UV/Visible light source is separated into its component
wavelengths by a prism or diffraction grating. The monochromatic beam is then split
into two paths using a half-mirrored device. The intensities of these light beams are
then measured by electronic detectors and compared. The intensity of the reference
beam, which should have suffered little or no light absorption, is defined as I0. The
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intensity of the sample beam is defined as I. Over a short period of time, the
spectrometer automatically scans all the component wavelengths in the manner
described. The ultraviolet (UV) region scan is typically from 200 to 400 nm, and the
visible portion is from 400 to 800 nm. The UV-Vis absorption measurements of the
CuCl films were carried out at room temperature using a Perkin Elmer Lambda 40
UV-Vis spectrometer in the range 300 to 750 nm with a resolution of 4 nm.

3.5.2 Fourier Transform Infrared (FTIR) Spectroscopy
Infrared Spectroscopy is an extremely powerful analytical technique for both
qualitative and quantitative analysis. Fourier Transform Infrared Spectroscopy is a
measurement technique whereby spectra are collected based on measurements of the
coherence of a radiative source, using time-domain or space-domain measurements
of the electromagnetic radiation or other radiation. It can be applied to a variety of
spectroscopies including optical spectroscopy, infrared spectroscopy, Fourier
transform (FT) nuclear magnetic resonance [26] mass spectrometry and electron spin
resonance spectroscopy. In 1880, an optical device was invented by Albert Abraham
Michelson, which was called the Michelson interferometer [27]. The Michelson
interferometer was not originally designed to perform infrared spectroscopy but
could be utilized to obtain spectra by manually measuring interferograms.
Unfortunately, the time consuming calculations required to convert an interferogram
into a spectrum made using an interferometer to obtain spectra impractical. The
invention of computers made calculating Fourier transforms faster but that was not
enough. J.W. Cooley and J.W. Tukey at Bell Labs invented what is known as the
“Fast Fourier Transform” (FFT), or “Cooley-Tukey Algorithm” which quickly
performs Fourier transforms on a computer [28]. In 1960, the first commercially
available FTIRs were manufactured by the Digilab subsidiary of Block Engineering
in Cambridge, Massachusetts, USA and since then other companies manufacture and
sell FTIRs [29, 30]. Infrared Spectroscopy is the study of the interaction of infrared
light with matter. Light is composed of electric and magnetic waves. The electric part
of the light called the electric vector interacts with the molecules. The basic
components of an FTIR are shown schematically in Figure 3.9. The most important
and unique part of an FTIR spectrometer is the interferometer.
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Figure 3.9: Block diagram of FTIR spectrometer
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Figure 3.10: Michelson interferometer

The interferometer is the component that analyses the infrared or near infrared and
hence enables us to generate a spectrum. A Michelson type plane mirror
interferometer is shown in Figure 3.10. Light from the source enters the
interferometer along one arm and strikes a half-mirrored glass called a beamsplitter.
The beamsplitter ideally transmits one half of the radiation, and reflects the other
half. Both transmitted and reflected beams strike mirrors, which reflect the two
beams back to the beamsplitter. Thus, one half of the infrared radiation that finally
goes to the sample has first been reflected from the beam splitter to
the moving mirror, and then back to the beam splitter. The other half of the infrared

53

M.M.Alam

Chapter Three

radiation going to the sample has first gone through the beam splitter and then
reflected from the fixed mirror back to the beam splitter. When these two optical
paths are reunited, interference occurs at the beamsplitter because of the optical path
difference caused by the scanning of the moving mirror. The optical path length
difference between the two optical paths of a Michelson interferometer is two times
the displacement of the moving mirror. The interference signal measured by the
detector as a function of the optical path length difference is called the interferogram.
A typical interferogram produced by the interferometer is shown in figure 3.11. The
graph shows the intensity of the infrared radiation as a function of the displacement
of the moving mirror.

Figure 3.11: A typical interferogram

At the peak position, the optical path length is exactly the same for the radiation that
comes from the moving mirror as it is for the radiation that comes from the fixed
mirror. The spectrum can be computed from the interferogram by performing a
Fourier transform. The Fourier transform is performed by the same computer that
ultimately performs the quantitative analysis of the spectrum. The infrared source
emits a broad band of different wavelengths of infrared radiation. The IR radiation
goes through an interferometer that modulates the infrared radiation. The
interferometer performs an optical inverse Fourier transform on the entering IR
radiation. The modulated IR beam passes through the sample where it is absorbed to
various extents at different wavelengths by the various molecules, phonons, etc.
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present. Finally the intensity of the IR beam is detected by a detector. The detected
signal is digitized and Fourier transformed by the computer to get the IR spectrum of
the sample. The infrared spectrum can also provide quantitative information such as
the concentration of a molecule in a sample. The basis of all quantitative analyses in
FTIR is Beer’s law, which relates concentration to absorbance as follows [31]:

A = ε lc

(3.13)

where A = absorbance, ε = absorptivity, l = path length and c = concentration. The
absorbance is measured as a peak height, peak height ratio, peak area, or peak area
ratio from the FTIR spectrum. The Fourier Transform Infrared absorption spectra
were recorded on a Perkin-Elmer GX FTIR system with a resolution of 16 cm-1 in a
spectral range of 400 to 4000 cm-1 and scanned 30 times (absorbance mode), in order
to exploit the instrumental built-up noise reduction algorithm.

3.6

Luminescence Spectroscopy

Luminescence is the general term to describe the emission of radiation from a
material after being subjected to applied energy. Luminescence may be split up into
several categories (Table 3.1).

Luminescence type

Typical application

Blackbody radiation

Tungsten filament lamp

~5%

Photoluminescence

Fluorescent lamp

~20%

Cathodoluminescence Television screen

~10%

Electroluminescence

Light-emitting diode, flat

Luminous efficiency

0.1-50%

panel display
Table 3.1: Luminescence types, applications and typical efficiencies [32]

Light interaction with semiconductors is an important and powerful means of
characterization. It is non-contacting and non-destructive. Semiconductors emit light
as a result of electronic transitions between quantum mechanical states separated by
energy levels of typically less than 1 eV to about 4 eV. Energy and momentum must
be conserved during the electronic transitions.
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3.6.1 Photoluminescence (PL)
Photoluminescence is a process in which a substance absorbs photons
(electromagnetic radiation) and then re-radiates photons. Quantum mechanically, this
can be described as an excitation to a higher energy state and then a return to a lower
energy

state

accompanied

by

the

emission

of

a

photon.

During

the

photoluminescence process, photo-excitation causes electrons in the semiconductor
material to move into permissible excited states. After a short while, the electrons
return to their equilibrium states thereby recombining with holes, or by relaxation to
a lower energy state, and liberating energy which may include light (radiative
emission) or heat (non-radiative emission). The energy of the emitted light is related
to the difference in the energy levels between the excited state and the equilibrium
state while the intensity of the emitted light is related to the relative contribution of
the radiative process. In photoluminescence, the photo-excitation is usually
implemented using a laser with a fixed wavelength and the emitted light is measured
over a wavelength region. Some common radiative recombination processes that
occur in semiconductor materials are shown in Figure 3.12.

Εc

Photon
hν > Εg

Εv

Εex

(a)

ΕD
(b)

ΕD
(d)

(c)
ΕA

Εex

(e)
ΕA

Figure 3.12: Schematic diagram of radiative transitions in a semiconductor material;
(a) Conduction to valence band (b) excitonic recombination (c) donor and valence
band (d) conduction band and (e) donor to acceptor.
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When a sample is excited with an optical source such as a laser, with energy hν >Eg,
electron-hole pairs are generated which recombine by one of several mechanisms.
Process (a) is an interband transition resulting from the recombination of electrons in
the conduction band with holes in the valence band. Band-to-band recombination
dominates at room temperature in typical semiconductors. If the material is
sufficiently pure, free excitons form and recombine by emitting photons as shown in
process (b) of Figure 3.12. The photon energy of an exciton in a direct band-gap
semiconductor is
hν = E g − E x

(3.14)

where Ex is the excitonic binding energy. Transitions which start or finish on
localised states of impurities, e.g. donors just below the conduction band, or
acceptors just above the valence band are illustrated in Figure 3.12 (c) and (d). A
free hole can combine with a neutral donor to form a positively charged excitonic ion
known as a bound exciton. The electron bound to the donor travels in a wide orbit
about the donor. Similarly, an electron can combine with a neutral acceptor also
forming a bound exciton. In the presence of impurities, free and bound excitons can
occur simultaneously in the same material. The emission of the bound exciton is
characterised by a narrow spectral width at lower photon energy than that of the free
exciton, therefore it is possible to distinguish between them. In Figure 3.12 (e) a
donor acceptor (D-A) recombination process is shown, where an electron on a
neutral donor recombines with a hole on a neutral acceptor.

3.6.1.1

Experimental Techniques for PL Measurement

PL is simple, versatile, and non-destructive. The instrumentation that is required for
ordinary PL work is relatively modest: an optical source and an optical power meter
or spectrophotometer. A typical PL setup is shown in Figure 3.13. Because the
measurement does not rely on electrical excitation or detection, sample preparation is
minimal. This feature makes PL particularly attractive for material systems having
poor conductivity or undeveloped contact/junction technology. Measuring the
continuous wave PL intensity and spectrum is quick and straightforward [33-37]. On
the other hand, investigating transient PL is more challenging, especially if
recombination processes are fast. Instrumentation for time-resolved detection, such
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as single photon counting, can be expensive and complex. Even so, PL is one of the
only techniques available for studying fast transient behavior in materials.

Laser

Sample

Lens

Photodetector

Spectrometer

PL

Figure: 3.13: Typical setup for the measurement of PL

The measurement of photoluminescence from semiconductor materials has become
an important characterization method and is widely used to provide information on,
e.g. carrier doping levels, alloy compositions, film structures, band gap and edge
effects, etc. in applications ranging from scientific research, process monitoring, to
device characterization. In this study, photoluminescence measurements were carried
out from room temperature to 15 K by employing a UV Ar+ Innova laser with a
second harmonic generation BBO crystal producing a 355 nm photo excitation. The
PL spectra were collected on a Jobin Yvon-Horiba Triax 190 spectrometer with a
spectral resolution of 0.3 nm, coupled with a liquid nitrogen-cooled CCD detector.

3.6.2 Cathodoluminescence
Cathodoluminescence is an optical and electrical phenomenon. When a high energy
electron beam impinges on the specimen, electrons are promoted from the valence
band into the conduction band and their subsequent dexcitation results in the release
of energy in form of photons [38]. The energy of the emitting photon depends on the
material, its purity, and its defect state. Light emission from a sample excited by an
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electron beam gives a good indication of whether it will be possible for light to be
emitted by injection of an electron current and is therefore a good early indicator of
the possibility of producing a light emitting device. As it does not require an ohmic
contact or Schottky barrier to operate, semiconductor samples can be examined
without elaborate and time consuming preparation.

In materials science and

semiconductor engineering, cathodoluminescence is mostly performed in either a
scanning electron microscope or a scanning transmission microscope. In these cases,
the highly focused beam of electrons impinges on a sample and induces it to emit
light from a localized area. This light is collected by an optical system, such as an
elliptical mirror. From there, a fiber optic will transfer the light out of the microscope
where it

is

dispersed

by a monochromator and

then

detected

with

a

photomultiplier tube. By scanning the microscope's beam in an X-Y pattern and
measuring the light emitted with the beam at each point, a map of the optical activity
of the specimen can be obtained. The primary advantages to the electron microscope
based technique is the ability to resolve features down to 10-20 nanometers, the
ability to measure an entire spectrum at each point if the photomultiplier tube is
replaced with a CCD camera, and the ability to perform nanosecond to picosecondlevel time-resolved measurements if the electron beam can be "chopped" into nanoor pico-second pulses. However, as the abilities are improved, the cost of the
electron-microscope based techniques becomes very high. These advanced
techniques are useful for examining low-dimensional semiconductor structures, such
a quantum wells or quantum dots. CL scans were performed at room temperature
using a Carl Zeiss EVO 50 Series SEM with an attached CL mirror and micrometer.
Spectra were captured using the Gatan MonoCL monochromator with a 1200
lines/mm grating and a constant probe current of 300 pA.

3.6.3 Electroluminescence (EL)
When a material emits electromagnetic radiation as result of the application of an
electric field this process is known as electroluminescence. The EL phenomenon was
discovered by Round in 1907. He observed the generation of yellowish light from a
carborundom crystal (SiC) when a potential of 10 V was applied between two points
on the crystal [39]. The schematic diagram of an electroluminescence measurement
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system is shown in Figure 3.14. By way of example for the electroluminescent
device (ELD) the CuCl hybrid film was deposited on ITO coated glass substrate by
the spin coating method (spin coating method described in chapter 2). A nontransparent gold (≈ 200 nm thick) contact top electrode was deposited on the CuCl
hybrid film layer using an Edwards Auto 306A vacuum deposition system at a base
pressure of 1x10-6 mbar.
Photomultiplier tube

Spectrophotometer

Collimating
Lens

Emission

Transparent Electrode
Power

EL Spectra

Active Layer
Electrode

Figure 3.14: Schematic illustration of electroluminescence system

The Au top electrode was non-transparent and electroluminescence (EL) emission
was observed principally through the transparent ITO coated glass. The ELD device
was driven by an AC sinusoidal waveform with a typical frequency of 50 Hz and a
peak-to-peak voltage of 70-130 V. The electroluminescence measurements of the test
devices were evaluated using a SOFIE spectrophotometer with a photomultiplier
tube (spectral range of 200–900 nm).

3.7

Electrical Characterization

3.7.1 Current-Voltage (I-V) Characteristics
Electrical characterization is an essential part of semiconductor material and device
analysis. Electrical resistivity (ρ) is a measure of how strongly a material opposes the
flow of electric current. The resistivity is one of the most important characteristics of
a semiconductor or fabricated semiconductor device because it contributes series
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resistance and capacitance, and impacts threshold voltages and other electrical
properties in the device. In semiconductor materials the resistivity depends on the
free electron and hole densities, n and p, and the electron and hole mobilities, µn and
µp, respectively. The resistivity ρ can be calculated from the measured carrier
densities and mobilities using the relationship [40]:

ρ =

1
q (µ n n + µ p p )

(3.15)

ρ ∝

V
t
I

(3.16)

and

where q is the electronic charge and t is the thickness of the films, V is voltage, I is
current. In this study, all electrical measurements were carried out using a Keithley
4200 SCS semiconductor parameter analyzer.

Keithley
4200 SCS
System

Probe
Station

Gold
CuCl Hybrid Film
ITO

Glass Substrate

Figure 3.15: Schematic of the CuCl hybrid film electrical characterization system

A schematic diagram of the current-voltage characteristic investigation structure is
shown in Figure 3.15. In order to typically measure the current-voltage
characteristics of the CuCl hybrid films the films were deposited on Indium Tin
Oxide (ITO) coated glass substrate by spin coating. Again, a gold contact top
electrode was deposited using an Edwards Auto 306A vacuum deposition system at a
base pressure of ~1x10-6 mbar. A spring loaded probe station was designed and used
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for the measurements to avoid damaging the hybrid film surface layer. The Keithley
4200 system has a built-in voltage source, which was used to measure the current
voltage characteristics of the samples. The voltage across the sample was increased
in steps of 0.05 V with a 5 second hold for time on each increment. Automated
current voltage measurements were performed using LabVIEW® software interfaced
with the Keithley system.
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Chapter Four

This chapter presents the synthesis of CuCl nanocrystals and detailed experimental
results of structural and morphological properties for CuCl hybrid films investigated
using X-ray diffraction (XRD), scanning electronic microscopy (SEM) and atomic
force microscopy (AFM). These properties are important because they reveal much
information about the nature of the embedded semiconductor material.

4.1

Introduction

γ-CuCl (Eg= 3.395 eV) is an ionic I-VII compound semiconductor material with the
zincblende structure at room temperature [1]. A solid-state phase transition occurs
with increasing temperature from the zincblende structure (γ-phase) to the wurtzite
(β-phase) structure. γ-phase CuCl transforms to β-phase CuCl at 407 oC before
melting at ~430 oC [2]. CuCl has been extensively used in the manufacture of
electrooptic modulators and optical fibers [3], adsorbent and air purifying agents [4],
catalysts [5], solid-state batteries [6], and as a candidate material for blue-UV lightemitting devices [7]. Potential applications include high-density optical storage, laser
printing,

projection

displays,

spectro-fluorometry,

photo-catalytic

reactions,

counterfeit detection, chemical detection, traffic signals, and medicine (e.g., the use
of UV radiation in treating cancer and cerebral apoplexy) [8]. There are many
physical and chemical procedures that have been demonstrated in preparing CuCl
powders, nanocrystals and thin films, such as the reduction of copper(II) chloride
(CuCl2) with elemental copper in concentrated hydrochloric acid solution [9], ion
implantation combined with post-heating at high temperatures [10], exposure of a Cu
single crystal to Cl2 gas in an ultra–high vacuum chamber [11], reaction of copper
chloride and glycerol [12], solvothermal methods [13], γ-irradiation [14], etc. All of
these methods require complex equipment and/or high reaction temperatures to
synthesize CuCl powders.

In this work, CuCl nanocrystals were embedded in PSSQ and deposited on a variety
of substrates via a simple low temperature spin coating technique to develop
prototype devices for flexible UV/White–light emitters. In order to investigate the
structural and morphological properties of these organic-inorganic CuCl hybrid
films, they were deposited on several substrates including glass, indium tin oxide
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(ITO) coated glass and silicon by the spin coating method. The films were
subsequently heated at 120 oC for durations between 1 and 24 hours in vacuo. This
chapter presents detailed experimental results of structural and morphological
properties for the CuCl hybrid films.

4.2

Synthesis of CuCl Nanocrystals (NC) and Film Deposition

To synthesise hybrid films, alpha-D-glucose (C6H12O6), a polyol containing an
aldehyde group, was selected as the reducing agent, and CuCl2.2H2O was used as the
copper and chlorine source, respectively [9]. Being also a strong chelating reagent,
alpha-D-glucose can coordinate with the Cu2+ ions released from the dissolution of
CuCl2·2H2O in water to form relatively stable complex ions, Cu(C6H12O6)x2+. One
piece of evidence of this reaction was, when alpha-D-glucose was added into the
CuCl2 aqueous solution the solution colour changed rapidly from light to dark blue.
The short distance between oxygen and Cu atoms in the intermediate complex ions is
favourable for electron transfer from O2− to Cu2+, resulting in the reduction of
Cu(C6H12O6)x2+ to Cu+. On the other hand, the excessive alpha-D-glucose was partly
oxidized to gluconic acid (C6H12O7). The main chemical process for the synthesis is
given as follows [15]:
CuCl2.2H2O = Cu2+ + 2Cl- + 2H2O
2+

Cu + xC6H12O6 = [Cu (C6H12O6) x]

(4.1)
2+

(4.2)

2[Cu (C6H12O6) x] 2+ + H2O = 2Cu+ + C6H12O7 + (2x-1) C6H12O6 +2H+

(4.3)

Cu+ + Cl- = CuCl

(4.4)

C6H12O6 + 2CuCl2 + H2O +[RSiO2] = 2CuCl + C6H12O7 + 2HCl +[RSiO2]

(4.5)

where R is methanol or ethyl alcohol. A typical solution was prepared using 0.60
gm of CuCl2.2H2O powder (Laboratory reagent grade, Fisher Scientific Company) as
the copper and chlorine sources and 0.40 gm of alpha-D-Glucose powder (99.5%
Sigma-Aldrich Inc., Germany), a polyol containing an aldehyde group as the
reducing agent with 3 ml of de-ionized water. The powders were dissolved
completely in the de-ionized water after vigorous stirring of the solution. 2.1 gm of
the PSSQ based solution known as Emulsitone glass forming solution was added to
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the CuCl2 glucose aqueous solution. The solution was stirred for 5 minutes and
finally filtered by using 0.2µm filter. Approximately 0.75 ml of the solution was
dropped at the centre of the substrate (2x2 cm) and spun. The film was spin coated
by gradually increasing the speed from 0 to 5000 rpm over a period of one minute
(resulting in typical thicknesses of ≈200-500 nm). The coating was performed at
room temperature. The films were subsequently heated at 120oC for durations
between 1 and 24 hours in vacuo. The newly generated Cu+ ions will combine with
Cl− ions in the aqueous solution to form CuCl precipitate. The formation of CuCl
nanocrystals in the organic material is believed to be via a typical complexationreduction-precipitation mechanism in the presence of heat that can be described by
equations (4.1) to (4.4) and summarized in (4.5).

4.3

X-ray Diffraction

The structural properties of the CuCl hybrid films deposited on glass, ITO coated
glass and silicon substrates were measured by using a Bruker D8 Advance X-ray
Diffractometer with CuKα radiation of wavelength λ = 1.54056 Å. The X-ray
diffraction (XRD) measurements were carried out in the locked coupled (BraggBrentano) mode in the 2θ range of 5o to 60o. These XRD scans were then compared
to powder diffraction software files provided by the manufacturer. The positions of
the main CuCl peaks and their relative intensities as measured by powder diffraction
are listed in Table 4.1.

2θ (º)

Plane (hkl)

Relative Intensity (%)

d–Spacing (Å)

28.522

(111)

100

3.1270

33.027

(200)

8

2.7100

47.437

(220)

55

1.9150

56.290

(311)

30

1.6330

69.348

(400)

6

1.3540

76.590

(331)

10

1.2430

88.350

(422)

8

1.1054

Table 4.1: Expected ratios of different CuCl peaks from powder diffraction files [16]
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Figure 4.1 shows the room temperature θ-2θ X-ray diffraction spectra taken for a
selection of films deposited on glass substrates. In these spectra, the non-heated film
shows very sharp peaks at 2θ ≈ 16.16o and 22.1o which correspond to copper
methanol Chloride (CH3OH.CuCl2) [17] and there was no diffraction peak that
indicated the formation of CuCl nanocrystals. The films heated for 1 and 12 hours
show two peaks at 2θ ≈ 16.16o and 2θ ≈ 28.5o, which are Copper Chloride Hydrate
and (111) oriented Copper Chloride (CuCl), respectively. The Copper Chloride
Hydrate diffraction peaks disappear entirely for anneal times >12 hours. The film
annealed for 18 hours shows three different peaks at 2θ ≈28.51o, 47.44o and 56.27o,
which correspond to (111), (220) and (311) crystal plane orientations of cubic phase
γ-CuCl. This is in excellent agreement with data from the previous evaporated and

CuCl(311)

CuCl(111)

24 H heat

CuCl(220)

Intensity (a.u.)

CH3OH.CuCl2

CH3OH.CuCl2

sputtered CuCl films [18-20].

18 H heat
12 H heat
1 H heat
No heat
5

10

15

20

25

30

35

40

45

50

55

60

2θ (deg.)

Figure 4.1: X-ray θ-2θ diffraction spectra of CuCl hybrid films grown on glass
substrates (film thickness ≈300 nm).

The film annealed for 24 hours shows only the (111) and (220) γ-CuCl peaks albeit
with reduced intensity when compared to the 18 hour annealed film. It is well known
that the size of the full width at half maximum (FWHM) is an indication of the

70

M.M.Alam

Chapter Four

crystal quality [21]. The FWHM of the nanocrystalline CuCl hybrid films were
measured using the following relation:
2
2
B 2 = Bmeasured
− Binstrument

(4.6)

where Bmeasured is the measured FWHM of the CuCl hybrid films and Binstrument is the
instrumental broadening FWHM. A standard strain free single crystal Si (100) was
used for the calibration.

80
75

Crystallinity (%)

70

(a)
65
60
55
50
45

0

5
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25

Annealing Time (H)
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0.24
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0.23

0.22

36

FWHM (deg.)

Average crystallite size (nm)

0.25

0.21
32
0.20
28
0
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20

0.19
25

Annealing Time (H)

Figure 4.2: % Crystallinity of CuCl (a), FWHM and average crystallite size
(b) vs. annealing time

71

M.M.Alam

Chapter Four

The average crystallite size of the CuCl hybrid film (111) peak was estimated using
the Scherrer formula [22].

L=

0.9λ
BCosθ B

(4.7)

where B is the FWHM of the (111) CuCl peak broadening, and L is the average
crystal size.
The Scherrer model uses the FWHM to evaluate the average crystal size, which is
derived from the overall microcrystalline quality of the probed region. While the
statistical distribution of crystallite sizes cannot be determined, the average crystallite
size, as inferred by the Scherrer model, is never the less, a useful metric for material
quality evaluation. The average crystal size of the CuCl hybrid films deposited on
glass substrates was estimated to be 27.9, 29.8, 35.7 and 44.7 nm for the 1, 12, 18
and 24 hour annealed films, respectively.
X-ray diffraction patterns were also used to determine the percentage or fractional
crystallinity of the CuCl-hybrid film employing the Rutland method [23, 24]. The
crystallinity was calculated using the crystalline peaks in the region 2θ=25o to 60º
and the integrated area of the amorphous diffuse background in this region. The areas
of interest were determined using the area calculation tool in the Bruker Diffract Plus
EVA software. The crystallinity was then calculated using following equation [24]:

Crystallin ity (%) =

∑A
∑A + A
c

c

× 100

(4.8)

a

where ∑ Ac , is the sum of the areas of all CuCl crystalline peaks and

∑A

a

is the

sum of the area under the amorphous peak. The % crystallinity, FWHM and average
crystallite size of CuCl increases with the increased annealing times as shown in
Figure 4.2. From the XRD measurements, it is clear that the film annealed for 18
hours gave the optimum CuCl characteristics, and upon further annealing although
the % crystallinity and the crystal size increases, it appears to lead to a reduction of
the CuCl (111) peak intensity. The reduction in this peak is linked to an excessive
thermal budget, which may result in the reaction of the CuCl crystals with the
organic matrix. Confirmation of this reduction in quality is observed in the UV-Vis
and PL data, which show that, anneal times > 18 hours produce sub-optimal films.
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Figure 4.3 shows the room temperature θ-2θ X-ray diffraction spectra taken for 18
hours annealed CuCl hybrid films deposited on glass, ITO coated glass and silicon
substrates, which henceforth we take as our optimal film. In these spectra, one
observes peaks at 2θ ≈28.51o, 47.44o and 56.27o, corresponding to (111), (220) and
(311) crystal plane orientations of cubic phase γ-CuCl, as previously stated, this also
being in excellent agreement with previously reported CuCl thin film data [25]. The
film deposited on ITO substrates displays an additional two peaks at 2θ ≈30.25o,

Crystallinity (%)

36
78
34
75

CuCl(220)

ITO
Silicon
Substrates

ITO(400)

Hybrid film/Si(100)

ITO(222)

Glass

32

CuCl(311)

Intensity (a.u.)

CuCl<111>

38
81

Ave. Crys. size (nm)

35.16o corresponding to (222) and (400) planes of indium tin oxide substrate [26].

Hybrid film/ITO
Hybrid film/Glass
10

20

30

40

50

60

2θ (deg.)

Figure 4.3: X-ray θ-2θ diffraction spectra for 18 hours annealed CuCl hybrid films
deposited on different substrates, inset: % crystallinity and average
crystallite size vs. substrates (film thickness ≈300 nm)

The average crystal size of the CuCl hybrid films deposited on glass, ITO coated
glass and silicon substrates were 35.7, 37.2 and 33.2 nm, respectively. The %
crystallinity of CuCl is higher for the silicon substrate (see inset of Figure 4.3). XRD
measurements suggest that the hybrid films are somewhat influenced by the substrate
and this may be due to the surface smoothness, hydrophobicity/hydrophilicity and
the nature of adherence between the organic-inorganic solution and the substrates.
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Scanning Electron Microscopy (SEM)

While the other films were also examined, we focus here on the 18 hours annealed
films as they produced optimal optical and electronic performance. The surface
morphology of 18 hours annealed CuCl hybrid films deposited on glass, ITO coated
glass and silicon substrates was investigated using an EVO(R) Series ZEISS scanning
electron microscope in secondary electron emission (SEE) mode. The SEM images
were obtained at an accelerating voltage of 17.8 keV and a beam current of 88.88
pA. Typical SEM images of the nanocrystalline CuCl hybrid films deposited on a
variety of substrates are shown in Figure 4.4 (a-c). These show a distribution of
crystal clusters relatively uniformly distributed on the surface of the PSSQ matrix.
Analysis of the hybrid films was carried out by (i) measuring the average diameter of
the crystal cluster and hence inferring an estimate for the area of crystal clusters (ii)
determining the number of crystal clusters per unit surface area and (iii) calculating
the total area covered by the crystal clusters.

(a)
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(b)

(c)

Figure 4.4: SEM images of typical CuCl hybrid films grown on (film thickness ≈300
nm) (a) glass (b) ITO and (c) silicon substrate.
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The average fractional area covered by the CuCl nanocrystals is estimated to be ≈45,
42 and ≈59 % for glass, ITO coated glass and silicon substrates, respectively. The
crystal shapes on glass and ITO coated glass substrates are quite similar, whereas for
the silicon substrate it is completely different. The remainder of the area comprises
of the host matrix, Polysilsesquioxane (PSSQ). The average grain size is estimated
to be ≈175, 155 and 150 nm for glass, ITO coated glass and silicon substrates,
respectively. The grain sizes obtained from SEM analysis are much larger than
particle sizes deduced from the XRD analysis. Similar results were reported for
sputtered CuCl and CuCl:Zn thin films using AFM, SEM and XRD [19, 27].

Compositional analysis carried out on the same film using energy dispersive X-ray
analysis (EDX) confirms the above conclusion.

(a)

(b)

Figure 4.5: EDX spectrum for 18 hours annealed CuCl hybrid films (film thickness
≈300 nm) (a) area and (b) point scan
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A Princeton Gamma Tech energy dispersive X-ray (EDX) analyzer was used with a
Si (Li) detector and accelerating voltage and probe current of 18 keV and 800 pA,
respectively. Figure 4.5 (a-b) shows the area (data capture from a selected area of
the sample) and point (data capture from a particular point of the sample) scan for
compositional analysis of the 18 hours annealed CuCl hybrid film deposited on a
silicon substrate. Figure 4.5 (a) confirms the presence of Cu, Cl, Si and oxygen,
whereas in Figure 4.5 (b) one only observes the presence of Cu and Cl. The presence
of Si and oxygen is due to the PSSQ solution. The energy dispersive x-ray
microanalysis measurement confirms that the incorporated crystals are indeed CuCl
crystals.

4.5

Atomic Force Microscopy (AFM)

The surface morphology of CuCl hybrid films was examined using a Pacific
Nanotechnology Nano-R Atomic Force Microscopy (AFM) in contact mode. Figure
4.6 shows some typical three-dimensional (3D) AFM images of the CuCl hybrid
films grown on (100) Si substrates for different anneal times: (a) 1 H (b) 12 H (c) 18
H and (d) 24 H . The annealing duration appears to influence the grown CuCl crystal
sizes and the average surface roughness. The root mean square surface (RMS
roughness) and average roughness (RA) were analyzed using the Pacific
Nanotechnology NanoRule +1.10 software and in each case four separate image data
sets were used to calculate the average surface roughness of the hybrid films. The
film surfaces are not completely homogeneous and are not completely pore or void
free.
The surface roughness of the nanocrystalline CuCl hybrid film was calculated in
terms of a root mean square (RMS) which was calculated using the following
expression [28, 29]:

R rms =

1
n

n

∑ [Z ]

2

(4.9)

i

i =1

where Zi is the value of Z at the ith point, n is the total number of sampling positions
and Rrms is the root mean-square deviation from the profile mean over the sampling
area.
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(a)

(b)

(c)
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(d)

Figure 4.6: 3D AFM micrographs of CuCl hybrid films deposited on silicon
substrates for different anneal times (film thickness ≈300 nm). All images are 10.5
µm x 10.5µm. (a) 1 H (b) 12 H (c) 18 H and (d) 24 H
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Figure 4.7: Average film surface roughness as a function of annealing time. CuCl
hybrid films on silicon substrates.

The average surface roughness of the CuCl hybrid films is shown in Figure 4.7. The
average roughness of the CuCl hybrid films gradually increase with increased
annealing duration. The increasing of the average roughness with annealing time
may be due to the improvements in crystallinity of CuCl crystals with annealing and
changes to the preferred (111) crystalline orientation.
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(a)

(b)

(b)

(C)

(c)

Figure 4.8: 2D and 3D AFM micrographs of CuCl hybrid films deposited on (a)
glass (b) ITO and (c) silicon substrates. All images are 2.5 µm x 2.5µm.

Thus, enlarged crystal size so can lead to an effective roughening of the surface [30,
31]. The surface morphology of deposited nanocrystalline CuCl hybrid films on
different substrates was also studied by AFM. The two-dimensional (2D) and threedimensional (3D) AFM images are shown in Figure 4.8, which also reveal similar
results to the SEM measurements. The RMS surface roughness of the CuCl hybrid
films deposited on glass, ITO coated glass and silicon substrates were estimated to be
10.25, 12.2 and 14.5 nm, respectively.
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Summary
Nanocrystalline CuCl hybrid films have been successfully deposited on a variety of
substrates by the spin coating method based on the hydrothermal reaction of
CuCl2.2H2O, alpha-D-glucose and de-ionized water using a glass forming liquid as
the host matrix. The deposited films were heated at 120 oC for different times which
resulted in the formation of CuCl nanocrystals via a complexation-reductionprecipitation mechanism. The structural properties for nanocrystalline CuCl hybrid
film deposited on several substrates were examined by X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) at
room temperature. XRD confirmed the preferential growth of CuCl nanocrystals
whose average (radius) size was ≈14-22 nm in the (111) orientation. From the XRD
measurements, it was clear that the film annealed for 18 hours gave the optimum
CuCl characteristics, and on further annealing appears to lead to a reduction of the
CuCl (111) peak intensity. SEM measurements revealed that the average surface area
of the films covered by the CuCl nanocrystals is ≈40-60 % of its total surface area
and the growing crystals were confirmed by EDX measurement. The AFM
measurements revealed that the average RMS roughness of the film increases as the
annealing time duration increases and the average RMS roughness of nanocrystalline
CuCl hybrid film was ≈10-14 nm.
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structure,

luminescence

and

photochemical

properties

of

semiconductor materials can be evaluated by monitoring a selection of the optical
characteristics of these materials. In this chapter we present the experimental results
for FTIR, XPS, UV-Vis, and detailed temperature dependent PL spectroscopy of
CuCl hybrid films to determine the thermal quenching behaviour and its electronic
transitions.

5.1

Introduction

Semiconductor quantum dots (QDs) have attracted great attention due to their unique
optical and electronic properties, such as size, composition-tunable fluorescence
emission from visible to infrared wavelengths, large absorption coefficients across a
wide spectral range and high levels of brightness and photo-stability [1-4]. The
average distance between the electron and hole within an exciton is called Bohr
radius of the exciton. Quantum confinement effects occur if the dimensional scale of
a semiconductor material is reduced to the same order as the exciton radius, and in
this situation modified and novel optical properties are expected. Therefore, these
nanostructures are good candidates for the development of high-performance optoelectronic devices including semiconductor light-emitting diodes and laser diodes.
The exciton Bohr radius of CuCl is very small, of the order of 0.7 nm [5]. In
nanocrystals, the electrons, holes and excitons are spatially confined, and the energy
levels are quantized. Depending on the ratio (σ) of the radius of the nanocrystal to the
exciton Bohr radius, aB, the quantum size effect is classified into two types: (1) for σ
>1, the exciton translational motion is confined and this is called weak confinement
and (2) for σ<1, the translational motion of an electron and hole are individually
confined, this being called strong confinement. CuCl nanocrystals exhibit weak
confinement due to typical nanocrystal sizes being much larger than its Bohr radius.
Its absorption coefficient is of the order of 105 cm-1 at the peak of the exciton
absorption band and the excitons are considered to arise from the allowed optical
transition at the centre of the Brillouin zone at k=0 [6]. Two exciton absorption bands
separated by spin-orbit splitting appear in the near ultraviolet region; one band is a
doublet and the other is a singlet and these are called, respectively, Z1, 2 and Z3 [7].
CuCl tends to produce light emission in the blue-UV range at room temperature. In
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order to investigate the optical properties of organic-inorganic CuCl hybrid films,
these films were deposited on several substrates including silicon, glass and indium
tin oxide (ITO) coated glass, by the spin coating method. The films were
subsequently heated at 120 oC for durations between 1 and 24 hours in vacuo. This
chapter presents detailed experimental results of the optical properties of these CuCl
hybrid films.

5.2

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy of the CuCl hybrid films (HF) deposited on silicon substrates was
carried out at room temperature. The FTIR absorption spectra were recorded on the
Perkin-Elmer GX FTIR system which was used to obtain 16 cm-1 resolution spectra
in the range 400 to 4000 cm-1, this region having been scanned 30 times (absorbance
mode), in order to exploit the instrumental noise reduction algorithms. Figure 5.1
shows FTIR spectra of as-deposited (ASD) CuCl hybrid films and for those annealed
at 120 oC for different times (1-24 hours). The most intense absorption peaks for
films are at approximately 1050, 1630, 1737 and 3375 cm-1. The strong absorption
peak at 1050 cm-1 occurring in the 1000-1100 cm-1 band may be attributed to
asymmetric Si-O-Si stretching vibrations of the Si-O functional group present in the
PSSQ emulsion. The absorption at ~1050 cm-1 is most likely due to linear smallchain siloxanes and at ~1085 cm-1 due to long-chain polymers [8, 9].

24 H heat
18 H heat
12 H heat
1 H heat
ASD

Si-O-Si

Absorbance

C=O

OH

-CH 2 -OH

400

800

1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber ( cm -1 )

Figure 5.1: FTIR absorption spectra of CuCl HFs grown on silicon substrates.
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The weak absorption peak located at ~1630 cm-1 may be assigned to the bending
vibration of the H-O-H group of adsorbed water, which may be due to the use of
water as a solvent [10, 11]. A medium intense absorption at 1737 cm-1 in the band
1735-1785 cm-1 is assigned to the C=O stretch of aryl and unsaturated diacyl
peroxides, which may be due to C6H12O6 [12]. The weak absorption at 2910 cm-1 in
the band 2840-2935 cm-1 may be attributed to symmetric CH2 stretch vibrating in the
primary alcohol –CH2–OH group this being present in both PSSQ and C6H12O6 [13].
The broad and strong absorption centered at 3375 cm-1 can be assigned to the
hydrogen bonds of the O–H stretch vibration, which may be due to H2O or indeed
the PSSQ emulsion [14]. It is apparent from figure 5.1 that not all organic
compounds were not removed and a large fraction of Si-O bonds were not cross
linked even for 24 hr anneals whereas the most intense O–H absorption peak
intensity and broadness almost disappeared after annealing for 24 hrs. However, the
peaks due to the organic compounds decrease with increases in the annealing time
duration.

5.3

Surface Chemical Analysis by XPS

The chemical state of the surfaces of the CuCl hybrid films were studied using the
Vacuum Generator X-ray photoelectron spectrometer (XPS) at base pressures in the
preparation and analysis chambers of 2×10-6 and 1×10-9 mbar, respectively, using an
Al Kα (hγ=1486.6 eV) X-ray source. The pass energy of the analyser was set at 20
eV yielding a resolution of approximately 0.1 eV. To compensate for the surface
charge effect, binding energies (Eb) were calibrated using C1s line (285 eV) from the
carbon contamination layer [15]. Figure 5.2 (a-b) shows the broad scan survey XPS
spectra for CuCl hybrid films as-deposited and after 18 hours annealing at 120 oC.
Figure 5.2 shows the photoelectron peaks of the main elements, copper, chlorine,
silicon, oxygen and carbon, Auger copper LMM and oxygen LMM peaks for both
samples. Silicon (Si) and oxygen (O) signals may come from the PSSQ host matrix.
The Carbon signal is most likely due to the use of alpha-D-glucose (C6H12O6). The
elemental and bond energy data for the CuCl hybrid films analysed by XPS are
presented in Table 5.1. The data confirms that the most of the peak positions of the
annealed films are shifted to the higher binding energies compared to the ASD films.
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Figure 5.2: The survey scan XPS spectra of organic-inorganic CuCl HFs (a) as
deposited (b) annealed at 120o C for 18 hours.
Element

XPS Peak Position (eV)
ASD film

annealed film

Silicon (Si 2p)

99.5

100.3

Oxygen (O 1s)

531.3

532

Oxygen (O 2s)

25.27

X

Chlorine (Cl 2p3/2)

197.3

198.8

Chlorine (Cl 2p1/2)

198.7

200.5

Chlorine (Cl 2s)

X

269.3

Copper (2p3/2)

932.3

932.8

Copper (2p1/2)

951.7

952.4

Copper (3p)

X

75.5

Copper (3s)

X

122.5

Copper (3d)

X

3.3

Copper (LMM)

570.3, 649.5 &715.2

571, 650, & 721

X=not determined

Table 5.1: XPS experimental results for CuCl HFs

88

M.M.Alam

Chapter Five

The Si 2p peak obtained for as deposited film is at 99.5 eV which corresponds with
Si-Si bonding. After annealing this peak is shifted towards higher binding energies
i.e. to 100.3 eV which may be due to Si-O bonding [16]. The O1s peaks are shifted
from lower binding energies at 531.3 eV towards higher binding energies at 532 eV,
which is a close match to the standard location of oxygen is peak energy within the
Si-O bond [17]. For a closer investigation of the Cu and Cl binding data prior to and
post annealing, the detailed spectra for the Cu(2p) and Cl(2p) peak regions are shown
in Figure 5.3 (a-b), respectively. Four peaks with binding energy at ~934.3 (with a
shoulder at ~936.2), ~943.7, ~953.7 and ~964.6 eV appear in the as-deposited film
(see Figure 5.3 (a)). The features at ~934.3 and ~953.7 eV are due to the excitation
from the Cu(2p3/2) and Cu(2p1/2) orbitals [18]. The additional peaks at ~943.7 and
~964.6 eV are due to a shake-up process (the ejected core electron simultaneously
transfers some of its energy to another electron). The additional shoulder peak at
~936.2 eV and the shake-up peaks are the signature for the presence of bivalent
Cu2+2p3/2 because the shake-up is due to the open 3d9 shell of Cu2+[19]. This Cu2+
species appears in addition to the peaks (shake up peak, ~943.7 and ~964.6 eV) for
species ligated with alcohol groups. This observation is in good agreement with the
XRD results for as-deposited film (see sec. 4.2), which indicated the presence of
some CuO or CuCl2 in the film [20-22]. Figure 5.3 (b) displays only a Cl(2p) broad
peak at ~198.3 eV for the as-deposited film, i.e. the Cl(2p3/2) and Cl(2p1/2) peaks do
not appear separately, which is usually the situation for CuCl.
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Figure 5.3: XPS spectra taken from the Cu 2p and Cl 2p regions of the CuCl HF (a)
ASD film (b) annealed film

On the other hand for the annealed film, two separate peaks were indeed observed at
~932.7 and ~952.8 eV in the Cu(2p) region corresponding to Cu(2p3/2 ) and Cu(2p1/2)
transitions. Based on the previously reported XPS analysis, these peaks can be
ascribed to Cu+ species [18, 19, 23, 24]. No shake-up peak appears in this region,
which is a clear indication for the presence of the CuCl structure. The peaks in the
Cl(2p) XPS spectral region at ≈198.3 and ≈199.7 eV can be assigned to the binding
energies of Cl(2p3/2) and Cl(2p1/2), respectively, and correspond to Cl- [18, 25]. The
binding energy values obtained for Cu(2p) and Cl(2p) of the CuCl hybrid film are
consistent with the data in the literature for CuCl, i.e. after annealing the hybrid film
Cu+ and Cl- form CuCl by ionic bonding [18, 26].

5.4

UV-Vis Absorption

The optical absorption properties of the CuCl hybrid films were studied at room
temperature using the Perkin Elmer Lambda 40 UV-VIS spectrometer in the range
300 to 420 nm with a resolution of 4 nm. Figure 5.4 shows the room temperature
UV-Vis absorption spectra for the ASD and annealed CuCl hybrid films deposited on
glass substrates. In these spectra the as-deposited films showed no significant
absorption peaks; however after annealing all films reveal both high and low energy
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excitonic bands historically related to the presence of the Z1,2 and Z3 free excitons,
respectively. It is well known that the band structure of CuCl is in reverse order to
what is typically observed in semiconductors [27]. The top of the valence band is the
split-off hole (Γ7) band, roughly 60 meV away from the degenerate heavy-hole and
light-hole (Γ8) bands. The Z1,2 and Z3 excitons originate from the coupling of the
lowest conduction-band state Γ6 to both the uppermost valence band holes at Γ8
(Z1,2) and Γ7 (Z3), respectively [28].

Z1,2

HF thickness~300 nm
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Z3

24H heat
18H heat
12H heat
1H heat
ASD

Z1,2 & Z3: free exciton
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Figure 5.4: UV-Vis absorption spectra of CuCl HF grown on glass substrates.
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Figure 5.5: UV-Vis absorption spectra for CuCl HF annealed for 18 hours
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At room temperature all heated films show the free exciton Z1,2 absorption peak at
≈367.8 nm (≈3.371 eV) and the free exciton Z3 peak at ≈377.1 nm (≈3.288 eV),
which is in excellent agreement with the values reported by other authors for vacuum
evaporated and sputtered films [27-30]. The absorption intensity increases and the
peak positions are shifted to higher energies with increased annealing times. This
may be due to increased crystallinity; the density of macroscopic defects such as
hollow core dislocations, inclusions, small-angle boundaries and long-range lattice
warp has been reduced. Figure 5.5 shows the UV-Vis spectra for the 18 hours
annealed CuCl hybrid film deposited on glass and indium tin oxide (ITO) coated
glass substrates. The UV-Vis absorption spectra reveal the Z1,2 and Z3 free excitonic
absorption features, occurring at 3.371 and 3.288 eV, respectively, for both glass and
ITO coated glass substrate films. The CuCl hybrid films deposited on ITO coated
glass substrates display only the CuCl absorption peak in the UV-Vis region, which
confirms that no new intermediate compounds are produced. Therefore, to fabricate
an excitonic based electroluminescent device from CuCl nanocrystals ITO can be
used as a transparent electrode.

5.5

Photoluminescence (PL)

The photoluminescence (PL) properties were studied using temperature dependent
photoluminescence spectroscopy in the range between 15 K to room temperature, by
employing a UV Ar+ Innova laser with a second harmonic generation BBO crystal
producing a 355 nm photo-excitation. As previously outlined The PL spectra were
collected on a Jobin Yvon-Horiba Triax 190 spectrometer with a spectral resolution
of 0.3 nm, coupled with a liquid nitrogen-cooled CCD detector. The samples were
kept under vacuum conditions at all times, to prevent the oxidation of the CuCl
nanocrystal hybrid films. Low temperature (at 15 K) photoluminescence emission
spectra of a selection of CuCl hybrid films are shown in Figure 5.6. All films show
the Z3 free exciton emission peak and the peak intensity increases with the annealing
time. This increase may due to increased crystallinity as describe previously. The Z3
excitons originate from the coupling of the lowest Γ6 conduction-band state to the
uppermost Γ7 valance band holes [31, 32]. The film annealed for 1 hour exhibits only

92

M.M.Alam

Chapter Five

one emission peak at ~383.2 nm (E ≈ 3.235 eV) which is attributed to the Z3 free
exciton peak.

I1

24 H heat
18 H heat
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1 H heat

370

I1: Impurity bound
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M: free biexciton
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~375 nm

~370 nm

PL Intensity (a.u.)

HF thickness~300 nm

N1

380

390

400

410

Wavelength (nm)

Figure 5.6: Low (15 K) temperature PL spectra of CuCl HFs

The film annealed for 12 hours displays three peaks at ~384.8, 388.9 and 394.3 nm
(E ≈ 3.222, 3.188 and 3.144 eV), which are attributed to Z3 free exciton, I1 impurity
bound exciton and N1 biexciton bound to an impurity, respectively. The film
annealed for 18 hours reveals four peaks. The peak centered at ~386 nm (E ≈ 3.213
eV) is the Z3 free exciton peak. On the higher wavelength side of the PL emission,
the peak that occurs at ~388 nm (E ≈ 3.191 eV) is attributed to emission from an
exciton bound to an impurity, which has been called the I1 impurity bound exciton.
This impurity has previously been identified as a neutral acceptor, possibly a Cu
vacancy [33]. The peak at ~391 nm (E ≈ 3.170 eV) is identified as a free biexciton,
M [33]. The low intensity peak at ~394 nm (E ≈ 3.141 eV) conventionally labeled N1
is evident, and likely originates from a biexciton bound to an impurity. Similar to the
I1 bound exciton, the most probable candidate for this impurity is a neutral acceptor
[33]. The film annealed for 24 hours shows three peaks at ~386.2, ~375.3 and 370.1
nm (E ≈ 3.210, 3.304 and 3.350 eV); one of these peaks could be the Z3 free exciton
emission. It is interesting to note that the excitonic peak for the 24-hour annealed
samples appear at approx. 370 and 375 nm this may be due to the formation of new
compounds upon degradation of the sample under heat treatment. However there is
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no XRD data to confirm the formation of new compounds. It is noteworthy that
similar peaks were observed in the Liquid Phase Epitaxy growth of CuCl using a Kbr
flux a similar set of unidentified PL peaks were observed [33A]. The 24 hours
annealed CuCl hybrid film PL emission spectrum is very different to the other
annealed hybrid films.
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Figure 5.7: Room temperature PL spectra of a selection CuCl HFs
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Figure 5.8: Room temperature Z3 free excitonic emission peak position and FWHM
for typical CuCl HFs as a function of annealing time

Figure 5.7 shows the room temperature PL emission spectra centred on the Z3 free
exciton spectral emission region. The Z3 free exciton emission peak position for
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different annealing times are at ~385.3, ~383.2, ~381.8 and ~381.7 nm (E ~3.218,
3.235, 3.246 and 3.248 eV) for the film annealed for 1, 12, 18 and 24 hours,
respectively. The full width at half maximum (FWHM) of the Z3 free exciton peaks
was also estimated for each of the CuCl hybrid films. The FWHM of the Z3 free
exciton emission decreases and the peak position shifts to the higher energies with
increased anneal times which is shown in Figure 5.8. The films which are annealed
for 24 hours could be anomalous, as seen from Figure 5.6, and trends extrapolated
out to this annealing time should be treated with caution. Generally at low
temperature PL measurements of CuCl thin films/single crystals exhibit: the free
exciton (Z3), impurity bound exciton (I1), free biexciton (M) and impurity bound to
biexciton (N1) emission peaks, which normally indicate good quality films. From our
photoluminescence studies it is clear that the film annealed for 18 hours gave the
optimum PL properties (at 15 K and room temperature) for CuCl, which is excellent

PL Intensity (a.u.)

agreement with vacuum deposited and sputtered CuCl thin films [34-36].
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Figure 5.9: Room temperature PL spectra CuCl HFs annealed for 18 hours

The room temperature PL emission spectra for CuCl hybrid films annealed for 18
hours which were deposited on glass, ITO and silicon substrates are shown in Figure
5.9. All samples produced an intense free exciton Z3 peak due to the large excitonic
binding energy of the order 190 meV. The Z3 free exciton emission peak position for
ITO and glass substrate samples are almost same at ~383.1 nm (E ~3.36 eV) with a
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FWHM ~102 meV, whereas the peak position for the hybrid film on the silicon
substrate is at ~381.8 nm (E ~3.247 eV) with a FWHM ~77 meV. The free exciton
energy is higher and FWHM is smaller for silicon substrate perhaps because of
improvements of the crystal quality and quantity (confirmed by XRD and SEM
analysis), lattice mismatch and substrate transparency.

5.6

Temperature Dependent Photoluminescence of CuCl HF

5.6.1 Excitonic Transitions in γ-CuCl Hybrid Film
The photoluminescence spectra for a typical CuCl hybrid film deposited on silicon
and annealed for 18 hours, acquired at different temperatures in the range between 15
and 300 K are shown in Figure 5.10. Figure 5.11 and 5.12 show the contributions
of different recombination centres associated with the emission peaks at 15 K and
300 K, respectively. The CuCl photoluminescence peaks were fitted with Lorentzian
line shapes to ascertain the FWHM. There are four peaks evident in the spectra
measured from 15 to 60 K. At 15 K, the peak centered at 3.213 eV (≈385.9 nm) is
the Z3 free exciton peak (Figure 5.10 and 5.11) whereas the room temperature Z3 free
exciton PL emission is at 3.254 eV (≈381 nm) which is shown in Figure 5.12.
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Figure 5.10: Photoluminescence spectra of typical CuCl hybrid film deposited on
silicon substrate at different temperature
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The exciton emission energy increases from 3.213 eV at 15 K to 3.254 eV at room
temperature. Moving to longer wavelengths of the emission spectra of Figure 5.10
and 5.11, one can observe a peak occurring at 3.191 eV (≈388.6 nm). This peak is
attributed to emission from an exciton bound to an impurity (see sect. 5.4).
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Figure 5.11: Fitted photoluminescence spectra of CuCl HF with fit (solid curve)
based on Lorentzian line shapes at 15 K
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Figure 5.12: Photoluminescence spectra of CuCl HF with fit (solid curve) based on
Lorentzian line shapes at 300 K
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The intensities of the impurity bound exciton (I1) and the impurity bound biexciton
(N1) peaks decrease more rapidly in comparison with the free exciton (Z3) peak as
the temperature increases. In the temperature range from 60 K to room temperature,
the spectra were dominated by the Z3 free exciton peak. The dominance and the
stability of the Z3 exciton peak is due to the large binding energy of the order 190
meV. The bound exciton and biexciton both disappear simultaneously at approx. 100
K.
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Figure 5.13: Excitonic, biexcitonic and bound biexciton emission line intensity vs.
excitation power analysis on double logarithmic scale.

Figure 5.13 shows the variation the of excitonic (Z3) and biexcitonic (M) and bound
biexcitonic (i.e. N1) emission intensities with excitation power analysed on a double
logarithmic scale for the CuCl hybrid film at 15 K. Excitation power dependent PL
measurements can be used to confirm the excitonic or biexcitonic nature of the
emission. For low power excitation conditions, the excitonic and bound biexcitonic
PL emission display a linear dependence on excitation power, whereas free
biexcitonic PL emission typically displays a quadratic dependence on excitation
power [37, 38]. The biexciton emission intensities for the CuCl hybrid film clearly
show a quadratic dependency on excitation power for lower excitation power
densities of <10 kWcm-2. The free exciton and bound biexciton emission line
intensities show a linear dependence on power, similar to results reported by other
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researchers for CuCl nanocrystals embedded in NaCl matrices and InGaAs/GaAs
quantum dash structures [38-40]. For the higher excitation regimes the biexciton
emission intensities appear to have a linear dependence on power. Phillips et al.
suggested that this reversion to linear dependence was due to shorter recombination
times of biexcitons in such direct-band gap materials [41]. The binding energy of the
b
b
b
), the free biexciton ( E XX
) and the bound biexciton ( E bXX
) of the
bound exciton ( E bX

nanocrystalline CuCl hybrid film can be calculated by using the energy calculation
scheme based on equations (5.1-5.3) [42, 43]:
b
E bX
= E X − E bX

(5.1)

b
E XX
= E X − E XX

(5.2)

b
b
E bXX
= 2 E X − E bXX − E bX − E XX

(5.3)

where E X (3.213 eV), E XX (3.170 eV), E bX (3.191 eV) and E bXX (3.141 eV) are the
free exciton, biexciton, bound exciton and bound biexciton energies, respectively,
taken from the PL spectrum at 15 K as shown in Figures 5.10 and 5.11. The
calculated binding energy of the bound exciton is about 22±2 meV and is in excellent
agreement with previously reported values for vacuum deposited CuCl thin film on
silicon substrates [44] and bulk CuCl [45]. The free biexciton binding energy is 43±2
meV, which is approximately 11 meV higher than reported for bulk CuCl and almost
the same as for CuCl quantum dots embedded in NaCl matrices [45]. Although, the
mechanism for the increase in the biexciton binding energy is not entirely clear at
present [46], it is known that the biexciton binding energy significantly increases
with decreasing crystal size as reported by Masumoto et al. [45]. The calculated
bound biexciton binding energy is 51±2 meV; this value is ~7 meV less than for
CuCl films deposited on silicon substrates [44]. This is considerably larger than the
biexciton binding energies of II-VI semiconductors such as ZnSe, CdS, and ZnO
(BM3 and BM7 band) which are approximately 3.5, 6.3 and 15 meV, respectively
[47]. The high quality biexciton (two confined electron–hole pairs) can be used as a
quantum bit pair for quantum processing, as was shown conceptually in Edamatsu et
al. [48].
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5.6.2 Thermal Quenching of PL Intensity
An Arrhenius plot of the natural logarithm of the integrated Z3 excitonic PL intensity
as a function of inverse temperature is shown in Figure 5.14.

Figure 5.14: Arrhenius plot of the integrated Z3 excitonic PL intensity vs. inverse
temperature. Fitting with a two-step thermal quenching process is shown with a solid
line for CuCl HF

One can observe clearly that the PL emission intensity is almost independent of
temperature below 80 K, and above 100 K the PL emission intensity decreases
rapidly. Therefore, the thermal quenching of the Z3 PL emission can be described by
means of a two-step process, and the experimental data are fitted by equation (5.4)
below [49, 50]:


 − E2
 − E1 
I = I 0 1 + A exp
 + B exp
 kT
 kT 



 


−1

(5.4)

where E1 and E2 are the thermal activation energies and A, B are constants related to
the lifetime of the excited state and the effective scattering time from the excited
state to the non-radiative centre. These thermal activation energies were calculated to
be E1 ≈ 23 meV and E2 ≈ 140 meV, respectively. The higher thermal activation
energy (≈140 meV) connected with the thermal dissociation of the free excitons
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should be same as the binding energy of the excitons. This calculated value is lower
than the exciton binding energy of 190 meV [34]; but it is in agreement with the
reported thermal activation energy for CuCl films on silicon substrates [43], higher
than for sputtered CuCl films [32] and lower than the value (150 meV) reported for
single crystal CuCl [6, 51]. This value indicates that the hybrid films’ excitonic
properties lie between those of the sputtered and single crystal CuCl films. Since the
other activation energy E1 ≈ 23 meV lies close to the biexciton binding energy values
it is reasonable to associate this thermal activation energy with the biexciton bound
impurity [52].

Figure 5.15: Temperature dependence of full width at half maximum (FWHM) of
the CuCl hybrid film Z3 free exciton peak; the solid line is the theoretical fit.

5.6.3 Exciton Line Broadening
The full width at half maximum (FWHM) of the Z3 free exciton PL emission peak
increases with temperature due to increased exciton-phonon interactions [7]. The PL
emission peak was fitted to a Lorentzian distribution to estimate the full width at half
maximum. Figure 5.15 shows the variation of the FWHM of the Z3 free exciton
emission peak for a typical CuCl hybrid film. The FWHM experimental data are
fitted with the following expression [44]:

101

M.M.Alam

Γ = Γ0 + γ

Chapter Five

LA

T +

γ

(5.5)

LO



 nh ν LO 
 exp 
 − 1 
 kT 



where Γ is the line-width broadening of the free exciton line, n is the number of
phonons involved, Γ0 is the FWHM of the Z3 free exciton emission peak at 0 K, γLA
and γLO describe the interaction of excitons with longitudinal acoustic and optical
phonons of the lattice, respectively. hνLO (26 meV) is the energy of the LO phonon of
CuCl [53] and T is the temperature. By fitting the experimental data with equation
(5.5) the following parameters were extracted: Γ0 = 7.25±0.025 meV, γLA≈ 30±0.2
µeVK-1, γLO ≈ 945±2 meVK-1 and nhνLO= 70.15±3.5 meV. The value of nhνLO is ~70
meV, which suggests that 3 phonons are involved in the exciton-phonon interaction
(i.e. 3 x hνLO ≈ 78 meV) [54]. The values of γLA and γLO are larger than the values
reported for ZnO [55] and GaN [56], and, interestingly, are also higher than for
sputtered CuCl films [32]. This suggests that the CuCl hybrid film appears to have a
stronger exciton-phonon interaction than these other semiconductors, which is most
likely due to the polar nature of CuCl bonding [57] From figure 5.15 it clear that the
increase of the FWHM at temperatures below 120 K is quite linear and very small,
while above 120 K to room temperature the FWHM increases exponentially. This
indicates that up to 120 K acoustic phonons contribute and above 120 K the LO
optical phonons are mostly responsible for the increase of the FWHM [56]. The
FWHM of the room temperature Z3 PL emission peak is ~76 meV for the CuCl
nanocrystalline hybrid films and is in excellent agreement with earlier reports for
sputtered CuCl film (74 meV) [32], and comparatively better than GaN (100 meV)
[58] and ZnO (106 meV) [59] nanostructures for UV light emitting materials.

5.6.4 Exciton Energy Shifting
The Z3 transition occurs at an energy of 3.213 eV (≈385.9 nm) at 15 K. This
represents a blue shift of approximately 3 meV compared to the Z3 transition energy
in bulk CuCl of 3.210 eV (≈386.3 nm) [60]. In CuCl nanocrystals, the size dependent
blue-shift of the exciton energy can be expressed by an exciton quantum confinement
model described by the following expression [61]:
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(5.6)

( )

2M a *

2

where ∆E is the blue shift of the exciton energy, M is the Z3 excitation translation
mass (M = 2.3m0, where m0 is the electron rest mass) and a*= a-0.5aB, where a is the
radius of the CuCl nanocrystals and aB is the Bohr radius of the exciton (0.7 nm for
CuCl) [5]. Using the measured blue shift of ∆E ≈ 3 meV, an average CuCl
nanocrystal radius of approx. 7.73 nm is obtained. To observe the strong or weak
quantum confinement effect the radius of the particle should be close to the Bohr
radius (R/aB <1 for strong and R/aB >1 for weak confinement). However in our
measurements the nominal radial dimension of the CuCl nanocrystals is more than
11 times greater than the CuCl Bohr radius. Thus it is unlikely that the blue shift is
due to the phenomenon of exciton quantum confinement.
Another cause could be pressure and polarization effects induced by the PSSQ
matrix. Hydrostatic pressure induced exciton energy shifts in bulk CuCl (7.65
meV/GPa) [62], for CuCl microcrystals embedded in alkali-chloride matrices (8.22
meV/GPa) [63] and for nanocrystals in a LiCl matrix (4.1 meV/GPa) [64] were
reported previously. The hydrostatic pressure in nanocrystalline CuCl hybrid films is,
however, very small, so the energy shift associated with this effect is not
considerable. Brus reported that there is a polarization effect on the exciton energy
for microcrystals surrounded by a dielectric matrix. The change of exciton energy ∆E
is assumed to be mainly associated with the exciton internal motion and is expressed
by [65]:

6 (ε 2 − ε 1 )  a B 
∆E =
 Ryd

ε 2 + 2ε 1  R 
3

*

(5.7)

where ε1 and ε2 are the dielectric constants of the PSSQ matrix and CuCl,
respectively, Ryd*=213 meV for CuCl [66], and R is calculated to be about ~3.39
nm, which is smaller than the nanocrystal radii obtained via XRD analysis, but is at
least of the same order.
Another cause of this blue shift may be the presence of micro-strain in the CuCl
nanocrystals embedded in the PSSQ matrices. Generally, the crystal symmetry can
be altered by strain in the film. A variation in the crystal symmetry is reflected in the
electronic band structure and shifts the energy levels. Uniaxial stress on
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semiconductors produces a change in the lattice constant and symmetry of the
crystal, and as a consequence, these cause important changes in the electronic
properties. A Z3 free exciton energy increase due to the uniaxial stress was reported
by Koda et al. [67]. The film strain along the lattice constant axis, a, can be measured
using the following expression [68]:

 as − ao
ao


ε = 


 × 100 %


(5.8)

where ao = 5.4160 Å is the lattice constant of unstrained CuCl [69] and as = 5.4337 Å
is the lattice parameter of the CuCl hybrid films calculated from the XRD data.
Computing the strain using the above relationship we found that the hybrid films are
under tensile strain of approx. + 0.32%. According to the work of Kim et al. [70] and
Blacha el al. [71] the tensile strain induced shift in the observed exciton energy
should be ≈ -1.31 meV, i.e. a red shift when in fact the observed exciton energy
reported herein is blue shifted. Thus it is unlikely that strain is the major source of
the observed blue shift of 3 meV. For nanocrystals with R>aB, the electron and hole
motion around their centre of mass prevents the centre of mass from reaching the
nanocrystal surface, thus forming a layer which is called a “dead layer” near the
nanocrystal surface. In other words the near surface regions cannot be reached by the
centre of mass of the exciton due to the finite size of the quasiparticle. Taking the
exciton dead layer into account, the exciton energy shift can be expressed as [72]:

∆E =

h 2π 2
2
2 M (R − η a B )

(5.9)

where η is a constant whose numerical value is a function of m h* / m e* ; for mh=4.2m0,
me=0.43m0 [73] then η=9.77 and M is the Z3 excitation translation mass (M = 2.3m0,
where m0 is the electron rest mass). The nanocrystal radius was calculated using the
above values and was found to ~14.23 nm, whose value is close to the value of the
average nanocrystal radius (~17.5 nm) obtained from XRD analysis. From the above
investigation, the average radius of the CuCl nanocrystals is much larger than its
Bohr radius for the quantum confinement effect to play a major role; the hydrostatic
pressure is also too small to account for the exciton energy shifts. The CuCl crystal
radius obtained by considering the polarization effect on the exciton energy is also
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~5 times smaller than the value obtained by XRD analysis and thus this effect does
not contribute significantly. Strain effects are also not considered likely. The radius
of the CuCl crystals calculated by considering the operation of a dead layer effect
(~14.23 nm) is very close to the value obtained by XRD analysis (~17.5 nm) and
therefore it is likely that the observed blue shift in the nanocrystalline CuCl hybrid
films can be attributed to a dead layer effect near the CuCl nanocrystal surface.

5.6.5 Exciton Line Shift with Temperature
The variation of the CuCl hybrid film Z3 free exciton emission peak position as a
function of temperature is shown in Figure 5.16. This reveals that the effective
exciton energy increases from 3.213 eV at 15 K to 3.254 eV at room temperature.
This blue shift as a function of temperature is in contrast to other semiconductors, i.e.
the variation of the band gap energy of CuCl in hybrid films does not follow the
Varshni or Einstein models [44, 74, 75]. The Z3 exciton energy shift as a function of
temperature for the CuCl hybrid film is similar to those previously reported for
vacuum evaporated and sputtered CuCl thin film [32, 44]. The exciton energy
increase with increasing temperature can be explained on the basis of the model of
Garro et al. who postulated that the Cu ions, vibrating principally at low frequencies
lead to an increase in the exciton energy, whereas the Cl ions, vibrating at high
frequencies, lead to a reduced exciton energy [76]. When these two competing
processes are taken together, the exciton energy tends to increase at low temperature
(<70 K) and will continue to increase, but above 70 K the exciton energy gap
increase rate is significantly reduced. To explain the energy shift as a function of
temperature the experimental data was fitted by using the two oscillator model
proposed by Göbel et al. [77]. They describe the mass (Cu and Cl) and temperature
dependence of the exciton energy in the following expression [77]:

E(T, M ) = E0 +

ACu 
A
1
1

+  + Cl
ν Cu M Cu  exp(hν Cu / k BT ) −1 2  ν Cl M Cl


1
1

+  (5.10)
 exp(hν Cl / k BT ) −1 2 

where ν Cl and ν Cu are the phonon frequencies of Cl and Cu (6 THz and 1 THz,
respectively), E0 is the unrenormalized exciton energy, and ACu and ACl are the
electron-phonon interaction parameters for copper and chlorine, respectively, which
can be determined from the fitting of the experimentally determined temperature

105

M.M.Alam

Chapter Five

dependence of the exciton energy gap. By fitting the equation to the experimental
data we obtain the unrenormalized exciton energy E0 = 3.214 eV and this result is in
excellent agreement with the work of Göbel et al. (E0 = 3.221 eV) [77].
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Figure 5.16: Z3 free exciton emission peak position shift as a function of
temperature; the solid line is the theoretical fit.
Further to this we obtain the value of ACu ≈ 0.00301 eV2 amu and ACl ≈ -0.04917 eV2
amu. These are also very close to the values previously reported for sputtered [32]
and evaporated CuCl films [44]. In addition the Z3 exciton energy blue shift for the
CuCl nanocrystalline hybrid films of about 41 meV for a temperature increase from
15 K to room temperature is also in good agreement with [77]. This blue shift for the
CuCl nanocrystalline hybrid films can be understood in terms of a local empirical
pseudo-potential approach for the copper ion vibrations [76], which includes a
shifting of remote d-like (copper) plane waves to a lower energy, so that they are
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close to the chlorine atomic p levels, and allows for p-d mixing. According to [77],
the resulting level splitting in the valence band is to a large extent determined by a
Cu atomic pseudopotential. The introduction of a Debye-Waller factor to ‘‘weaken’’
this pseudopotential with increasing temperature results in a decreasing hybridization
energy. This lowers the top of the valence band and therefore the band gap increases
with increasing temperature.

5.7

Cathodoluminescence (CL)

The cathodoluminescence scan for a typical CuCl thickness ≈500 nm hybrid film
deposited on a silicon substrate and annealed at 120o C for 18 hours, was performed
at room temperature using the Carl Zeiss EVO 50 Series SEM with an attached CL
mirror and micrometer for different electron beam energy and probe current. Spectra
were captured using a Gatan MonoCL monochromator with a 1200 lines/mm grating
and various accelerating voltage and probe current. Figure 5.17 shows the room
temperature CL spectrum for this typical CuCl hybrid film deposited on silicon
excited with an electron beam of 8 keV and probe current of 14 nA.
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Figure 5.17: Room temperature CL spectrum of a typical CuCl HF annealed for 18
hours on a silicon substrate

A strong UV emission appears at λ≈381 nm (~3.254 eV), which is due to the
recombination governed by the Z3 free exciton and a relatively low intensity broad
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green emission centered at λ≈545 nm (~2.275 eV) is also observed. Sub-band gap
emission such as this is generally considered to originate from impurities, defects,
and nonstoichiometry. Similar deep level emission is reported by several authors [6,
29, 53, 78].
During the CL measurements it is possible to vary both the accelerating voltage and
the probe current of the beam. Both parameters were investigated to find the
optimum values for investigating the CL properties of the CuCl hybrid films. The
interaction between keV electrons and a semiconductor has been extensively
investigated past few decades [79-81]. The incident electron undergoes a successive
series of elastic and inelastic scattering events in the semiconductor. As the result of
these scattering events within the material, the original trajectories of the electrons
are randomized, with the range of the electron penetration being a function of the
electron-beam energy Eb [79, 82]:
 α
R e =  k
ρ  E b


(5.11)

where ρ is the density of the material, k depends on the atomic number of the
material and is also a function of energy, α depends on the atomic number and the
electron-beam energy Eb. A more general expression derived by Kanaya and
Okayama was found to agree well with experimental results in a wider range of
atomic numbers [83]. The range according to Kanaya and Okayama is given by [79,
83, 84]:

R e =  0 . 0276 A
ρZ


0 . 889

 1 . 67
Eb µm


(5.12)

where Eb is in keV, A is the atomic weight in g/mol, ρ is in g/cm3 and Z is the atomic
number. The excitation electrons, volume in the sample can be controlled by
changing the energy of the electron beam and the consequent depth profiling of the
sample may allow one to investigate changes in the optical quality of the sample as a
function of distance from surface to the substrate. According to equation 5.12 for a
500 nm thick CuCl hybrid film the most intense CL emission should be obtained for
the electron beam energy of ~8 keV. A selection of accelerating voltages has been
plotted in Figure 5.18. The CL emission peak intensity for CuCl hybrid film
increases with increase accelerating voltage up to 8 keV, then the peak intensity
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decreases. The electron beam energy at 8 keV excites the CuCl hybrid film through
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Figure 5.18: CL spectra of a typical CuCl hybrid film for different accelerating
voltages, inset CL peak intensity as a function of accelerating voltage

Further increasing the accelerating voltage resulted in a decrease in the CL emission
peak intensity, most likely because an increasing fraction of the electrons were
penetrating into the silicon substrate.
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Figure 5.19: CL spectra of a typical CuCl hybrid film for different probe currents,
inset CL peak intensity as a function of probe current
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Figure 5.19 shows the CL spectra of thickness ≈500 nm CuCl hybrid film for
different probe currents (2-17 nA). The figure exhibits that as the probe current is
increased the CL emission peak intensity also increases for both the Z3 free exciton
emission and the broad band emission up to 14 nA. The relationship between the
probe current (range from 2 to 14 nA) and CL emission peak intensity for Z3 free
exciton is approximately linear. For further increases of probe current the CL UV
emission peak intensity rapidly decreases and the green emission almost disappears,
which may be due to the high probe current induced surface charging damage the
CuCl hybrid film.
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Summary
The optical properties have been investigated for nanocrystalline CuCl hybrid films
deposited on several substrates including silicon, glass and ITO coated glass, by the
spin coating method and annealed at 120o C for durations between 1 and 24 hours in
vacuo. FTIR absorption peak intensities decreased as the annealing time duration
increased. XPS analysis reveals that after 18 hours annealing Cu+ and Cl- formed
CuCl by ionic bonding. Room temperature UV-Vis measurements showed that the
as-deposited film has no absorption but the absorption intensity increases with
annealing duration up to 18 hours then slightly decreases. The photoluminescence
studies revealed that the film annealed for 18 hours gave the optimum PL properties
for CuCl, including low temperature PL confirmation of the presence of free excitons
(Z3), impurity bound excitons (I1), free biexcitons (M) and impurity bound biexciton
(N1) emission peaks. The power dependent PL measurement confirmed the existence
of both free biexciton (M) and bound biexciton (N1) emission. At low temperatures
we confirm that acoustic phonons are responsible for PL linewidth broadening and
above 120 K the LO optical phonons are responsible the Z3 excitonic FWHM
broadening. The Z3 exciton energy gap exhibits a blue shift of 3 meV at 15 K, which
is most likely due to a dead layer effect near the CuCl nanocrystal surface. By
increasing the temperature from 15 K to room temperature, the phonon induced
interactions with exciton transitions have the following effects on the material
properties: (a) PL intensity decrease (b) disappearance of transitions related to the
impurity bound, free biexciton and impurity bound biexciton states due to the low
binding energy of the impurity bound excitons (c) PL emission line broadening due
to an increase of the exciton-phonon interaction and (d) a blue shift of the energy gap
due to the interaction of lattice vibrations with excitons. Room temperature CL
measurements exhibit strong emission in the UV region. The optical properties of the
nanocrystalline γ-CuCl hybrid films are comparable with vacuum deposited and
sputtered CuCl films.
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It is important to know the conductivity and conduction mechanisms of CuCl hybrid
films to help improve the fabrication of efficient electroluminescent devices and this
knowledge will help inform their optimisation in future. Field dependent charge
carrier transport mechanisms and electroluminescence for the Au/CuCl hybrid
film/ITO structure are reported in detail in this chapter.

6.1

Introduction

Polymer and polymer-nanocomposite based electronics devices provide a number of
alternative approaches, including the use for adaptive circuits or neural networkbased processor architectures. It is possible to achieve the desired conductivity
mechanism by changing the combination of organic/polymer compound such as
poly(acetylene) and poly(thiophenes), which show some potential for fabrication of
low molecular weight organic and polymer-based optoelectronic, electronic and
photonic devices, such as light emitting diodes (LEDs), photodiodes, solar cells, gas
sensors, field effect transistors [1-3]. Some of the extraordinary advantages of
polymer based devices have recently attracted much research in this field. These
include: (a) low materials and production cost (b) easy and cost effective
manufacture of large area devices such as LEDs or photovoltaic cells as well as
development of nanoscale size for the device structural elements without significant
difficulties and (c) by changing the composition and hence properties of the
organic/polymer materials, it is possible to build completely new material
morphologies and device geometries. For most of the polymer-hybrid based devices,
stability is higher than that of the fully organic-based devices and this is particularly
true for hybrids composed of inorganic nanoparticles in non-conductive polymer
matrix [1]. This is because the polymer matrix prevents, to some extent,
interdiffusion of the inorganic substituents. It is possible to obtain p-n nanojunctions
in organic-inorganic hybrid materials, whereas, to date, this is impossible in
polymer-polymer systems. In addition, it is possible to obtain new effective bandgap
materials, or to fabricate a single crystal that works as a non-scattering media of
light, simply by changing particle size and reducing the particle size to less than half
of the visible light wavelength. The interface area between the nanoparticles and the
polymer matrix is extremely high in polymer-hybrids, and this interface determines
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many of its properties [1]. Most polymers are insulators (σ <10-8 Scm-1) and the
current conduction mechanisms through the insulating polymer can be distinctly
diﬀerent from those in doped semiconductors or metals [4]. When electrically
conducting particles are randomly distributed within an insulating matrix such as
polymer matrix composites, the composite is non-conducting, until the volume
fraction of the conducting phase reaches the so-called percolation threshold, at which
point the conductivity of the composite becomes antistatic or in the lowsemiconductive range [5-8]. At certain threshold values of conductive particle
concentration the conductivity of the composite changes abruptly; the absolute value
of this change can reach 107-108 Ohm-cm, which makes this effect similar to the
metal-insulator transition in doped compensated semiconductors. Most amorphous
insulators at imposed electric ﬁelds in excess of 104 Vcm-1 show a range of nonlinear
current-voltage dependencies, which can be interpreted based on certain conduction
mechanisms such as Fowler-Nordheim (FN) tunnelling, Poole-Frenkel (PF)
emission, as well as direct tunnelling transport, Schottky emission and ohmic
behaviour [9].

Gold
CuCl HF
ITO
Glass substrate

Figure 6.1: Au/CuCl hybrid film/ITO diode structure

γ-CuCl is a mixed ionic-electronic I-VII compound semiconductor material with ptype conductivity [10, 11]. The CuCl nanocrystals were synthesized by as previously
described

a

complexation–reduction–precipitation

mechanism

reaction

of

CuCl2.2H2O, alpha D-glucose and de-ionized (DI) water with a PSSQ solution as the
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host matrix material. In order to investigate the electrical properties of organicinorganic CuCl hybrid film, organic-inorganic γ-CuCl nanocrystalline hybrid films
with typical layer thicknesses of ~200 nm were deposited on indium tin oxide (ITO)
coated glass substrates by the spin coating method. The films were subsequently
heated at 120oC for durations of 18 hours in vacuo.
A gold contact top electrode was deposited using an Edwards Auto 306A vacuum
deposition system at a base pressure of ~1x10-6 mbar. The standard geometry of the
Au/CuCl hybrid film/ITO diode is the sandwich structure, as shown in Figure 6.1
with a contact area of ~7.85x10-7 m2. A Keithley SCS 4200 system with a built-in
voltage source was used to measure the current-voltage characteristic of the Au/CuCl
hybrid film/ITO structure. Field dependent electrical studies were carried out at room
temperature in the range 2.5×105 to 3.5×106 Vm-1. The voltage across the sample was
increased in steps of 0.05 V with a 5 second hold on time on each increment. The
automated current-voltage measurements were performed using LabVIEW®
software interfaced with the Keithley electrometer system.

6.2

Conductivity measurement

Gold and ITO are used as positive and negative electrodes, respectively, for the
electrical measurement of the CuCl hybrid films. A typical room temperature
current–voltage (I–V) characteristic for the Au/CuCl hybrid film/ITO structure is
shown in Figure 6.2. The I-V characteristic confirms that the current increases
exponentially in both forward and reverse bias conditions, i.e. the curve exhibited
non-ohmic behaviour. It is well known that CuCl is a mixed ionic–electronic
semiconductor with p-type conductivity [12, 13]. According to the work of Wagner

et. al. [13] the exponential current–voltage relation for p-type mixed conduction
material can be expressed by the following relationship (for ionic current suppressed
by the blocking electrode gold):

 σ + ART
ln I = ln
 dF

  VF

 + 
− 1

  RT

(6.1)

where V is the applied voltage, I is the current, A is the cross-sectional area, d is the
film thickness, F is the Faraday constant, R is the gas constant (J Kmol−1), T is the
absolute temperature in Kelvin, and σ+ is hole conductivity.
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Figure 6.2: A typical current-voltage plot of organic-inorganic CuCl hybrid film
The hole conductivity was calculated for the hybrid film to be ~5.54×10-9 Scm−1.
Naturally, given the presence of the PSSQ matrix the conductivity obtained for the
CuCl hybrid film is much smaller than for previously reported CuCl thin films [14].
The CuCl hybrid films used in this study typically comprise of a combination of 83%
organic PSSQ and 17% inorganic CuCl by total volume. This ratio was deduced by
analyzing the scanning electron microscopy data. The conductivity for the CuCl
hybrid film can be approximated by equation (6.2) and (6.3) which originally derived
by Maxwell, and Bruggeman, respectively [15-17]:

σ HF
=1+
σO
 σ I − σ HF

 σI −σO

 σ −σO
3  I
 σ I + 2σ O
 σ O
 
  σ HF






 f


(6.2)

1/3

=1− f

where σHF is the hole conductivity of the hybrid films,

(6.3)

σI≈ 2.3×10-7 Scm-1[14] and

σO ≈ 1.1×10-9 Scm-1 [18] are the hole conductivity of the vacuum evaporated CuCl
thin film and spin coated PSSQ, respectively and f is the volume fraction of CuCl.
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The hole conductivity of CuCl hybrid film obtained using equation (6.2) and (6.3) to
be ≈ 1.52×10-9 and 1.75×10-9 Scm-1, respectively.

6.3

Arrhenius Plot

The dependence of conductivity with temperature for the CuCl hybrid films was
investigated in the temperature range 80 to 350 K. The temperature dependent
conductivity in Arrhenius plot format, for a typical CuCl hybrid film is shown in

Figure 6.3. From this figure it is clear that the conductance of the CuCl hybrid films
increases with temperature and it should be mentioned that contact resistance could
be assumed to be negligible owing to the high resistivity of the materials under
consideration.

-16

Ea~0.158 eV

ln(1/R)

-18

-20

Ea~0.026 eV

-22
4

6

8

10

12

-1
1000/T (K )

Figure 6.3: Arrhenius plot for conductance of a typical CuCl hybrid film

The activation energy has been measured from the Arrhenius plot using the equation
[19]:

σ = σ o exp(−Ea / kT )

(6.4)

where Ea is the activation energy and σo is often regarded as a temperature
independent constant. In fact, two activation energies are observed and the activation
energy measured from the Arrhenius plot in the 80 to 200 K range and the 225 to
350 K range have been found to be 0.026 eV and 0.158 eV, respectively. The
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activation energy in the low temperature region is less than the energy in the high
temperature region, which is most likely due to a shift from one conduction
mechanism to another upon heating. In the lower temperature region the activation
energy is smaller, presumably because a small thermal energy is quite sufficient for
the activation of charge carriers to take part in the conduction process. In other words
the vacancies/defects weakly attached in the lattice can easily migrate. In the high
temperature regime the electrical conductivity is mainly determined by the intrinsic
defects and is often called intrinsic conduction. The high values of activation energy
obtained for this region may be attributed to the fact that the energy needed to form
defects is much larger than the energy required for carrier drift. Thus the intrinsic
defects caused by the thermal variations determine the electrical conductance of the
samples only at these elevated temperatures [20, 21].

6.4

Charge transport mechanism through the organic-inorganic
CuCl hybrid film

For the hybrid film structure gold and indium tin oxide (ITO) are used as positive
and negative electrodes, respectively. The work function difference of these two
electrodes is ~0.4 eV [22, 23] and hence one would expect differences to be observed
in the current values for opposite directions of the same applied voltage.
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Figure 6.4: The semi-logarithmic current-voltage characteristics of the Au/CuCl
hybrid film/ITO Schottky diode.
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However, the observed differences are quite small as shown in the room temperature
semi-logarithmic current-voltage (I-V) characteristics of Figure 6.4. The current
increases exponentially for both forward and reverse biasing conditions, i.e. both bias
directions exhibited diode-like behaviour. The electrical properties and electronic
parameters of the Au/CuCl hybrid film/ITO structure have been investigated for
forward bias current-voltage characteristics. Figure 6.5 shows the room temperature
current-voltage plot of organic-inorganic CuCl hybrid films of thickness ~200 nm on
a double logarithmic scale. The applied electric field was varied from 2.5×105 to
3.5×106 Vm-1.
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Figure 6.5: I-V characteristics of the Au/CuCl hybrid film/ITO diode on double
logarithmic scale. The inset shows the plot for the Au/PSSQ/ITO structure for
comparison.

In Figure 6.5 two regions may be distinguished: labeled as AB and BC. For each of
these regions the current-voltage characteristic can be approximated using the
following relation:

I = c ×V m

(6.5)

where I is the current, V is the voltage, c and m are constants. The values of m for
regions AB and BC were found to be 1.10 and 2.73, respectively. The conduction of
the hybrid film in the lower field region is found to be ohmic while in the higher field
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region it is found to be non-ohmic. Note that the charge transport mechanism in the
PSSQ film without embedded CuCl nanoparticles is found to be space charge limited
(see inset of Figure 6.5). By changing the composition ratio of PSSQ and CuCl
solution, the structural and electrical properties are also changed. The hybrid film
conductivity decreases with an increase in the ratio of the PSSQ solution. For an
electroluminescent device, the film conductivity should be high. Thus, one should
endeavour to keep the PSSQ solution fraction as small as possible. But for low
amounts of PSSQ solution the hybrid films develop pin holes, which cause the
fabricated devices to short circuit. Several composition ratios were tested and we
finally obtained an optimum ratio of 2:1 wt. % for the CuCl:PSSQ solution. For the
composition ratio of 1:1, the current conduction mechanism goes to space charge
limited conduction (SCLC).

In order to define the conduction mechanism at high fields, the current-voltage
dependence was analyzed for different transport mechanisms including space charge
limited conduction (SCLC), Fowler-Nordheim (FN) tunnelling, Pool-Frenkel (bulk
limited) conduction and Schottky (electrode limited) conduction. For the space
charge limited current conduction mechanism the slope of the log (I) vs. log (V) plot
should yield a value of ~2 [24]. This is clearly not observed for the CuCl hybrid film
and so the SCLC conduction mechanism can be omitted. The current density for the
Fowler-Nordheim tunnelling mechanism is given by [25]:

 − 8π
m
q3
E 2 exp 
J = *
 3E
m 8π h φ B


 2m *
 2
 h





1/ 2

φ B3 / 2 
q 


(6.6)

where J is the current density, E is the electric field, m is the electron rest mass, m* is
the effective electron mass, q is the electronic charge, h is Planck’s constant and φB
is the barrier height. Theoretically, a plot of ln (J/E2) vs. 1/E, the so called FN plot,
should yield a straight line. But the FN plot for the organic-inorganic CuCl hybrid
film does not generate such a straight line as can be seen in Figure 6.6. Hence the
Fowler-Nordheim tunnelling mechanism can also be ruled out. The possibility of a
Pool-Frenkel (PF) or Schottky emission (SE) conduction mechanism is now
examined. The Pool-Frenkel conduction mechanism is associated with a bulk effect,
where the charge carriers come from the bulk of the insulator.
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Figure 6.6: Fowler-Nordheim plot of CuCl hybrid film.

For Schottky emission the conduction mechanism is an electrode effect in which the
charge carriers are supplied from the metal electrode. Generally, the SE conduction
mechanism is an electrode-limited conductivity that depends strongly on the barrier
between the metal and insulator and has the tendency to occur for insulators with
fewer defects. For high electric field regimes, the coulombic potential barrier is
lower for the Pool-Frenkel conduction mechanism. This implies that the bulk
semiconductor supplies the charge carriers. The current-voltage relation for the PF
conduction mechanism can be expressed as [26]:

J PF


 qV
q 
φ t − 
= BV exp  −
 kT 
 πε 0 ε r d







1/ 2



 

(6.7)

and the electron injection from the metal electrode into the semiconductor for the SE
conduction mechanism can be expressed as [26]:

J SE



q 
qV
φ B − 
= A T exp  −
 kT 
 4 πε 0 ε r d


*

2





1/ 2



 

(6.8)

where B is a constant and φt is the energy depth of a trap potential well, A* is the
*
Richardson constant given by A = 120 ×

m
A.cm − 2 .K − 2 and m = 0.43 me for the
me
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CuCl [27], φB is the barrier height of the Au electrode-hybrid film interface and the
interface between the CuCl nanocrystal and the PSSQ taken as a hybrid film, ε0 is the
permittivity of free space, q is the electron charge, k is Boltzmann’s constant, and T
is the absolute temperature. εr and d are the dielectric constant and thickness of the
CuCl hybrid film, respectively.
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Figure 6.7: Voltage dependence of current plot of log (I/V1/2) vs. V1/2

To explore further the nature of the conduction mechanism for the hybrid films the
experimental data was plotted according to log (I/V1/2) vs. V1/2 as shown in Figure

6.7. This gives a straight line plot. These line slopes (β) for PF and SE conduction
can be expressed by Eqs. (6.9) and (6.10), respectively [28]:





β PF

q
=
kT

 q

 πε 0ε r d

β SE

q
=
kT


q

 4πε 0 ε r d

1/ 2

(6.9)





1/ 2

(6.10)

The slope of the CuCl hybrid film experimental plot for log (I/V1/2) vs. V1/2 was
found to be ~1.47. Using the aforementioned equations 6.9 and 6.10 the dielectric
constant of the CuCl hybrid film was calculated for both PF and SE conduction
mechanisms. The calculated values for the dielectric constant based on PF and SE
conduction were found to be εPF ~20.57 and εSE ~5.14, respectively. The refractive
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index of the CuCl hybrid film was directly measured using ellipsometry. The
dielectric constant of the CuCl hybrid films deposited on silicon substrates was also
deduced from the refractive index value (εr=n2), where n is the refractive index. This
was found to be εmeasured ~5.92. The CuCl hybrid films used in this study typically
comprise of a combination of 83% organic PSSQ and 17% inorganic CuCl by total
volume. This fraction of organic PSSQ and inorganic CuCl was deduced by
analyzing the scanning electron microscopy data. For illustration and comparison
with the obtained experimental dielectric constant value, we refer to the well-known
Maxwell-Garnett approximation [29-31]:


3 f CuCl β
ε HF = ε 1  1 +
1 − f CuCl β






(6.11)

and the Bruggeman self-consistent effective medium approximation [29, 30, 32]:

(1 −

f CuCl β

)

ε 1 − ε HF
ε − ε HF
+ f CuCl β 2
= 0
ε 2 + 2 ε HF
ε 1 + 2 ε HF

(6.12)

where εHF is the dielectric constant of the hybrid films, ε1 and ε2 are the dielectric
constants of the CuCl and PSSQ, respectively. The dielectric constant of bulk CuCl
was previously reported to be in the range of 7.4 to 10 [33-35], while the dielectric
constant of PSSQ is reported to be in the range of 1.9 to 6.9 [35, 36]. The dielectric
constant of hybrid film estimated using equations (6.11) and (6.12) is found to be in
the range 2.42 to 6.91 and 2.46 to 6.30, respectively. The dielectric constant
experimental value of the hybrid film obtained by equation (6.10) is clearly well
within these ranges. A comparison of dielectric constant values of the directly
measured and calculated values for ε indicates that the organic-inorganic CuCl
hybrid film agrees well with the Schottky emission type conduction mechanism. The
conduction mechanisms for ITO/hybrid film contacts were also investigated and we
find a Schottky emission type mechanism with a different barrier height of
0.75±0.05 eV.
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Evaluation of electronic parameters for the Au/hybrid
film/ITO structure

From the above investigation it is clear that the organic-inorganic CuCl hybrid film
charge transport mechanism is predominantly a Schottky emission type conduction
mechanism with the formation of an emission barrier layer between the CuCl hybrid
film and the gold electrode. To evaluate the barrier height of the Au/CuCl hybrid
film/ITO structure the current-voltage experimental data was fitted by equation
(6.13), and the comparison between experiment and theory is shown in Figure 6.8.
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Figure 6.8: The plot of the Au/CuCl hybrid film/ITO structure forward bias current
vs. applied voltage; the solid line is the theoretical fit.

Based on the fit of equation (6.13) and this experimental data the value of the barrier
height was found to be 0.84±0.02 eV. In addition the full current-voltage
characteristic of the structure can be analyzed by the diode equation [37]:

 qV
I = I S exp
 nkT

 qV

 1 − exp −
 kT






(6.13)

where V is the applied voltage, n is the ideality factor and IS is the saturation current,
which is given by [38]:

 qφ 
I S = AA*T 2 exp − B 
 kT 

(6.14)
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where A is the contact area and A* is the Richardson constant. The saturation current
is obtained from the extrapolated linear intercept with the ln (I) axis at V=0. The plot
of ln (I) as function of applied voltage (V) for the Au/CuCl hybrid film/ITO structure
is shown in Figure 6.9.

-19

ln(I)

-20

-21

-22

-23
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Voltage (V)

Figure 6.9: The plot of ln (I) vs. V for the Au/CuCl hybrid film/ITO structure

The barrier height of the Au/CuCl hybrid film/ITO structure was calculated using the

IS value and was found to be 0.86 eV. This value is very close to the previously
calculated value of 0.84±0.02 eV.
The ideality factor of the diode structure was calculated using the following equation
[39]:

n=

q dV
kT d (ln I )

(6.16)

The value of the n was found to be 1.12. The deviation from the ideal I-V
characteristics may be due to high probability of electron and hole recombination in
the depletion region between the Au electrode and the hybrid film, tunneling current
or the presence of an interfacial layer [40]. The most likely cause of this deviation is
the presence of the interfacial oxide layer due to PSSQ, which is an oxide based
material, and which suggests that the diode is not an intimate metal semiconductor
(MS) contact but instead has a metal-insulator-semiconductor (MIS) configuration,
and thus possesses a series resistance. The series resistance is significant in the non-
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linear region of the I-V characteristics. The series resistance can be evaluated using a
method developed by Cheung et al. to calculate the barrier height, ideality factor, and
series resistance [41]. Using this work, three expressions are used:

dV
kT
=n
+ IRS
d (ln I )
q

H (I ) = V − n

(6.17)

kT  I S 
ln

q  AA*T 2 

(6.18)

H (I ) = IRS + nφ B

(6.19)

where RS is the series resistance.
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Figure 6.10: The plot of dV/dln(I) vs. I for the Au/CuCl hybrid film/ITO structure.

In Figures 6.10 and 6.11, experimental dV/dln(I) vs. I and H(I) vs. I plots are
presented for the Au/CuCl hybrid film/ITO MIS structure, respectively. The values
of RS and n were determined from the slope and intercept of the dV/dln (I) vs. I plot
and were found to be ~50 MΩ and 1.20, respectively. Using the n (1.12) value
determined from Eq. (6.16), and the data of the forward bias I-V characteristics in
Eq. (6.17) a plot of H(I) vs. I will also produce a predominantly linear characteristic
(as shown in figure 6.11) whose y-axis intercept is equal to nφB.
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Figure 6.11: The plot of H(I) vs. I for the Au/CuCl hybrid film/ITO structure.
From this plot and using the obtained n (1.12) value, the values of φB and RS we were
found to be 0.89± 0.02 eV and ~48±1.5 MΩ, respectively, which is a useful check of
the self-consistency of this approach.

Figure 6.12: The plots of I vs. V for obtained Vd and Vi values of Au/CuCl hybrid
film/ITO structure.
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The presence of an interfacial layer leads to a voltage drop across this layer. The bias
dependence of the voltage drop Vi across the interfacial layer between the Au
electrode and the hybrid film can be expressed by [42, 43]:

 1
Vi = 1 − V
 n

(6.20)

Considering the effect of series resistance, equation (6.20) can be rearranged as
follows:

 1
Vi = 1 − (V − IRS )
 n

(6.21)

By using Eq. 6.20 the values of Vi were calculated. The voltage drop across the
depletion layer between the Au and hybrid film Vd, can be determined by subtracting
the voltage Vi from the total applied forward voltage V:

Vd = V − Vi

(6.22)

The plots of I vs. Vi, Vd, and V indicate the effect of any interfacial layer on the diode
parameters and these are shown in Figure 6.12. From the ln(I) vs. Vi plot the value of
the n and φB were calculated and found to be 1.04±0.08 and 0.79±0.02 eV,
respectively. These values are slightly lower than equivalent values obtained
previously without considering the effect of the presence of the interfacial layer.

6.6

Voltage

and

Temperature

Dependent

Capacitance

Measurements
Capacitance-voltage (C–V) and capacitance-temperature (C-T) measurements were
performed for the Au/hybrid film/ITO diodes and a typical plot of C and 1/C2 as a
function of bias voltage is shown in Figure 6.13. C-T measurements were carried out
by applying a bias voltage of -1.0 V as shown in the inset of Figure 6.13. The
capacitance of the sample was then monitored in the temperature range of 100 to 450
K, using a step of 3 K in free run mode. As can be seen there is an exponential
relationship between the sample’s capacitance and the applied temperature. From
figure 11 the 1/C2 –V plot is linear for the bias region -2.5 V to 0.9 V. The C-V
relation for a typical Schottky diode is given by [44, 45]:
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1
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=
2
2
C
 qε s N d A


kT
  V bi −
−V
q






(6.23)

where Ɛs is the permittivity of the semiconductor, V is the applied voltage, A is the
contact area, T is the absolute temperature, Nd is the donor concentration of the
sample, and Vbi is the flat band voltage,.
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Figure 6.13: typical plots of C and 1/C2 versus V for the Au/hybrid film/ITO
Schottky diode, inset: capacitance as a function of temperature
The x-intercept of the plot of (1/C2) versus V gives V0 and it is related to the built in
potential Vbi by the equation Vbi=V0+kT/q. The donor concentration (Nd) of the
sample can be calculated using [46]:

Nd =

2 dV
q ε s ε o d (1 / C 2 )

(6.24)

The donor concentration (Nd) for this sample is calculated to be 3.91x1017 cm-1.
The barrier height (B) for the Schottky diode can be obtained from the linear
extrapolation of 1/C2 to the voltage axis, using the following equation [46]:

φ B = V bi +

kT  N C

ln 

N
d 
q


(6.25)

where NC is the density of states in the conduction band edge and it can be expressed
by following relation [47]:
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(

N C = 2 2 π m * kT / h 2

)

3/2

(6.26)

where m* = 2.3mo is the effective electron mass for CuCl, and k is Boltzmann’s
constant, h is Planck's constant, and its value works out to be NC=8.73x1019 for
hybrid film. From the C-V plot and using equation (6.25) the barrier height of
Au/hybrid film/ITO Schottky diode estimated to be 1.05±0.05 eV. The barrier height
obtained from the C-V measurement is somewhat larger than the value obtained from

I-V (φB ≈ 0.79 eV). The barrier heights obtained from the I-V measurement are more
meaningful for assessing the diode performance as the interface traps neither respond
to applied ac signals nor contribute to capacitance at higher frequencies [46, 48]. For
the case of the larger barrier height obtained from C-V

measurements we can

attributed this to interface states of an intervening insulator layer, contamination in
the interfaces, fixed surface polarization charges, deep impurity levels and edge
leakage currents these having been reported by other researchers [46, 49].

6.7

Interface state density properties of the Au/CuCl hybrid
film/ITO Schottky diode

The value of an ideality factor n>1 is typically due to a voltage drop across an
interfacial layer of the diode. When this layer is sufficiently thick and the
transmission probability between the metal and the interface states is very small, the
barrier height is shifted and this can be expressed as [50]:

 1
∆φ e = φ e − φ B = 1 − (V − IRS )
 n

(6.27)

for forward bias, n is given by

 q 2 N SS δ
n = 1 +
εi






(6.28)

where φe is the bias dependent effective barrier height due to the presence of the
interfacial layer, δ is the thickness of the interfacial layer, εi is the dielectric constant
of the interfacial layer and NSS is the density of the interface state and interface states
located at the interfacial layer-semiconductor interface. The ideality factor and the
effective barrier height dependence on applied voltage are expressed as [39]:
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qV
 I
kT ln
 IS

(6.29)





dφ e
1
= 1−
dV
n(V )

(6.30)

For p-type semiconductors, the energy of the interface states ESS with respect to the
top of the valance band at the surface of the semiconductor can be expressed as [51,
52]:

E SS − EV = q (φ e − V )

(6.31)

Thus, we can use Eqs. (6.29) and (6.30) together with Eq. (6.27) to calculate the
interface state density distribution. In order to calculate the NSS values of the diode, n
values were calculated for different voltages from Eq. (6.28).
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Figure 6.14: Calculated interface state energy distribution of the Au/CuCl hybrid
film/ITO Schottky diode

Thus using these n values and the other parameters of the diode δ ≈ 3.5 nm and (the
organic part of our hybrid film is closely related to SiO2, thus the interfacial layer
dielectric constant should be close to the SiO2, and as an approximation we consider
the dielectric constant value =3.9) εi = 3.9 in Eqs. (6.27, 6.28) [53]. Thus using these

n values and other parameters of the diode (δ = 2 nm and εi = 4 εo) [54] in Eq. (6.28),
we estimate the values of NSS. The variation of NSS with ESS -EV is shown in Figure
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6.14. The values of NSS decrease with increasing ESS -EV values and the density
distribution of the interface states changes from ~ 6.3 x1014 to ~3.4x1014 eV-1cm-1,
whose values are of the same order of magnitude as reported for e.g. a Al/MEHPPV/p-Si Schottky diode [55]. The hybrid film behaves as a single semiconducting
material having an effective single electronic band structure. We propose a simple
energy level diagram for the fabricated diode devices, with the assumption a PSSQ
band gap energy being similar to the SiO2 energy gap as shown in Figure 6.15 [5658].

5.1 eV

Au

4.8 eV

4.5 eV

LUMO

ITO
~3.4 eV
CB

0.0
VB

-5.2 eV
HOMO

PSSQ

CuCl

Figure 6.15: Schematic energy level diagram for the Au/CuCl hybrid film/ITO
Schottky diode
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Electroluminescence (EL)

For the metal-semiconductor-metal structure, light emission most likely occurs
through

hot-electron

impact

excitation

of

electron-hole

pairs.

A

test

electroluminescence device (ELD) based on the organic-inorganic CuCl hybrid film
was designed in our laboratory. In order to fabricate the EL device, organic-inorganic
CuCl hybrid films with typical layer thicknesses of ~300 nm were deposited on
indium tin oxide (ITO) coated glass substrates by the spin coating method. As usual,
the films were subsequently heated at 120oC for durations of 18 hours in vacuo. Nontransparent gold (≈150 nm thick) contact pads were deposited on the CuCl hybrid
layer using the vacuum evaporation technique at a base pressure of ~1x10-6 mbar. A
cross-sectional view of the ELD test structure is shown in Figure 6.16.

Gold
CuCl HF
ITO
Glass substrate

UV Light
Figure 6.16: Schematic diagram of the CuCl hybrid electroluminescent device

To maximize the electric field in the active layer, the insulator should have a high
dielectric constant and sufficient electric field strength to avoid breakdown [59]. In
this device, the CuCl nanocrystals were embedded into the insulating PSSQ organic
matrix. The electric field in the active layer can be estimated by the following
equation [59]:
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EL =

εi
ε i d L + ε Ldi

Vtot ≈

ε PSSQ
ε HF d HF

Vtot

(6.32)

where εi and εL represent the insulator and the luminescent layer dielectric constant,
respectively. εPSSQ and εHF is the dielectric constant of the PSSQ and CuCl hybrid
film, respectively, and d is the hybrid film thickness.
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Figure 6.17: Average room temperature EL spectrum of 5 CuCl hybrid EL devices
were biased with a 100 V AC (a) and a micrograph of the EL emission (b)

Using the dielectric constant value for CuCl hybrid film (εHF ≈ 5.14) [60] and for
PSSQ (εPSSQ ≈ 2.7) [61] the electric field for the device is estimated to be 1.22- 2.27
MVcm-1 for applied voltages in the range of 70-130 V. Due to these high electric
fields, the injected electrons quickly accelerate to high energies resulting in light
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emission through hot-electron impact excitation of electron-hole pairs. The
electroluminescence measurements of the test devices were evaluated using a SOFIE
spectrophotometer with a photomultiplier tube (spectral range of 200–900 nm). The
ELD device was driven by an AC sinusoidal waveform with a frequency of 60 Hz
and a peak-to-peak voltage of 70-130 V. The Au top electrode was non-transparent
and electroluminescence (EL) emission was observed principally through the
transparent ITO coated glass. Figure 6.17 shows the average EL spectrum obtained
from five CuCl hybrid electroluminescent devices. In the spectrum an optimal peak
attributed to the Z3 free exciton emission at 384 nm (E ≈ 3.22 eV) is observed when
the device was biased with a 100 V AC, 60 Hz supply. EL was observed for AC peak
to peak voltages in the range 70-130 V. The EL of the hybrid films is in excellent
agreement with the values reported for vacuum evaporated CuCl films on silicon
[62]. The EL emission from the CuCl hybrid film based electroluminescent device is
not continuous, i.e. the light emission stays on for ≈5-20 sec and then switches off
for ≈10-15 sec. This repeatable behaviour was observed to last for ≈30 minutes. The
EL emission from the CuCl hybrid film based electroluminescent device (ELD)
blinks on and off. Light emission occurs for ≈5-20 sec and then switches off for ≈1015 sec. This repeatable behaviour was observed to last for ≈30 minutes, and the
blinking process may be due to the presence of extra electrical charges in a
nanocrystals[63].
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Summary
The electrical properties of organic PSSQ-inorganic CuCl hybrid films were
characterized using room temperature current-voltage and capacitance-voltage and
temperature dependent conductance and capacitance measurements. The hole
conductivity was deduced for the CuCl hybrid film to be ~5.54×10-9 Scm−1.
Activation energes for conductivity of the CuCl hybrid films extracted from
Arrhenius plots in the temperature ranges 80-200 K and 225-350 K range have been
found to be 0.026 eV and 0.158 eV, respectively. At low fields the current-voltage
characteristics exhibit ohmic conduction. By comparing the film properties
(dielectric constant) obtained from theoretical and experimental data, high field
conduction for E >1.5x106 Vm-1 was shown to be an electrode limited Schottky
emission type conduction. The electronic parameters were evaluated and the values
of barrier height, ideality factor and the series resistance for Au/hybrid film/ITO
diodes were found to be 0.84±0.05 eV and 1.12±0.8 and 50±2 MΩ, respectively,
whereas the barrier height obtained from C-V measurement was 1.05±0.05 eV. This
value was higher than the value obtained from I-V measurement. This difference is
most likely caused by the presence of a thin intervening insulating layer between the
hybrid film surface and the Schottky metal. The values of NSS decrease with
increasing ESS -EV values and the density distribution of the interface states changes
from ~6.2 x1014 to ~3.3x1014 eV-1cm-1. We confirm that the hybrid film behaves as a
single semiconducting material having the single electronic band structure.
Room temperature electroluminescence measurements of test ELD devices based on
the Au/CuCl HF/ITO structure produce measurable emission which is attributed to
Z3 free exciton emission at 384 nm (E ≈ 3.229 eV) when the device was biased with
a ~100 V AC, 60 Hz supply. This emission peak corresponds well with the Z3 free
excitonic emission which was also seen in the room temperature PL and UV-Vis
absorption measurements. The EL emission from the CuCl hybrid film based
electroluminescent device (ELD) shows a blinking behaviour on a timescale of many
seconds.
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CuCl thin films deposited without a capping layer are not stable in ambient
conditions. Since nanocrystalline CuCl hybrid films are a combination of organic
and inorganic compounds it is necessary to know the impact of ambient atmospheric
ageing effects on these newly developed hybrid films. In this chapter we present data
on the impact of ambient atmospheric ageing effects on nanocrystalline CuCl hybrid
films which have been investigated by X-ray diffraction, FTIR, UV-Vis, PL and EL
spectroscopy.

7.1

Introduction

One challenge linked with the use of CuCl is that it is sensitive to moist air, i.e. CuCl
is not stable in ambient conditions; it forms oxyhalides of Cu(II) within a few hours
or days of exposure to air. Therefore the use of CuCl in large scale applications may
be limited. In hybrid materials, it is possible to combine organics and inorganics in a
nano-composite [1-9]. Most of the organic materials are stable in ambient
atmosphere, so the incorporated inorganic materials may show improve abrasion
resistance, chemical resistance, adhesion and other enhanced properties [5-9]. The
most common and simple process employed to obtain organic-inorganic hybrid
materials is sol-gel deposition, which allows the incorporation of inorganic domains
into a polymer matrix [10]. There are two approaches in preparing these: (i)
inorganic molecules can be just embedded into an organic material and (ii) the
organic and inorganic groupings can be linked by stable chemical bonds [11]. In this
study we have investigated the use of spin-coated organic-inorganic CuCl hybrid
films as possible materials for optoelectronic applications. As usual the optimal CuCl
hybrid films typical thickness ≈300 nm were deposited on variety of substrate
including glass, indium tin oxide (ITO) coated glass and silicon substrates, and
subsequently heated at 120oC for 18 hours in vacuo. The CuCl hybrid films were
kept in open ambient atmospheric conditions to observe any ageing effects. The
impact of atmospheric ageing effects on nanocrystalline CuCl hybrid films is
important for electroluminescence device fabrication as optimal properties must not
deteriorate for typical device working lifetimes i.e. months to years.
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X-ray Diffraction Spectra

Figure 7.1 shows the room temperature θ-2θ X-ray diffraction spectra of as
deposited (ASD) nanocrystalline CuCl hybrid films and for films exposed to
atmosphere for periods of 1 to 6 months, these having been deposited on glass
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CuCl(311)

CuCl(220)

CuCl(111)
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1 month
2 month
3 month
4 month
5 month
6 month

Cu(OH)Cl (100)

Intensity (a.u.)

substrates.

50

60

2θ (deg.)

Figure 7.1: θ-2θ XRD spectra of CuCl hybrid films deposited on glass substrates.
In these spectra, the ASD films show three different peaks at 2θ ≈28.51o, 47.44o and
56.27o, which correspond to (111), (220) and (311) crystal plane orientations of cubic
phase γ-CuCl [12, 13]. The observations are: (i) for samples aged up to four months
there is no significant change in peak intensity and FWHM of all peaks. (ii) for the
five month aged sample, the (111) peak position shifts slightly from 2θ ≈28.5o to
28.6o, which may be due to absorbed moisture (iii) for the five and six months aged
samples, the (311) CuCl peak disappears and a new peak appears at 2θ≈15.95o,
which corresponds to Cu(OH)Cl (100) and this peak intensity is now relatively
higher than CuCl (111) peak [14]. This is most likely due to moisture absorption and
FTIR spectroscopy measurements provide corroborative evidence, which will be
discussed shortly.
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Fourier Transform Infrared (FTIR) Spectra

Figure 7.2 shows FTIR spectra of the same ASD and CuCl hybrid films on Si aged
for 1–6 months. The strong absorption peak at 1050 cm-1 for as-deposited and
annealed films occurring in the 1000–1100 cm-1 band may be attributed to the
asymmetric Si–O–Si stretching vibrations of the Si–O functional group present in the
PSSQ emulsion. The absorption at ~1050 cm-1 is most likely due to linear small-

g

-OH

-OH
C=O

HF Thickness
~300 nm

-CH2-OH

Absorbance (a.u)

Si-O-Si
Si-O-CH2-

chain siloxanes and at ~1085 cm-1 due to long-chain polymers [15, 16].
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Figure 7.2: FTIR absorption spectra of CuCl hybrid films deposited on silicon
substrates.
The weak absorption peak at ~1630 cm-1 may be assigned to the bending vibration of
the O–H group of absorbed water, which may be due to the use of water as a solvent
[17, 18]. The small absorption around 1620–1680 cm-1 can be assigned to alkenyl
C=C stretching of the C=C functional group [19]. A medium intense absorption at
1737 cm-1 in the band 1735–1785 cm-1 is assigned to the C=O stretch of aryl and
unsaturated diacyl peroxides, which may be due to C6H12O6 [20].
-1

The weak

-1

absorption at 2910 cm in the band 2840–2935 cm may be attributed to symmetric
CH2 stretch vibrating in the primary alcohol –CH2–OH group this being present in
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both PSSQ and C6H12O6 [21]. The broad and strong absorption centered at 3375 cm1

can be assigned to the hydrogen bonds of the O–H stretch vibration, which may be

due to H2O or the PSSQ solution [19]. In this FTIR spectroscopy analysis we
observed that for up to four months there was no significant change in the IR
absorption. For six month aged samples the O–H absorption peak intensity is
significantly enhanced which is most likely due to moisture absorption. These data
are consistent with the XRD data in the previous section and confirm the integrity of
the hybrid film system for periods of at least up to 4 months.

7.4

UV-Vis Spectra

The absorption spectrum of as deposited and 1-6 month aged hybrid films are shown
in Figure 7.3. For all aged films, the absorption peaks attributed to Z1,2 and Z3
excitons are observed. The absorption spectra of the samples aged for up to four
months showed no degradation, whereas uncapped pure CuCl thin films degrade
within a few days [22].
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Figure 7.3: UV-Vis absorption spectra of the ASD and 1-6 month aged CuCl hybrid
films deposited on glass substrates.
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Photoluminescence Spectra

The impacts of atmospheric ageing (1-6 month) effects on the photoluminescence of
nanocrystalline CuCl hybrid films were investigated and the obtained data was
compared with the as-deposited films.
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Figure 7.4: Room temperature PL emission spectra of CuCl hybrid films deposited
on silicon substrates, inset variation of FWHM with ageing time.

Figure 7.4 shows the room temperature photoluminescence spectra of ASD and 1-6
month aged nanocrystalline CuCl hybrid films. Across the timescale of the ageing
tests, all samples continued to show the Z3 free exciton emission peak centered at
≈382 nm (Eg≈ 3.26 eV). For up to four months aging the free exciton emission peak
position, FWHM and intensity is remain almost constant compared to the ASD film.
However, after that the peak position is slightly redshifted and the FWHM slightly
increases, whereas the peak intensity change is significant. The PL spectroscopy
measurements confirm that nanocrystalline CuCl hybrid films are more stable than
other CuCl film materials systems [22]. Hybrid film integrity can be maintained for
periods of at least 4 months.
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Electroluminescence

The impact of atmospheric ageing effect on electroluminescence for the CuCl hybrid
film based electroluminescence device (ELD) was also investigated. The fabrication
of CuCl hybrid film based EL device is described in detail in section 6.8. The ELD
device was kept in the open atmospheric condition for three months.

ASD
1 month
3 month
EL Intensity (a.u.)

Z3 free exciton

370

380

390

400

Wavelength (nm)

Figure 7.5: Room temperature EL spectrum of the ASD and 1-3 month aged CuCl
hybrid film ELD.

The ELD device was driven by the usual AC sinusoidal waveform with a frequency
of 60 Hz and a peak-to-peak voltage of 70-130 V. The Au top electrode was nontransparent and electroluminescence (EL) emission was observed principally through
the transparent ITO coated glass. Figure 7.5 shows the EL spectra obtained from
CuCl hybrid electroluminescent devices of ASD and aged in ambient conditions for
1-3 months. The EL emission is easily observed when the device was biased with a
100 V AC, 60 Hz supply which was used as a reference. The EL peak attributed to
the Z3 free exciton emission at ≈383 nm (E ≈3.237 eV), ≈383.5 nm (E ≈3.233 eV)
and ≈384 nm (E ≈3.23 eV) for ASD, 1 and 3 month aged devices, respectively. This
device EL emission is nearly identical in intensity and wavelength to the fresh device
EL emission, which confirms that the EL device based on a CuCl hybrid film, is
more stable than other previously reported CuCl based EL devices [12].
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Summary
The impacts of atmospheric ageing effects on spin coated organic-inorganic
nanocrystalline CuCl hybrid films and ELDs was investigated and by XRD, UV-Vis,
FTIR, PL and EL spectroscopy. For samples aged up to four months, little or no
change is observed in all measurements. After that, some degradation was observed
which is attributed to moisture absorption. CuCl is very hydroscopic but in the
hybrid films this process is retarded and electronic and optical properties remain
unperturbed for up to 4 months without any extra capping layer. It is clear that the
hybrid film is more stable than vacuum or sputter deposited CuCl thin films for
optoelectronic applications. This study indicates that the blend of CuCl with a matrix
material such as PSSQ may be a step towards long term elimination of the
degradation of CuCl films.
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Chapter Eight

This chapter presents preliminary data on results of structural, optical and electrical
studies into the fabrication of a n-ZnO/p-CuCl heterojunction structure using XRD,
UV-Vis, PL and I-V characterization to fabricate a p-n junction based light emitting
or detecting diode.

8.1

Introduction

Due to the blinking phenomenon of EL emission from the electroluminescent device
based on nanocrystalline CuCl hybrid film, we focused on the fabrication of a p-n
junction based light emitting diode. CuCl is a p-type semiconductor material and ntype CuCl is not readily available. On the other hand ZnO is a naturally n-type
semiconductor material with a similar bandgap to CuCl, therefore we consider ZnO
as the n-type material for the test heterojunction diode fabrication. Zinc Oxide (ZnO)
is a wide band gap semiconductor material that is showing much promise for
applications in photodetectors, light emitting diodes, solar cells, lasers, etc. [1-8]. To
date ZnO homojunction based LED fabrication failed due to the lack of high quality
p-doped ZnO. Consequently, most research concentrates on heterojunction LEDs,
e.g. polycrystalline n-ZnO thin films grown on single crystal p-GaN substrates since
the possess similar bandgap, lattice mismatch and have near identical wurtzite crystal
structures [9-13]. Since p-doped ZnO is not readily available we considered the
fabrication of an alternative heterostructure.

Gold
P-CuCl~200 nm
N-ZnO ~ 200 nm
ITO coated glass

Figure 8.1: Au/CuCl/ZnO/ITO diode structure
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In this chapter we report on the use of pulse laser deposited (PLD) n-ZnO and
vacuum deposited (PVD) p-CuCl as polycrystalline thin films in order to fabricate
proof-of-concept heterojunction based LEDs, noting also that CuCl has several
advantages over GaN as descried previously (sec. 1.5). At the outset polycrystalline
n-ZnO thin film [14] is deposited by PLD on cleaned indium tin oxide (ITO) coated
glass substrate. Typical carrier densities in the ZnO films are n ≈ 1.1 × 1020 cm−3 [15]
and for p-CuCl, p ≈ 2.3 × 1014 cm−3 have been reported [16] and were deposited on
the n-ZnO thin film using an Edwards Auto 306A vacuum deposition system under a
base pressure of 10–6 Torr. A gold contact top electrode was deposited using an
Edwards Auto 306A vacuum deposition system at a base pressure of ~10-6 Torr. The
geometry of the Au/ZnO/CuCl/ITO diode is shown in Figure 8.1 with a contact area
of ~7.85×10-7 m2.

8.2

Structural Properties

X-ray diffraction spectra for the n-ZnO/p-CuCl heterojunction, and the individual nZnO and p-CuCl films deposited on ITO coated glass substrates are shown in Figure
8.2. For the p-CuCl/ITO three main peaks are visible centred at 2θ≈28.5º, ≈47.5º and
≈56.4º, which correspond to the (111), (220) and (311) CuCl reflections,

CuCl (311)

(c)

ITO(441)

(a) n-ZnO/ITO
(b) p-CuCl/ITO
(c) p-CuCl/n-ZnO/ITO
CuCl (220)

ZnO (0002)
ITO(400)

CuCl (111)

Intensity (a.u.)

ITO(222)

respectively.

(b)

(a)
20

30

40

50

60

2θ (deg.)

Figure 8.2: X-ray diffraction patterns of (a) n-ZnO/ITO, (b) p-CuCl/ITO and (c) nZnO/p-CuCl heterojunction layers deposited on ITO coated glass substrate.
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These are characteristic of γ-CuCl in the zincblende configuration. The additional
three 2θ peaks occurring at ≈30.55º, ≈35.22º and ≈50.47º on the CuCl/ITO structure
corresponds to the ITO (222), ITO (400) and ITO (440), respectively [17]. The nZnO thin film deposited on ITO substrate shows only one ZnO peak centred at
≈34.30o corresponding to the (0002) reflection and all other peaks come from the
substrate ITO. The XRD spectrum for the n-ZnO/p-CuCl/ITO heterojunction
structure reveals peaks at 2θ ≈ 28.5o, 30.55º, 34.30o, 47.5o, and 50.47o, which
correspond to CuCl(111), ITO(222) ZnO(0002), CuCl(220), and ITO(441),
respectively. Based on the XRD data, it can be concluded that there is no evidence of
any

intermediate

compound

formation

and

the

obtained

n-ZnO/p-CuCl

heterojunction structure is structurally of high quality.

8.3

Optical Properties

Figure 8.3 shows the room temperature UV-Vis absorption spectra for p-CuCl/nZnO heterojunction, and the individual n-ZnO and p-CuCl films deposited on ITO
coated glass substrates. This data shows that the absorption spectrum for the pCuCl/n-ZnO heterojunction is dominated by the p-CuCl thin film (i.e. the absorption
spectra for the p-CuCl/n-ZnO heterojunction and p-CuCl thin film is similar).

3.0

ZnO/ITO
CuCl/ITO
CuCl/ZnO/ITO

Absorbance (a.u.)

2.5

2.0

1.5

1.0

0.5
330

340

350

360

370

380

390

400

410

A

0.0
300

400

500

600

700

800

Wavelength (nm)

Figure 8.3: Room temperature UV-Vis absorption spectra of p-CuCl/n-ZnO
heterojunction, and individual n-ZnO and p-CuCl films deposited on ITO coated
glass substrate.
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The p-CuCl/n-ZnO heterojunction and p-CuCl thin films both show high and low
energy excitonic bands at ≈370 nm (≈3.351 eV) and at ≈377.1 nm (≈3.288 eV)
historically related to the presence of the CuCl Z1,2 and Z3 free excitons, respectively
(details in sec. 5.4). This is in excellent agreement with the values reported by other
authors for vacuum evaporated and sputtered films [18-21].
11

4x10

11

11

2x10

2

(α hν ) (eV/cm)

2

3x10

11

1x10

0
3.0

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

hν (eV)

Figure 8.4: Plot of (αhν)2 vs. hν (photon energy) for ZnO thin film deposited on
ITO coated glass substrates for estimation of band gap energy.

The absorption feature for n-ZnO film is different with compared to the
heterojunction or CuCl film, may be due to the high absorbance of p-CuCl film in the
same region. The optical band gap of n-ZnO thin film was estimated from the
absorbance spectra of n-ZnO thin film on ITO coated glass. The optical band gap of
ZnO thin film was calculated by following relation [22]:

(αhν ) = A(hν − E g )β

(8.1)

where α is the absorption coefficient, hν is the energy of absorbed photons, β=1/2 for
a direct allowed transition, and A is the proportionality constant. The energy gap (Eg)
of the n-ZnO was evaluated from the intercept of the linear portion of the (αhν)2 vs.
hν (photon energy) plot with the X-axis as shown in Figure 8.4. The band gap of nZnO thin film was estimated to be 3.24 eV (≈ 383 nm) by using the above method.
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This value is higher by≈ 0.14 eV than previously reported thermally evaporated ZnO
thin films deposited on ITO coated glass substrates [23].

PL Intensity (a.u.)

p-CuCl/n-ZnO/ITO
n-ZnO/ITO
p-CuCl/ITO

x8

x100

340

360

380

400

420

440

Wavelength (nm)

Figure 8.5 Room temperature PL spectra of p-CuCl/n-ZnO heterojunction, and
individual n-ZnO and p-CuCl films deposited on ITO coated glass substrate.

The room-temperature PL spectrum of the p-CuCl/n-ZnO heterojunction and
individual n-ZnO and p-CuCl films deposited on ITO coated glass substrate is shown
in Figure 8.5. The PL spectrum of vacuum deposited CuCl without the ZnO film
shows the familiar Z3 free exciton-mediated PL emission peak at ≈383 nm (≈3.23
eV) [21]. The PL spectrum of the ZnO film exhibits a sharp peak in the vicinity of
the band edge at ≈387 nm (≈3.20 eV), which might be attributed to the radiative
annihilation of free and bound excitons [24]. A similar result has been reported for
electrophoretic deposited ZnO thin films on ITO coated glass substrates [25].
Surprisingly the peak PL emission intensity for the ZnO film is higher than for the
CuCl film. Equally interesting is the fact that the PL spectrum of the p-CuCl/n-ZnO
heterojunction also displays a sharp peak at ≈389 nm (≈3.19 eV), which might be
attributed to the exciton related recombination. The peak position is shifted towards
the lower energy. The reason for this is currently under investigation. The PL
behaviour of the p-CuCl/n-ZnO heterojunction is very similar to the ZnO film and
the excitonic contribution of CuCl disappears. It is likely that photons emitted by the
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CuCl (≈383 nm, Eg≈3.24 eV) are absorbed by the ZnO, whose optical band gap is
also ≈3.24 eV as previously described. From the optical properties of the p-CuCl/nZnO heterojunction one can conclude that this structure could be of limited use for
UV light emitters, due to self-absorption, but could be very promising for UV/Blue
sensitive photovoltaic cells. We are continuing with research into this area.

8.4

Electrical properties

A typical I-V characteristic of the fabricated n-ZnO/p-CuCl heterostructure is shown
in Figure 8.6. The ﬁgure shows definite diode-like characteristics. A turn on voltage

Current (A)

of ~ 3.5 V and reverse bias breakdown voltage of -4.5 V was recorded.
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Figure 8.6: A typical current-voltage plot of the p-CuCl/n-ZnO heterojunction diode

In order to analyze the p-CuCl/n-ZnO heterojunction diode characteristics, we
applied the thermionic emission model [26-28]. According to the thermionic
emission model the diode forward biased current at temperature T can be expressed
as:

  qV
I = I 0 exp
  nk BT

 
 − 1 .
 

(8.2)

For V>> 3kBT/q, the expression (8.2) can be written as:
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 qV 

I = I 0 exp
nk
T
 B 

(8.3)

where I is the forward current, q is the electronic charge, V is the applied voltage, n
is the ideality factor, kB is Boltzmann’s constant, T is the absolute temperature and I0
is the saturation current, which can expressed as:

 qφ
I 0 = AA*T 2 exp − B
 k BT





(8.4)

where A is the effective diode area, φB is the Schottky barrier height A* is the
Richardson constant given by

A* =

4πqm * k B2
h3

(8.5)

where m* is the effective electron mass, m* = 0.43 m0 for the CuCl [26], and m* = 0.3

Current (A)

m0 for the ZnO [26], and h is Planck’s constant.
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Figure 8.7: Semi-log I-V plot of p-CuCl/n-ZnO heterojunction diode

Figure 8.7 shows the semi-log I-V plot of the p-CuCl/n-ZnO heterojunction diode.
From the slope and intercept of the linear fit in the lower bias voltage range, the
values of n and φB have been extracted. The obtained values of n and φB are 4.6 and
0.72 eV, respectively.
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Figure 8.8: The plot of the Au/p-CuCl/n-ZnO/ITO structure forward bias current vs.
applied voltage; the solid line is the theoretical fit.

To evaluate the barrier height of the Au/p-CuCl/n-ZnO/ITO structure the currentvoltage experimental data was fitted by equation (8.1), and the comparison between
experiment and theory is shown in Figure 8.8. Based on the fit of equation (8.2) and
this experimental data the value of the barrier height and ideality factor was found to
be 0.75±0.02 eV and 4.3, respectively. These values are very close to the estimated
values obtained from equation (8.3) and (8.4). The value of the n is greater than
unity, which indicates that the diode characteristic deviates significantly from ideal
behaviour. This may be due to the high probability of electron and hole
recombination in the depletion region between the p-CuCl and n-ZnO film,
tunnelling currents or the presence of an interfacial layer [31]. The ideality factor
value obtained for p-CuCl/n-ZnO heterojunction diode is a little higher than for
comparable n-ZnO/p-AlGaN heterojunctions (n~3) and less than that for GaN p-n
junction diodes (n~6) [29, 30].
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5.1 eV
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ITO

CB

Au

~3.4 eV

CB

EF
VB

~3.34 eV
VB

p-CuCl

n-ZnO

Figure 8.9: Proposed simplified energy band diagram of the Au/p-CuCl/n-ZnO/ITO
heterojunction diode

We propose a simple energy band diagram for the Au/p-CuCl/n-ZnO/ITO
heterojunction structure as shown in Figure 8.9. To construct the energy band
diagram, the band gap energies (Eg) of n-ZnO and p-CuCl were assumed to be 3.37
eV and 3.4 eV, respectively [32, 33]. The electron affinity (ξ) of ZnO is 4.35 eV
[32], but due to the lack of an electron affinity (ξ) value for CuCl, we could not
estimate the energetic barrier for electrons and holes for this junction structure.
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Summary
Proof-of-concept p-CuCl/n-ZnO heterojunction diodes were fabricated and their
structural, optical and electrical properties were investigated. XRD measurements
confirm that no intermediate compound form at the heterojunction and the obtained
p-CuCl/n-ZnO heterojunction structure was structurally of high quality. The
absorption characteristic for the heterojunction structure was almost same as for
CuCl films, and this may be due to the higher absorbance of p-CuCl film in the same
spectral region. Room temperature PL studies for the p-CuCl/n-ZnO heterojunction
structure reveal that PL emission was similar to the ZnO film, which may be due a
self-absorption phenomenon where photons emitted by the CuCl film were absorbed
by the ZnO. Room temperature I-V characteristics show diode-like behaviour with
typical barrier heights and ideality factors 0.72 eV and 4.6, respectively. Thus, while
this structure may not be promising for UV emission, blue/UV photodetection and
photovoltaics may be possible.
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Chapter Nine

Conclusions

CuCl is a direct bandgap material with potential for optoelectronic applications. In
this research, the synthesis of CuCl nanocrystals embedded in a host matrix and
deposited on flexible substrates via the spin coating technique was investigated. The
optimization of its structural, optical and electrical properties was considered in order
to fabricate an ELD.

γ-CuCl nanocrystals were synthesized based on the hydrothermal reaction of
CuCl2.2H2O, alpha-D-glucose and de-ionized water. These were embedded into a
glass-forming liquid as the host matrix, and successfully deposited on a variety of
substrates by the spin coating method. The deposited films were heated at 120o C for
a range of time periods resulting in the formation of CuCl nanocrystals via a
complexation-reduction-precipitation mechanism. XRD confirmed the preferential
growth of CuCl nanocrystals whose average radius size was between ~14 and ~22
nm in the (111) orientation. Films annealed for 18 hours gave the optimum CuCl
characteristics, and further annealing lead to a reduction of the CuCl (111) peak
intensity. The average surface area of the CuCl hybrid films covered by the CuCl
nanocrystals was roughly 40-60 % as revealed by the SEM measurements. EDX
measurement confirmed that the composition of the incorporated crystals was Cu and
Cl. The hybrid film surface roughness increased with annealing time. AFM
measurements of the film’s surface roughness gave an average value of between ~10
and ~14 nm.

FTIR spectroscopy measurements showed that the absorption peak intensities for
CuCl hybrid films decreased with annealing time. XPS analysis revealed that the
binding energy values obtained for Cu(2p) and Cl(2p) for typical 18 hour annealed
hybrid film were consistent with the data in the literature for CuCl. Room
temperature UV-Vis absorption increased with annealing time. All annealed films
exhibited both the free exciton Z1,2 absorption peak at ≈367.8 nm (≈3.371 eV) and
the free exciton Z3 peak at ≈37.1 nm (≈3.288 eV). At 15 K, the PL measurements
confirmed the presence of free exciton (Z3) at ≈3.213 eV, impurity bound exciton (I1)
at ≈3.191 eV, free biexciton (M) at ≈3.170 eV and impurity bound biexciton (N1) at
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≈3.141 eV emission peaks. XPS, UV-Vis and PL spectroscopy studies revealed that
the 18 hour annealed gave the optimum optical properties for CuCl. As the
temperature increased from 15 K to room temperature, the phonon induced
interactions with exciton transitions had the following effects on the material
properties: (a) decrease in PL intensity, (b) disappearance of transitions related to the
impurity bound, free biexciton and impurity bound biexciton states due to the low
binding energy of the impurity bound excitons, (c) PL emission line broadening due
to an increase of the exciton-phonon interaction and, (d) a blue shift of the energy
gap due to the interaction of lattice vibrations with excitons. CuCl hybrid films
exhibit strong CL emissions in the UV region at room temperature. The optical
properties of the organic-inorganic CuCl hybrid films were comparable with vacuum
deposited and sputtered CuCl films. The structural and optical properties were
somewhat influenced by the substrates.

The hole conductivity for the PSSQ-inorganic CuCl hybrid film was deduced to be
≈5.54×10-9 Scm−1. The activation energies of the CuCl hybrid films extracted from
the Arrhenius plots for conductance were found to be 0.026 eV and 0.158 eV. At low
fields, the current-voltage characteristics exhibited ohmic conduction, whereas high
field conduction for E >1.5x106 Vm-1 was shown to be an electrode limited Schottky
emission conduction. The electronic parameters for Au/hybrid film/ITO diodes were
evaluated and the values of barrier height, ideality factor and series resistance were
found to be 0.84±0.05 eV, 1.12±0.8 and 50±2 MΩ, respectively, whereas the barrier
height obtained from C-V measurement was 1.05±0.05 eV. The values of NSS
decreased with increasing ESS -EV values. The density distribution of the interface
state changed from ≈6.2 x1014 to ≈3.3x1014 eV-1cm-1. The hybrid film behaved as a
single semiconducting material having a single electronic band structure. When the
device was biased with a ≈100V (AC) supply, a strong room temperature
electroluminescence emission at ≈384 nm (E≈3.229 eV) was observed for the
Au/CuCl HF/ITO structure, which was attributed to Z3 free exciton emission. The
CuCl hybrid films structural, optical and electrical properties reveals promising
results for optoelectronic applications.
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Studies on the impact of ambient atmospheric ageing effects on CuCl hybrid films
showed there was no significant change in measurements for samples aged for up to
four months. Although CuCl is very hydroscopic, the hybrid film maintains its full
material, electronic and optical properties for up to 4 months without any additional
protective layer. Therefore, it was confirmed that the hybrid film is more stable than
vacuum or sputter deposited CuCl thin films and its shelf life could be extended by
blending with other polymer system such as PSSQ.

XRD measurements for p-CuCl/n-ZnO heterojunction diodes confirmed that no
intermediate compound formed at the heterojunction. The absorption characteristic
for the p-CuCl/n-ZnO heterojunction was dominated, whereas the PL feature was
dominated by the n-ZnO thin film. Room temperature I-V characteristics for the pCuCl/n-ZnO heterojunction structure show diode-like behaviour with the values of
barrier height and ideality factor equal to 0.72 eV and 4.6, respectively. This diode
structure may be useful for photodetection and photovoltaic cell fabrication,
particularly for the blue/UV spectral regions.

9.2

Suggestions for Further Work

Film conductivity is an important parameter for electroluminescent device
performance. We actually did attempt to embed the CuCl nanocrystals in a highly
conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), but this quenched
the CuCl Z1,2 and Z3 UV-Vis absorption as well as PL emission. CuCl nanocrystals
were also embedded in a polyaniline (PANI) matrix; this improved the film
conductivity (σ ≈2×10-3 S cm-1) but not enough. Another difficulty was related to the
fact that the CuCl nanocrystals solutions were water based whereas most of the
polymer solutions were not water based. Thus, when mixing the polymer matrix and
CuCl solution the solutions were segregated. Some suggestions for further work that
could lead to the fabrication of efficient electroluminescent devices, photovoltaic
cells and photodetectors are highlighted below:

 Improve film conductivity: To increase the hybrid film conductivity, CuCl
nanocrystals should be embedded into a highly conductive, transparent, miscible
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low molecular weight polymer such as poly(dialkyldimethyl ammonium
chloride), carboxymethyl cellulose (CMC), and methyl cellulose (MC). CuBr
nanocrystals could be embedded into a highly conductive polymer, namely,
PEDOT. Another possibility to improve the film conductivity could be the use of
incorporated gold nanoparticles in the hybrid film.

 p-n Junction based ELD: In its natural state CuCl is a p-type semiconductor
material; it is possible to produce n-type CuCl hybrid film by Zn doping [K. V.
Rajani, F. O. Lucas, S. Daniels, D. Danieluk, A. L. Bradley, A. Cowley, M. M.
Alam and P. J. McNally; Thin Solid Films 519 (2011) 6064], and one could
envisage the eventual fabrication of a p-CuCl and n-CuCl:Zn hybrid film p-n
homojunction light emitting diode. Another way to produce p-n nanojunctions
may be by producing p and n type CuCl nanoparticles embedded into a polymer
matrix.

 As a reinforcing agent: The inorganic CuCl nanoparticles may be embedded
into organic polymers to increase the efficiency of organic light emitting diodes
(OLED).
 Photovoltaic Application: Owing to the absorption effects observed for this
prototype device structure (p-CuCl/n-ZnO), a potential avenue of research would
be to investigate the changes in the I-V characteristics of the structure due to
changes in the wavelength of light (e.g., red, blue, UV LED, etc.).
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Appendix A
Synthesis and Characterization of Copper (I) Chloride (CuCl)
Nanocrystals in Conductive Polymer for UV light Emitters
A.1

Introduction

Intrinsic γ-Copper (I) Chloride is an ionic I-VII compound semiconductor material
with relatively low conductivity. To fabricate an efficient electroluminescent device
based on CuCl nanocrystals (NC) the conductivity of the CuCl NC film should be
relatively high. In order to fabricate an efficient electroluminescent device, the
electronic conductivity of the CuCl crystals must be improved. Thus, we present the
preliminary results on CuCl nanocrystals embedded in Polyaniline. This composite
structure opens up the possibility to develop efficient UV/white–light emitters based
on CuCl technology. The room temperature UV-Vis absorption spectra for all CuCl
films showed both Z1,2 and Z3 excitonic absorption features and the absorption
intensity

increased

as

the

anneal

time

increased.

Room

temperature

photoluminescence (PL) measurements of the hybrid films reveal very intense Z3
excitonic emission. Room temperature X-ray diffraction (XRD) confirmed the
preferential growth of CuCl nanocrystals whose average size is ≈ 40 nm in the <111>
orientation. Resistivity measurements were carried out using a four-point probe
system, which confirmed that the conductivity of the composite film was ~2 × 10-3
Scm-1. This is an improvement when compared to the vacuum evaporated CuCl thin
films (~ 2.3 × 10-7 Scm-1).

A.2

Film deposition

CuCl nanocrystals were synthesized using CuCl2.2H2O powder together with alphaD-Glucose powder, with de-ionized water via a complexation-reduction-precipitation
mechanism [1]. Subsequently the CuCl nanocrystals bearing aqueous solutions were
mixed with 2.5 gm of the conductive polymer Polyaniline (PANI). The preparation
of the conductive polymer polyaniline has been detailed previously [2, 3]. The
solution was stirred for 5 minutes and finally filtered using a 0.2µm filter (Cellulose
Acetate Filter Syringe). The films were deposited on glass substrate (~400 nm in
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thickness) via spin coating by gradually increasing the speed from 0 to 2000 rpm
over a period of one minute using a Laurell WS-400A-6PP/LITE spin coater in a
class 100 clean room environment to avoid contamination. The coating was
performed at room temperature. The films were subsequently heated at 140oC for
durations between 1 and 12 hours in vacuo. The structural properties of the hybrid
films were measured by using XRD with measurements carried out in the locked
coupled mode in the 2θ range of 5o to 60o. The optical absorption properties of the
CuCl films were studied at room temperature using UV-Vis spectroscopy and PL
spectroscopy employing a JY Horiba LabRam HR800 micro-PL system with a 325
nm He–Cd laser which was focused to a diameter of ~1 µm on the sample surface
using a x40 UV objective lens. Current-Voltage (I-V) and resistivity measurements
were carried out using a four point probe (Veeco) system.

A.3

Result and Discussion

Figure A.1 shows the room temperature θ-2θ X-ray diffraction spectrum of a typical
nanocrystalline CuCl hybrid film, annealed for 4 hours at 140o C, deposited on a
glass substrate. This spectrum shows the two main diffraction peaks which
correspond to (111) and (220) crystal plane orientations of cubic phase γ-CuCl,
respectively.
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Figure A.1: X-ray θ-2θ diffraction spectrum of nanocrystalline CuCl hybrid film
(CuCl/PANI) deposited on glass substrate and annealed at 140o C for 4 hours.
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This is in excellent agreement with data from our previous CuCl hybrid film [1]. The
FWHM of the CuCl (111) peak was measured and an average crystallite size ≈40 nm
was estimated using the Scherrer formula [4]. Figure A.2 show the room temperature
UV-Vis absorption spectra of the nanocrystalline CuCl films deposited on glass
substrates.
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Figure A.2: Room temperature UV-Vis absorption spectra of nanocrystalline
CuCl/PANI hybrid films deposited on glass substrates, and annealed at 140o C for
varying periods of time as indicated (Inset: deconvolvted absorption peaks).
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Figure A.3: Room temperature PL spectrum of nanocrystalline CuCl/PANI hybrid
film deposited on glass substrate and annealed at 140o C for 4 hours.
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In these spectra the films reveal both the usual Z1, 2 and Z3 exciton absorption peaks.
At room temperature, the hybrid films show the free exciton Z3 absorption peak at
≈382 nm (~3.246 eV) and the free exciton Z1,2 peak at ≈375 nm (~3.306 eV), which
is in excellent agreement with previous hybrid, vacuum evaporated and sputtered
films [1, 5, 6, 7]. The absorption intensity increases with increasing annealing times.
Interestingly, the 12 hour annealed film exhibits a Z3 free excitonic peak absorption
intensity that is greater than the Z1,2 excitonic peaks, which is opposite to the
previously observed absorption characteristic of CuCl. The reason for this is
currently unknown. Figure A.3 shows the room temperature PL spectrum of a typical
spin coated CuCl/PANI hybrid film, annealed for 4 hours and deposited on a glass
substrate. The hybrid film shows intense Z3 free exciton-mediated PL emission at
≈385 nm (3.22 eV) again due to the large binding energy of the order 190 meV [8].
In general, the CuCl Z1,2 peak is not observed in the PL emission spectra most likely
due to self absorption [9].

HF thickness~400 nm
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Figure A.4: Linear I-V characteristics of a typical nanocrystalline CuCl/PANI
hybrid film deposited on glass substrate and annealed at 140o C for 4 hours.

The resistivity of the hybrid film was also investigated using a standard four-point
probe. The CuCl hybrid film current-voltage plot was found to be Ohmic in nature as
shown in figure A.4. The conductivity of the hybrid film is ~2 × 10-3 Scm-1, which is
big improvement compared to PSSQ based CuCl hybrid films (~3.54 × 10-8 Scm-1).
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Figure B1: AFM images for the CuCl/PSSQ hybrid film deposited on
glass substrate and annealed at 120o C for different time durations:(a)1 H
(b)12 H (c) 18 H and (d) 24 H. Thickness≈ 500 nm.
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List of Acronyms

AFM

Atomic Force Microscopy

LED

Light Emitting Diode

SSL

Solid-State Lighting

CFL

Compact Fluorescent Lamp

LED

Light Emitting Diode

OLED

Organic Light Emitting Diode

SSL

Solid-State Lighting

RGB

Red-Green-Blue

eV

electron Volt

MIS

Metal Insulator Semiconductor

ELD

Electroluminescent Device

EL

Electroluminescence

WLED

White Light Emitting Diode

UV

Ultra-Violet

Vis

Visible

SEM

Scanning Electron Microscopy

XRD

X-ray Diffraction

XPS

X-ray Photoelectron Spectroscopy

FTIR

Fourier Transform Infrared Spectroscopy

NC

Nano crystal

CuCl

Copper(I) Chloride

ZnO

Zinc Oxide

PSSQ

Polysilsesquioxane

EDX

Energy Dispersive X-ray analysis

CL

Cathodoluminescence

ITO

Indium Tin Oxide

ASD

As-deposited

HF

Hybrid Film

FWHM

Full Width at Half Maximum
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PF

Pool-Frenkel

SE

Schottky Emission

FN

Fowler-Nordheim

HOMO

Highest Occupied Molecular Orbital

LUMO

Lowest Unoccupied Molecular Orbital

CB

Conduction Band

VB

Valence Band

PL

Photoluminescence
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