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                                                               Abstract 

 

 

 

An order of materials known as transparent conductive oxides (TCOs) combined excellent electrical 

conductivity with optical transparency. Due to these aspects the evolution regarding p-TCOs 

conveyed for a numerous application including “smart” windows to “multifunctional” transparent 

electronics for upcoming power-efficient optoelectronic gadgets. The commerce of abundant 

utilization is influence by n-TCOs and manufacture of a potentially useful fully functional 

transparent device is constrained by the absence of an appropriate p-type equivalent, which could be 

considered as a development in technology. Delafossite CuCrO2 is an optimistic potential material 

to attain the suitable for large spectrum of p-TCOs possibilities. Nowadays, p-TCOs are being 

presented the supreme trade-off in between electrical as well as optical analysis. The famous 

scientist C. Friedel discovered the mineral for first time report in 1873 while analyzing from Siberia. 

The great mineralogist G. Delafosse was honored by having the mineral identified the significant 

name “delafossite” (1796-1878). The compounds are a part of ternary oxides having a popular 

chemical formula A
+1

B
+3

O2, which comprise layer of linearly coordinated A cations stacking 

between edge-shared BO6 octahedron. The monovalent ions (A
+1

) are inclined and attached to the 

trivalent ions (B
+3

) at the center of normal oxygen octahedral. In 1993, after NiO as a first report in 

p-TCOs there have been variant applications documented up until this point. Due to its high 

conductivity in CuCrO2 doped with Mg has been identified as a suitable candidate for p-TCOs.  

The purpose of this thesis is to the simultaneously both cationic-anionic doping strategy in p- 

CuCrO2, improving their electrical transport, structural and optical response. Furthermore, we have 

examined the structural, optical as well as electrical transport characteristics of nanocrystalline p- 

CuAlO2 ceramics. Chapter 1 begins with a common introduction of TCOs and includes the 
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historical content with their chemical and various physical characteristics describe in details to 

provide a technological structure for some of recently developed materials. Review of correlated 

literature on Copper based delafossite is consider along with some ground-breaking reports 

represent in chapter 2.  

The basic operating procedures and broad summary about the crucial characterization tools that are 

utilized during the entire study discusses briefly in chapter 3. By doping cationic and anionic 

simultaneously are performed in prototype p-CuCrO2 to maintain the transparency while improving 

electrical conductivity explains in chapter 4. Mg and S are applied as dopant elements at Cr and O-

sites respectively with varying concentrations and it‟s confirmed by Rietveld analysis. It is obvious 

that all doped materials are in transparent region. In electrical measurements twice time enhance 

conductivity for co-doped materials with increase metallicity.  

Chapter 5 introduce Li ion doping at Cr site and S ion doping at O site in the host p-CuCrO2 to 

validate the resulting band dispersion experimentally over the contribution from shallow S 3p 

acceptors with maintaining transparency. To investigate how site dependent hole inducing affects 

the corresponding changes in physical and transport properties. Four fold increasing in electrical 

conductivity upon the cationic-anionic doping. Here a pair of conduction mechanism thermally 

activated above 180
 
K and 3D VRH conduction below 30 K is highlighted. Chapter 6 carries out 

and is compared to temperature dependence hole conductivity and identified for Li and S doping 

more likely way to cross the bottleneck threshold than Mg and S doping in p-CuCrO2 and also 

enhance metallicity. 

Chapter 7 investigated to the effect of reducing grain size impact of the transport and structural 

analysis of p-CuAlO2 and is acquired via ball milling process with good transparency. Electrical 

analysis of micro and nano samples reveals that the hole conductivity for the nanocrystalline 

materials reduces by several orders. 
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Chapter 1 

 
 

 

1.1. A brief overview of TCOs: 

 
A significant amount of research advances among the semiconductor physics over the last centuries. 

Due to its many real-world uses, several people have shown interest in the semiconductor materials. 

Consequently, material processing has also grown in importance as a research area. Many 

groundbreaking material as well as technology have becomes available now, each with unique 

qualities for variety applications. However, the greatest obstacle to the development of new 

technological improvements is frequently a lack of resources. Modern material scientists are 

especially interested in creating materials that preserve their desired qualities under extreme 

surroundings. The ultimate goal is material scientists to identify ways to raise productivity while 

decreasing the production cost. 

Termed TCOs, these material most momentous areas of research interest have already establish 

abundant applications in devices that requiring for transparent contacts. The various class of 

materials used in these devices, which involve semiconductors, metal, plastic, ceramics and polymer 

have necessitated for TCOs. An order of TCOs material displaying with combination of high 

conductivity (~ 10
4
 S cm

-1
) including high transparency (>80%) in visual range, which acquired 

wide band gap nature. Due to their special features TCOs are the foundation for many significant 

applications in modern and emerging technology [1-4]. Typical examples of TCOs use as organic 

LED, solar cells, L D, “low-e”  windows and FPD [5-8]. TCOs are being applied sometimes as  
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active layers in transparent film transistors, gas sensors, UV LED and detectors also [9-13]. 

Moreover, TCO is frequently utilized mostly in area of opto-electronic gadgets for long range. 

In 1907, Badeker [14] was first to report conducting TCO films of CdO and which prepared via 

thermal oxidation. Since that time, its financial cultivation of films TCO has indeed been 

acknowledged, and even the selection of potential samples has also broadened. Afterwards, it was 

found numerous binary oxides and which exhibits superior transparent conducting feature. Few of 

these examples include PbO2, CdO, Ti2O3, SnO2, Ga2O3, ZnO, Sb2O5 and In2O3 [15, 16]. Out of this 

most TCO widely used such as In2O3 doped with Sn and SnO2 doped with F in the modern 

industries due to their good optical as well as electrical capabilities [17]. The relatively scarcity and 

highly expensive of indium have significantly disadvantage for ITO; while FTO is more affordable, 

its need high temperature for deposition, which is limit applicability in devices. One benefit of 

employing a binary oxide as TCOs that because of theirs film deposition is generally simpler to 

control in contrast to multi- component and ternary oxides. Since the materials with impurity doped 

execute native as well as impurity donors, whereas undoped binary only have a few number of uses.  

Many examples of ternary oxides such as CdIn2O4, Cd2SnO4, and CdSnO3 are good candidates was 

developed in prior 1980 for TCOs [18, 19].  

New materials for TCO are being extensively researched to be able to provide TCO films that are 

appropriate for specialized applications. In 1990s, TCO materials made of multicomponent 

compounds such as ZnSnO3, Zn2SnO4, GaInO3 and MgIn2O4 along with consisting of combination 

with ternary oxides [20-22].  The benefit of the multicomponent compounds is that of their physical, 

electrical, chemical and optical properties might be controlled with chemical compositions. Also 

MgIn2O4- Zn2In2O5 multicomponent oxide was described as a novel TCO material via magnetron 

sputtering by Minami in 1999 [23]. Currently, the ultimate conductivity (1.3x10
4 

Scm
-1

) reported in 

ITO as thin film which was grown by PLD method [24]. Many of metals thin film such as Cu, Fe,  
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Ag, and Au, etc. has also reported with similar properties. The stability along with toughness thin 

films based upon wide gap conducting oxides, however; significantly outweigh those of metallic 

films. 

However, TCO materials have the potential to be used as transparent contacts. It is commonly 

acknowledged that the astounding improvements in the production of Si-based devices that have 

reached their practical limit [25], and therefore a completely new strategy is necessary: Materials 

made of oxide are predicted to be a key component of such advancements [26-28]. TCOs present 

alluring possibilities for the development of high achievement transparent electronics, opening up a 

plethora of novel integration and technological opportunities [29], such as entirely electronic display 

panels, or energy creation due to photovoltaic cells covertly integrated in the windows of business 

buildings. There are good reasons to believe that in TCOs field will eventually move beyond its 

recent stage into transparent contacts predominating to innovative and fascinating concepts for 

electronic systems. 

The TCOs conductivity might be varying greatly, ranging from metal to insulator. However, the 

majority of these TCOs exist within n-type, in which the electrical conduction is carried out by 

electrons. The creation of p-TCOs is required by reason of the fabrication entire transparent pn 

junctions. Transparent FET thin films have fabricated by using n-TCOs [30]. Understanding the 

fundamental characteristics of TCOs is necessary for the representation of TCOs by using p and n- 

type materials.  

Anyhow, to get toward open electronic device concepts, we must comprehend the causes of TCOs 

electrical conductivity. Such that this may be enhanced, managed, and the invention of novel 

materials with specialized features. In this field, there has recently been significant advancement 

with findings that deviate from accepted viewpoints. 
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1.2. The valuable properties: 

   1.2.1. Electrical conductivity 

To comprehend the conduction phenomena at play, numerous studies on the electrical 

characteristics of TCOs have been conducted. To following the relationship σ = neµ, the 

conductivity (σ) defined by S cm
−1

 of TCOs films is directly proportional carrier mobility (µ) and 

free carrier density (n) i.e. (“electrons” in n-T Os and “holes” in P- TCOs), whereas e is elementary 

charge (1.6 x10
-19 

C). As a result, it is clear that the films become conductive; they must either 

varying from stoichiometry or undergo intrinsic doping, like oxygen vacancies or extrinsic doping 

with external impurities. The doping might be accomplished across interstitial implantations, 

vacations as well as substitution and which depending upon the materials or the dopant type. This 

means the TCO described with that contribution due to situating of either an anion or a cation with 

the intention of doping. Systematic research has been done to examine the impact of several 

parameters, including substrate temperature, dopant concentration and film thickness etc.[31, 32] in 

TCO films for electrical characteristics. 

The highest value conductivity of TCO films is primarily due to stoichiometric deviation. Donor 

sites associated to oxygen vacancies serve as the source of free electrons in TCO films. Such donor 

sites might be easily formed to chemical reduction. Among the greatest important elements carrier 

mobility key variable with effect of conductivity of TCO films. The mobility of carrier in 

polycrystalline TCO films depends on the process through which carrier scattering. In 

semiconducting films, there are many difference scattering mechanisms at play including 

piezoelectric, ionized impurity, grain boundary, optical phonon and electron-electron [33, 34]. 
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Consequently, a compromise might be reached while designing doped in TCOs due to that free 

electrons density. Due to this restriction, a good TCO materials has to be low resistivity (preferably  

ρ   10
-3

 to 10
-4 
Ω

.
cm), a high carrier mobility (usually μ    50 to70 cm

2
V

-1
s

-1
) and keeping below 

carrier concentration below 2 × 10
21

 cm
−3 

[35]. In TCOs, the scattering ionized impurities is appears 

the main theme limitation of its carrier mobility. Lee [36] described the relation among the mobility 

of electrons and concentrations in ITO films with deposited through magnetron sputtering (DC) 

under difference conditions. It must be highlighted that the scattering on grain boundary has 

significant that impact on ZnO with carrier concentrations is 2×10
20 

cm
−3

 compared to ITO 

concentrations [37]. Additionally, the impurity ionized scattering model described to ZnO, In2O3 

and SnO2 for TCO films [38]. Furthermore, it is important to understand that Sn-In2O3 act in 

accordance with the example scatters of the carrier and these scattering occurrences most likely 

define the intrinsic restriction of carrier mobility. 

 

 1.2.2. Optical transparency  

TCOs films optical characteristics are greatly influenced by microstructure, deposition parameters, 

growth methods and impurities. The transmittance, absorptance as well as reflectance spectra across 

a wide range of UV-visible-IR spectrum are typically used to investigate TCO films. Their wide 

optical gaps (Eg > 3 eV) are direct cause of their transparency in the NIR and visible regime. The 

word "optical" energy gap should be understood to refer energy of photon which exhibits an 

absorption coefficient in absorption spectrum. In comparison, energy gaps which including 

“electronic” as well as "optical" are not consistently identical since few materials execute a lower 

electronic energy gap i.e. optically indirect or direct but not excitable. As a result, the materials 

exhibit very short band gap absorption. The materials consequently exhibit very little absorption at  
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the electronic energy gap. This is particularly clear in the instance of In2O3, which optical gap 

energy shows that 3.6 eV, despite having an electronic but has dipole forbidden gap energy just  

2.8 eV [39]. The minimal electronic energy gap due to the massive in cations reduces antibonding 

state at the CBM. The significantly larger optical energy gaps due to transitions in between the 

electronic gap energy are forbidden across the symmetry and the allowed optical transition below at 

the VBM is almost 1 eV. 

The two boundaries (near-IR & near-UV) that defined transmission window are directly correlated 

with the carrier concentration. For TCOs, the transmission window shifted to lower wavelength 

with raises the carrier concentration. Many examples [40-42] of these shifts in TCOs includes FTO, 

AZO (ZnO doped with Al), GZO and ITO with increased carrier concentrations (2.3-10 × 

10
20

cm
−3

). Furthermore,  for AZO observed a high blue shifts to 0.5 eV [43]. 

The spectral dependency demonstrates that TCO is transparent and exhibits dielectric like behaviour 

above the limitation of smaller transparency but below the transparency bands higher wavelength 

limit (known as the plasma wavelength). Beyond the wavelength of the plasma, it treated as a metal 

and either absorbs or reflects of light. Due to the doping that results of shifting the plasma‟s 

wavelength, which causes the T O‟s transparency to decrease. The TCOs requires a compromise 

for used in applications of photovoltaics with respect to spectral response. Thus, depending upon the 

material employed and its doping, the kind of oxide and its doping are generally optimized with 

TCOs to have a transparency range.  

Optical measures are also frequently used to evaluate the film quality. In the lower quality of TCOs,  

the deep levels of emissions occurring with low transmittance are attributed to the various lattice 

defects. As a result, in ordering to achieve better transmittance, the defects in TCOs primarily those 

related to oxygen must be significantly decreased by the use of ideal growing conditions. 
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1.3. Evolution and Growth (TCOs): 

A number of techniques that are commonly employed to deposit oxides based thin films. These 

several deposition techniques and conditions are greatly influenced by the optical as with electrical 

characteristics of ITO films. 

 

Generalities about growth methods 

The earliest TCOs layer advancements of a substrate such as silicon and glasses were inexpensive 

liquid chemistry methods, like as hydrothermal growth, sol-gel deposition and electrochemical 

deposits [44-46]. The first techniques for creating TCO layers of a substrate by spray pyrolysis and 

sputtering were created in 1970 to become better quality of layers and consequently, in control of 

the growth process [47]. A few years ago, more advanced methods have become available, like 

molecular beam epistaxy (MBE) and pulsed laser assisted deposition (PLD) [48, 49]. The extensive 

development trade of TCOs served as wide-ranging for the making of these current techniques 

demanding improved management of repeatability while enhancing the layer‟s crystallinity.  

Recently, researchers have produced nanostructured layers which based on nanofibers, 

nanoparticles in response to either improvement in the electrical along with optical performance of 

TCO layers or the creation of new applications. The primary TCO films deposition and growth 

processes, highlighted by numerous instances pertaining to unique TCO films, in order to draw 

attention to the individual experimental and growth concerns that need to held into account. 
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Sputtering 

Thin films TCO are frequently deposited using the sputtering procedure. There are numerous 

methods for sputtering that could be applied in several of temperature ranges, including DC 

sputtering, radio frequency, ion beam or magnetron sputtering. The industrial field has found both 

(DC & RF) to be particularly intriguing among the aforementioned approaches because they provide 

vast area sputtering systems, high rates deposition and reproducibility. Additionally, it has been 

reported that ITO films created by magnetron sputtering (DC) at ambient temperature are often 

amorphous and have a large electrical resistance [50]. However, certain substrates or applications, 

like as solar cells or electronic devices, need for a low temperature deposition due to larger 

temperatures risk damaging the structure of electronics devices directly [51]. 

 

E-beam and thermal evaporator 

Metallic Sn and In powders are used in directly thermal evaporator and electron beam techniques to 

grow ITO films. Since indium (In) has a higher vapors pressure than tin (Sn), it will more readily 

evaporate, changing the composition of alloys. Furthermore, studied how different procedures for 

heat post-deposition conducts affected to the optical, electrical and microstructural characteristics  

of thin films (ITO) and that was made through an e- beam [52]. The samples were deposited upon 

Si-wafer along with glass substrate. Following deposition, the samples underwent a 30-minute 

annealing process in the air at temperatures range (200-500)
0
C. They discovered that the material 

was amorphous at small temperatures, whereas the size of the crystallites noticeably increased with 

temperature. The typical grain size was observed to be around 10 - 25 nm for temperature at 300°C, 

but it rises to around 15 - 50 nm at higher temperatures. The literature also has recognized this 

connection with structure and temperature [53]. 
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Spray pyrolysis   

A chemical interaction of gases species appearing with a heated substrate occurs inside the spray 

pyrolysis process. The benefits of this method, which is now widely used to create electrodes, 

include the potential for accumulating over very huge surfaces, the deposit frame's comparatively 

modest price and the deposit‟s usage of a low temperature enabling the deposit on different 

substrates. The further benefit from scientific standpoint, that it makes possible to develop coatings 

with an excellent qualities on various substrate without any vacuum.  Additionally, compared to the 

equipment, it's also thought to be rather affordable. The disadvantage regarding ITO films seems to 

be the scarcity of sources in thermally stable or volatile materials. Various investigations using this 

method to production of ZnO films over glass substrates have been conducted to examine how the 

change characteristics of the films with changing deposition parameters [54]. 

 

1.4. Applications: 

To restate, in addition to having optical transparency within the chosen wavelength range, the 

materials (TCO) for evaluation should also be a feature of large conductivity along with order to 

achieve the electrode specifications and also being generally acceptable with active layer substance.  

In practical TCOs are applied as electrodes primarily within the case of solar cells or LEDs because 

they are energy-related and make a big impact on our lives. 

 

LEDs 

LEDs have attracted of numerous interest in the discipline of FPDs throughout the world. The uses 

of LEDs are significant, and the efficiency of LEDs is strongly influenced by the metal oxide  
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semiconducting materials. LEDs based upon GaN must provide excellent optical fluxes in particular 

to be utilized for generalized illumination and to open the door to lower energy usage. A large 

injection current required for this, ideally with large efficiency in power conversion. Several 

strategies, including substrate design, layers of p-contact and textured surfaces could be used 

separately to increase the effectiveness for extraction [55, 56]. In order to increase the extractive 

efficiency, TCOs are utilized a transparent electrodes in organic and GaN-LEDs. 

TCOs improved lateral conductivity provides further benefits. As is reasonable to assume, the weak 

conductivity of p-GaN, which leads to the commonly named current-crowding process, may be a 

factor inside the performance decay of LEDs. The resulting temperature and progressively uneven 

current have a negative impact on the devices stability along with its operating voltage and emission 

effectiveness. A layer of Ni/Au was already widely studied as the transparent material in earlier 

phases of the production of GaN-LEDs; its transparency is less than 70% that count on the 

wavelength with thickness [57]. There is a thoroughly reviewed regarding ohmic-contact methods 

involving p-GaN for GaN- LEDs [58].  

Relevant information on the ohmic properties of GZO, ITO and also AZO may be obtained in the 

corresponding references [59, 60]. As was already said, ITO seems to have transmittance (≥ 90%), 

which is significantly greater than Ni/Au thin layer. The luminescence intensity and power 

generated of the ITO-LEDs are substantially enhanced as a result. ITO is needed the primary TCO 

material utilized in GaN-LEDs to date. To make it even better as there are absence of photon-

blocking bonding wire in the way of photons that are retrieved from the surface of device, flip-chip 

design allows for a stronger LED output. The addition of TCOs buffer thin layers potentially raise 

the efficiency with which emitting devices execute with their functional duration. 
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Solar cells 

The termed „photovoltaic effect‟, It efficiently transforms incident light energy to electrical power, 

is utilized by „solar cells‟. The separation of free carriers pair (electron-hole) produced by solar 

photons occurs at the interface between two substances with various conducting polarities. Since 

they produce sustainable, renewable energy that will lessen our reliance on fossil fuels, solar cells 

are an incredibly favorable renewable energy source. 

TCOs are employed in solar cells for such a variety of purposes. Solar cells could be classified in 

bulk devices; junction based film devices and recently developed technology, such as organic cells, 

high-efficient junction cells and many mores. The earliest phase of photovoltaic devices has been 

referred to as modular made of semiconductor materials that are constructed by bulk wafer. Energy 

prices remain too expensive to make a meaningful impact on the industry for power generation. A 

large portion of the market is concentrated upon that technology with the lowest price per unit of 

power production. The two primary methods for lowering rate of solar electricity are improving cell 

efficiency with reducing cost. Thin film manufacturing devices are more affordable since they use 

lesser material than Si (bulk). Devices utilizing polymers including dyes materials, that comprise a 

diverse array of innovative designs, are another alternative strategy aimed at lowering energy prices 

[61]. Despite being less effective than semiconducting devices at the moment, such cells remain 

appealing because of their ease of use and inexpensive manufacturing costs. 

TCOs are employed as electrode materials in numerous varieties of thin film cells, including CdTe, 

Si and CIGS. In order to successfully use TCO films in the applications solar cell, greater carrier 

mobilities are needed. Si-based film devices also benefit and are slighter expensive for the reasoning 

that they utilize less silicon than bulk wafer-based devices. TCO layers, which are employed the 

transparent electrodes for Si cells, are hence extremely important to device operation [62]. In  
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replacement of ITO, FTO films are frequently utilized for solar cells [63]. The most prevalent 

substrate is FTO, however expense SnO2 glass substrates with wide surfaces are not yet employed. 

However, AZO has arrives a potential TCO compound in solar cells. The AZO composition is more 

transparent and conductible than conventional glass substrates. Furthermore, in a high humidity 

climate, AZO degrades significantly more quickly than FTO or ITO [64]. The configuration of glass  

substrate arrangement is typically used in the fabrication of solar cells (CdTe). The buffers generally 

frequently made of SnO2 layers, but ZnSnOx films have also been suggested [65]. In contrast to film 

cells, dyes and are subsequently used in PV systems. Cost effectiveness is these devices key 

advantage, although organic PV cells energy conversion efficiencies are higher. Additionally, 

transparent anodes made of TCO components could be employed to OPV devices [66]. 

 

 

 

1.5. Objectives of the thesis: 

The conductive properties of TCOs could be varying from metal to insulator, and can also be altered 

in many other ways. Furthermore, the majority of such TCOs have n-type, in which the electrical 

conduction is carried out by electrons. The production of p-TCOs is required for the manufacturing 

include all junctions in p-n systems which are transparent. The optimum conductivity of p-TCOs 

documented up to this point is still several orders of magnitude lower than n-TCOs that are widely 

accessible. Therefore, this hinders the growth of efficient devices in high-volume production. It was 

discovered revealed non-stoichiometric oxidation strong interaction inside this material has such a 

restriction on how that can boost the components conductivity. Therefore, it appears that the 

materials were modified intentionally the apparent method to improve its conductivity. When  
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defects are added to oxide semiconductors, its electrical as well as optical characteristics frequently 

undergo drastic alterations. It must be necessary to identify the correct dopant and the doped 

method, the goal is to obtain exceptional qualities. Numerous theoretical publications that suggest 

different doping agents and techniques to improve these compounds the electrical characteristics 

have been established. Delafossite CuCrO2 is an optimistic potential material to attain the suitable 

for large spectrum of p-TCOs possibilities. Nowadays, p-TCOs are being presented the supreme 

trade-off in between electrical as well as optical analysis. Co-doping of p-TCOs is thus a crucial 

research field for such creation of photonics and spintronics technologies of greater quality. The 

discovery of p-TCO compounds remains in its early stages. The p-TCOs have the potential to create 

a broad range of novel devices, despite the verity that their conductivity remains lesser compared to 

n-type counterparts. The main purpose of this thesis is to the simultaneously both cationic-anionic 

doping scheme in p-CuCrO2, improving their electrical transport, structural and optical response.  

Bulk p-TCOs physical properties are very diverse than those of nano-structured TCOs. Ball milling 

as top-down process, produces considerably a various sizes range of delafossites composition than 

bulk p-TCO. Furthermore, we have examined the structural, optical as well as electrical transport 

characteristics of nanocrystalline p-CuAlO2 ceramics. 

The main research goals are highlighted inside this thesis: 

 

 To create solid state heating-based copper delafossites with a crystalline phase that is visible 

and conducting utilizing a low-cost and precisely controllable method. 

  To study the p-TCO, CuCrO2 is chosen as host matrix and both cation and anion doping are 

performed simultaneously in order to improve the conductivity while maintaining the 

transparency. 

 To introduce Li ion doped at Cr site and S ion doped at O site in the host p-CuCrO2 to  
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investigate physical as well as chemical properties and validate the resulting band dispersion 

experimentally.  

 To compared to temperature dependence hole conductivity and identified for Li and S 

doping more likely way to cross the bottleneck threshold than Mg and S doping in P-

CuCrO2 . 

 To generate size variation crystalline phase optically transparent along with Cu-based 

conductivity delafossite materials are utilizing a top-down technique.  

 

 To study the transport, optical as well as structural features of nanocrystalline P-CuAlO2 

with size variation. 

 

This thesis is separated into 8 well-documented chapters that are focused on the research ideas with 

applications. Chapter 1 starts with a common introduction of TCOs and includes the historical 

content with their detailed discussion of practical implications in contemporary life. Chapter 2 

represents review of correlated literature on Copper based delafossite also their classifications are 

considered along with some ground-breaking reports. The detailed documentation of the 

experimental setups utilized in the thesis is provided in chapter 3. By doping cationic and anionic 

simultaneously are performed in prototype p-CuCrO2 to maintain the transparency while improving 

electrical conductivity explains in chapters 4. Chapter 5 introduce Li ion doping at Cr site and S ion 

doping at O site in the host p-CuCrO2 to validate the resulting band dispersion experimentally over 

the contribution from shallow S 3p acceptors with maintaining transparency. To investigate how site 

dependent hole inducing affects the corresponding changes in physical and transport properties. 

.Chapter 6 carries out and is compared to temperature dependence hole conductivity and identified 

for Li and S doping more likely way to cross the bottleneck threshold than Mg and S doping in p- 
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CuCrO2 and also enhance metallicity. Chapter 7 investigated to the result of reducing grain size 

influence of transport with structural analysis of p-CuAlO2 and is acquired via ball milling process 

with good transparency. In this section 8, the entire dissertation gets summarized, and also the 

researches future prospects are discussed. This information may assist future researchers working in 

this field by pointing them in the right direction. 
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Chapter 2 

 
 
 

2.1. Overview of p-TCOs: 

The key characteristics and possible uses of semiconducting films comprise the most significant 

oxide-based semiconductors that have material specialists extremely interested. The most frequently 

referred to it as TCOs, which have employed extensively in the optoelectronics field and in research 

disciplines for such a long period. These films have good optical transparency with in visible light 

and large electric conductivity for ambient temperature. A deeper comprehension of the 

fundamental qualities of T Os is necessary for this field‟s progress. The growth of novel TCOs 

with excellent transparency but instead strong electrical conductivity is encouraged by a number of 

factors. The construction of active devices employing TCOs has received minimal attention despite 

the fact that TCOs offer a broad range of possibilities [1, 2]. The reasons for this are the majority of 

the common and frequently utilized n-TCO, although the p-counterparts (p-TCOs), which become 

crucial in junction devices, have been shockingly lacking in films form for such a long period of 

time.  

It‟s therefore the highest necessity to produce numerous many p-TCO variations having excellent 

physical as well as electrical features, at least similar to the current, extensively n-TCOs, for such a 

variety of technological applications. To create novel p-TCOs using different deposition processes, 

intensive effort has been expended within that field for the past few years. Numerous researches 

have also been executed to fully the comprehend of structural, optical and also electrical properties 

in p-TCOs. Since this is a new area of TCO appliances, a detailed evaluation of significant  
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advancements for p-TCO compounds with respect to the various positioning strategies and film 

characteristics is necessary. Nagarajan or Tate among others published concise and partial reviews 

on this area in the past [3, 4]. Additionally, Norton offered a comprehensive description of the 

creation and characteristics of oxide films, briefly mentioning the significance of p-TCOs [5]. 

Also few more publications about just the creation of films p-TCO have already been reported to 

since. By using magnetron sputtering, produced semi-transparent p-NiO films [6]. By 

simultaneously adding NH3 with in gas phase and more Zn there in source ZnO, a p-ZnO film was 

observed [7]. By using standard RF-sputtering, Minami along his associates created a unique 

multiple component oxides made up of Ag2O with In2O3 [8]. 

Since Kawazoe and others (1997) initially proposed a method for discovering oxides 

semiconductors exhibiting p-types conductivity and superior optical transmittance, significant 

advancements in p-TCOs have been documented [9]. Afterward, this team kept looking for novel 

materials to support their chemically design of films TCO. They chose SrCu2O2 like a promising 

material and contrasted films with and without K doping [10]. Although both films underwent post-

annealing, they nevertheless displayed significant conductivity and poor carrier density. CuBO2 has 

received an increasing amount of interest since the publication of Kawazoe. For instance, CuScO2 

synthesised through solid reaction produced good conductivity but displayed extremely low 

transparent as in visual region [11]. Later using PLD methods, alternative material CuGaO2 was 

tested; this one produced great transparency and yet low conductivity [12]. The most significant of 

such a novel type of TCOs is the delafossites structure p-TCOs film with formula ABO2 (A= Cu, 

Ag) and also its doping variants, which given the new area of dimension „transparent electronics‟ 

(TEs). As a results the development of this particular p-TCOs, whole transparent p-n devices that  
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could serve as „functional windows‟ are created [13, 14]. After that, the throughout last decades, 

synthesis of a considerable lot of p-TCO Cu-based compounds with a broad variety of electro-

optical performances has been recorded. There are also reports of significant p-TCO non-

delafossite films exhibiting excellent electro-optical characteristics including Cu2SrO2, LnCuOCh 

(Ln=La, Nd, Y, Gd, Sm, Pr and Ch=S, Se). 

 2.2. Chemical design of p-TCOs: 

Because it is extremely difficult to create binary oxides having conductivity p-type, the majority of 

TCOs currently available in use can be n-type in origin. The initial challenge inside the chemical 

designing of p-TCO compounds is to minimize the localisation of positive holes on the edges 

of valence-band of the oxides i.e. that localisation originates from the metallic oxides ionic nature 

[9, 15]. Due to the fact that O 2p levels are so much lower lying than with valence orbit of the metal 

atoms, positive holes eventually create deep acceptor levels [16]. Therefore, when a positives hole is 

performed successfully, say through interstitial doping, it's going to be localised on such a single 

oxygen atom. Thus, such holes have low conductivity or low carrier mobility since they need 

sufficient potential to cross very high barriers in order to move around inside the crystalline lattice.  

 

 

 

 

                         Figure 2.1: Schematic illustration of CMVB technique. 
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The addition of covalency to the metal-oxygen interaction to create an extending valence-band 

configuration is one potential remedy, known as chemical modulation of the valence band (CMVB). 

The key feature of the suggested method (Figure 2.1) for getting p-TCOs is that it has this feature. 

But still the selection of the significant cationic species to use with the CMVB approach is the 

subsequent prerequisite. Findings demonstrated also that needed cationic- species are Cu
+
 with a 

3d
10

-closed shells as well as Ag
+
 with a 4d

10
-closed shells. Even though a few transitions metal-

cations with such an extended d-shell might be able the satisfying energy needed, this is not what is 

anticipated for transparent compounds since these cations typically exhibit considerable coloration 

related in d-d transitions. As a result, attention was already directed to the cation atoms with closed 

electronic configuration (d
10

s
0
). As a consequence of pairs of electrons occupying both atomic 

orbitals, the anti-bonding level a valence-band edge becomes the level with the maximum 

occupancy. 

       

2.3. Crystalline structure and properties: 

Delafossite materials are ternary oxides, and their typical structure is „ABO2‟. The „A‟ cation within 

that structure is associated linearly with two O-atoms is occupied by such a superior metal cation 

that is usually as in +1 oxidized state. Significant A cations contain Cu, Ag, Pt and Pd. The 

interatomic separation between such A cations are typically relatively modest in most materials. 

With such a primary metal cation that has a +3 charged, this „B‟ cations are situated in deformed 

edge shared octahedral (BO6). In order to meet that condition, cations may be p-block metals 

elements like Al, In, Ga, Pb, Sn and Bi, transition metallic ions like Co, Fe, Cr and Au and also rare 

earth metals like Eu, Ce, La, Sc and Nd. For B3AO, the oxygen atoms forms co-ordination of  
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pseudo-tetrahedral, which includes three B with one A cations. The alternating two layers comprise 

a delafossite structure, which may be observed as follows; an edge-sharing octahedral layer of BO6 

flattened in respect of c-axis and then a layer of plane A cations arranged in a triangle configuration. 

Delafossites composition and crystalline structure could arise either one of the following two 

polytype, based upon the way each layers is oriented during stacking. The hexagon 2H- types is 

created from the stacked a dual layers also with alternate A layer positioned 180 degrees from one 

another. This hexagonal symmetry belongs to P63/mmc space group. If the A layers are being 

staking with of the dual layers positioned the same direction in relation to one another, the 

formation of rhombohedral structure 3R-type, however displaced from one another in a three-

layered sequences. Its space group for this rhombohedral crystalline structure is   ̅   The 

demonstrates two polytypes as well [Figure 2.2 (a & b)]. 

 

 

 

 

 

 

      Figure 2.2: The delafossite crystalline structure.(a) 3R-polytype [  ̅ ] and (b) 2H-polytype 

[P63/mmc].            
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CuCrO2 is a member of the delafossite compounds that stands apart from the others in terms of its 

exceptional qualities. 

Energy storage 

In addition, CuCrO2 is regarded as an especially desirable electrode material utilizing the Li-ion 

battery. The primary explanation for CuCrO2, reversible Li- storage gadgets comprises the bonds 

(Li-O) breakage & recovery during Li insertion or extraction. An employed carbon-coating to 

generate Li batteries anodes out of CuCrO2  [17]. They discovered that its rise from (1.6 - 2.2 Li) in 

Li-storage capabilities for each units. The charging/discharging cycled, therefore, shows essentially 

little capacity losses. 

Thermoelectric properties 

CuCrO2 compounds performed really well with thermoelectric (TE) materials because to their large 

thermal stabilities, phonon transport, adjustable electronic characteristics and also very well-

established production processes [18-21]. The compounds that have high power ratings or beneficial 

thermoelectric characteristics were created using CuCrO2 doped with Mg [22]. In addition to 

displaying a high relatively steady Seebeck-coefficient (SC) in such a range of temperatures, its 

component also is highly stable. Due to these benefits, CuCrO2 doped with Mg compounds are well 

suited to be employed in transparent-TE devices, thin-film technologies that are miniature, 

including extremely accurate temperatures measuring instruments, among other applications. 
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Water splitting 

From both (acidic or alkali) conditions, CuCrO2 exhibits excellent stability. This compounds 

shows better photo-activity under perchloric acid. The CuCrO2 compounds developed through using 

sol-gel techniques exhibits enhanced oxygen or protons reductions rates when compared to 

conventional water splitting substances [23]. Considering that this behaviour was observed without 

the use of charged extraction surfaces is even more significant, since it raises the possibility of water 

splitting advanced technologies. 

Gas sensitivity 

The fundamental component of such a superior ozone detector could be CuCrO2, which has special 

gas-sensing capabilities. The resistance regarding to an ozone sensor comprising CuCrO2 

(Micro/Nano) crystals reduces in an ozone environment, but nearly recovers with its initial amount 

whenever the ozone gases is turned off. CuCrO2 has an additional carrier density at the surfaces 

enhanced region while ozone gas still present, which is where the ozone sensitivities of 

materials come from. CuCrO2, which was synthesized using sol-gel or hydrothermal techniques, 

responds to ozone gas well at ambient temperature and therefore is readily recyclable [24]. 

Electronic properties 

CuCrO2 could be utilised to create a diversity of transparent technologies with compatible n-TCO 

materials according to its superior opto-electronic capabilities. By using PLD techniques, a 

heterojunctions containing ZnO with Mg-CuCrO2 films was fabricated, which displays I-

V properties [25]. In order to maximise capability of DS-solar cells (DSSC),  
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CuCrO2 strong conductivity invents it an important component. DSSC with Mg-CuCrO2 as the 

solid-state electrolytes (SSEs) has been discovered to display improved photocatalytic activity [26]. 

Ferromagnetic properties 

CuCrO2 displays superconducting capabilities, an intrinsic paramagnetic into anti-

ferromagnetic transitions (23 K), with significant ferromagnetic characteristics at ambient 

temperature in CuCrO2: Fe [27]. Therefore it is practical to investigate novel superconductors that 

the used trans-superconductivity obtained by CuCrO2. 

 

2.4. p-TCOs with delafossite structure: 

                          

2.4.1. Cu-based delafossites (CuB
III

O2) 

CuAlO2 is the primary and most significant component in p-TCOs. Almost 65 years have passed 

since the discovery with this compound [28]. Initially, the report of its conduction (p-type) was 

obtained in1984 [29], even though it was initially produced in transparent films with potential use 

such as p-TCO technologies [9]. In-depth research has also been done on these materials structural 

along with physical characteristics [30, 31]. Additionally, these group‟s p-TCO films include 

CuInO2 and also CuGaO2 [32, 33]. Numerous publications documented that which is electronic 

structure & crystalline properties of these compounds [34-36]. Dopant variations of a number of 

comparable varieties in p-TCO films, such as CuCrO2 doped with Mg, CuYO2 doped with Ca, 

CuScO2 doped with Mg, CuInO2 doped with Ca etc. [37-39]. Furthermore, this compounds 

crystalline information including theoretical simulation has also described in the variety of  
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publications [40, 41]. There have been reports of the creation of various extremely resistant novel 

delafossite compounds in solid form, including CuZnO2: Sb, CuFeO2: V, CuMgO2: Sb, CuMnO2: 

Sb, CuCoO2: Sb etc. [42, 43]. Films made of CuNiO2 doped with Sn have been found same team to 

have acceptable visual transparency as well as conductivity.  

 

2.4.2. Ag-based delafossites (AgB
III

O2) 

The majority of delafossite compounds with Cu-based used for p-semiconductors. It‟s really 

challenging to create comparable with Ag-delafossite compounds via a traditional solid-state 

approach. AgInO2, an n-type compound, represented the first discovery of delafossite films, which 

is an Ag-based [44]. After being exposed to oxygen with pressure/fluorine, this was subsequently 

found the AgInO2 with Mg doped powder evolved a p-type character including very weak 

conductivity [45]. The same team has created a number of related delafossite compounds, all of 

which are mainly available in solid form, such as AgGaO2, AgScO2 and AgCrO2. There haven‟t 

been any findings of film productions among these compounds up to now, and each of these 

powders displayed extremely low conductivity. Additionally, AgCoO2 a delafossite-based film with 

conductivity p-type, was the focus of the initial study [3]. The film demonstrated a respectable level 

of conductivity with transparency in visual range. The higher level of combining in between Co 3d
10

 

with O 2p
6
 orbitals, which leads to more delocalised of holes, could be a reason with this film‟s 

superior conductivity to another Ag-delafossite compounds [46]. It was farther observed to exist in 

doped forms in various alternative Ag-delafossites, including AgZnO2: Sb and AgNiO2: Sb.  Cu-

delafossites have really been compared favourably to Ag-delafossites, with the previous category  
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being recommended to produce higher transparent conductivity due to they have a 

considerable carrier mobility [47]. 

 

2.5. Dopant CuCrO2: 

Undoped CuCrO2 is extremely resistive p-type oxides material. Using CuCrO2 conduction 

mechanism, the proper doping treatment is applied to reduce bond lengths (Cu-Cu) and therefore 

enhance the materials conductivity [48]. To date, Mg
2+

, Ni
2+

,
 
and also other substitute ions were 

employed as dopants to enhance the carrier conductivity as well as optical transmission of CuCrO2. 

2.5.1. Mg
2+

 doped CuCrO2 

 The first study on CuCrO2 doped with Mg
2+

 was reported in [38]. They determined that CuCrO2 

had a highest Mg doped content of 5%. While MgCr2O4 phase [49] would emerge whenever the 

doped content is higher than 5%. The film was developed exhibiting conductivity (220 S/cm) at 5% 

doping concentrations of Mg, with a thickness ( 250 nm), the typical transmittance was nearly 50% 

in visible regime. CuCrO2 doped with Mg (5%) has a large Seebeck coefficient at 300 K, it has been 

reported. Okuda and co-workers [50] provided a thorough and comprehensive explanation of the 

link between the conductivity & Seebeck coefficient of polycrystalline CuCrO2: Mg (0<x<0.04). As 

could be shown, there is a minimal familiarity among the variations in resistivity with Seebeck 

coefficient of CuCrO2: Mg (x>0.03) and the impacts of temperatures on resistivity and also Seebeck 

coefficient remain steady or consistent. Considering also the reported [20] connection between 

dopant concentration along with lattice parameters. According to other sources, the theoretical 

justification for this defect-producing replacement of Mg
2+

 into Cr
3+

 was provided. Additionally,  
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Mg
2+ 

substituting Cr
3+

 results in reduced energy generation of p-defects. It enhances carrier 

conductivity by making it simple to create the ionisation level inside the energy gap. According to 

earlier studies, the localised spins of Cr ions along with the carrier concentrations of the both 

influence of Seebeck coefficient; the one is more important at extreme temps, whereas the latter is 

more important at relatively lower temperature [51]. 

2.5.2. Ni
2+

 doped CuCrO2  

The prior article provided a thorough analysis of the effect that doped Ni
2+

 concentrations 

influences the electrical characteristics of CuCrO2: Ni compounds [52]. They discovered that of 

such materials had the superior opto-electronic properties through conducting systematic analyses 

into their carrier density, transparency, electrical conductivity, and many other capabilities. 

Additionally, demonstrates that Ni
2+ 

dopant concentration impacts the modification of physical 

characteristics. According to earlier theoretical and also experiments findings, Ni
2+ 

dopant may 

produce crystal deformation in CuCrO2: Ni, which will increase carrier scattering [53, 54]. Ni has an 

extremely strong solubility for CuCrO2, which is one of the main benefits of employing as a dopant 

since it can efficiently enhance the carrier density. In contrast to Mg
2+

 dopant, which invariably 

causes the impurities phases in the film of CuCrO2, whereas Ni
2+

 does not generate it. Ni-doped 

CuCrO2 has a relatively high transparency with in visual range. Despite the fact that Ni dopant 

might be highly soluble, earlier results demonstrate that CuCrO2 photo-electric feature was mostly 

noticeably enhanced whenever the Ni component percentage varies [55]. 
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2.6. Synthesis method of delafossites: 

Several synthesized techniques including both metals (Pd, Pt) with semiconductors (Cu, Ag) 

delafossites were disclosed mostly in initial studies. The group (VIII & IB) metal elements 

instabilities inside the delafossite crystal structure create many significant processing issues. This 

really is particularly true considering the exact stoichiometry controls needed to obtain repeatable 

observations of resistivity as well as carrier mobility among such compounds. The majority of 

delafossite materials could be produced through solid state processes when there is high pressure. 

Alternative reaction pathways are better suitable for several materials. 

 

  2.6.1. Low temperature method 

The creation of highly crystallinity phases comprising the new metal oxides Ag2O, PdO, and PtO is 

complicated by the lower operating temperature [56]. Numerous closed system or some 

other synthesis strategies with small temperature have been used to get about this obstacle. The wet- 

chemical procedures known as metathesis, hydrothermal, oxidising flux, cation exchange, high-

pressure and some other chemical processes are all of significant relevance. The halide selected of 

a new metal is interacted with such a cation oxides precursor inside a covered silicate ampoule 

during metathetical processes to create crystalline phase of delafossites [57]. For synthesising, 

nothing additional pressure is needed. Equation (1) and (2) provide illustrations of metathetical 

processes for the creation of CuFeO2 and PdCoO2. 

CuCl + LiFeO2 →CuFeO2 + LiCl,           (1)      and        PdCl2 +2CoO→ PdCoO2 + CoCl2             (2) 
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Oxides precursor undergoes hydrothermal processes in a solution of HCl or NaOH [58]. This types 

of reactions often take place at temperatures (500-700 °C) under external pressure and sealed with 

gold or platinum tubes. The act of producing CuAlO2 and AgInO2 at minimal pressures with 

temperatures has been accomplished using a freshly discovered hydrothermal synthesis process 

[59]. Cation exchange processes can be facilitated by oxidising flux methods of synthesis. The 

cation- exchange process is catalysed in this method using a point flux [60]. The sol-gel approach 

has also been used to synthesise small temperature organic solvent from a range of delafossite 

materials. CuAlO2 also has been synthesised using other solutions synthesis techniques, including 

dip-coating with combinations of different Cu and Al sources [61]. 

 

2.6.2. Solid state method 

Solid state route has also been successfully used to make a significant range of Cu-delafossite 

materials. Anyhow, it's also not practicable to make Ag, Pt or Pd-delafossite materials. CuInO2 

would be the lone exceptions, by which effective synthesize of delafossite phases can only be 

achieved through cation-exchange processes [62]. To be utilised as targets for such the PLD of 

CuInO2 delafossite films, it's also possible to generate the ceramics materials of Cu2In2O5 [63]. This 

is required to quenching with extreme temps (1000–1400°C) in order to stable metal Cu cations. For 

instance, the phase structures of CuAlO2 ceramics appears at temps and along the interface across 

(Cu+Al2O3) mostly on reduction hand and among (Cu2O+CuAl2O4) mostly on oxidation hand [64]. 

Several materials, including CuAlO2, could be converted into single phase through quench under 

atmosphere. Alternative delafossite materials, like CuGaO2, can be produced through 

powders format that use a large temperature controlled in atmospheric furnace being capable of  
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quenching [65]. A significant levels of crystallinity is generally shown through solid state generated 

powders or ceramics. Using this method, polycrystalline materials containing conventional densities 

could be generated theoretically around (60 or 90%). 

 

 

 2.6.3. Thin film method   

It is essential that it be possible to implant the final compounds like a film on such a platform from 

that of an applied perspective, even if it is crucial to stabilise the delafossite crystalline phases 

in production. The film deposition substrates often need to be sintering samples. The several types 

of delafossite compounds that emerge have now been deposited using a number of deposition thin 

films processes. RF-sputtering, PLD and also CVD are a few examples of deposition of 

film methods frequently being used to synthesizing delafossite films. It has been possible to produce 

thin films include CuInO2, CuGaO2, CuAlO2 and AgInO2. CuAlO2 films were created by CVD 

techniques using metal-organic reagents. The use of quartz substrates at temperature (745
0
C) was 

necessary for this low- pressure depositing procedure [66]. One could simply understand the huge 

range in temps or vacuum pressures used from the previous description of the various film 

deposition procedures. Whenever contemplating the manufacturing of transparent 

technologies, substrate temps could pose a problem because extreme temps may create interaction 

across devices surfaces [67]. 
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2.7. TCOs with non-delafossites: 

                          

  2.7.1. Cu2SrO2 

Although SrCu2O2 lacks of delafossite structure, it may be considered of as the continuation of Cu-

delafossite. The identical dumbbell (O-Cu-O) zig-zag pattern chains that make up SrCu2O2 

crystallized in such a tetragonal phase, which separate by SrO6 octahedral sites. As a result, it is 

anticipated that dimension reduction likewise produces a significant energy gap in relation to Cu2O, 

identical to that found in Cu delafossite. The both (doped/undoped) SrCu2O2 film produced through 

PLD techniques [10]. By applying photoelectron, DFT computations and also optical spectra, the 

electronic features of SrCu2O2 have also been studied [68, 69]. According to optical observations, 

SrCu2O2 is really a direct gaps semiconductor [68]. Contrarily, delafossite materials typically 

exhibit an indirect energy gap with in spectrum of visual light. Numerous opto-electronic 

technologies, including laser diodes or LEDs, would benefit greatly from a direct energy gap 

material. Additionally, SrCu2O2 films could be formed with minimal temperatures below at 400
0
C, 

which reduces the amount of chemical process. SrCu2O2 has since attracted a lot of 

observation when utilised like an effective p-semiconductor in combination other widely accessible 

n-oxides semiconductor to generate heterojunctions p-n diodes, which shows SrCu2O2 could be 

employed like a p-TCO compounds in optically active devices [67, 68].  
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2.7.2. Spinel oxides 

The fundamental goal in chemical designing is to alter the tops of VB by combining closed 

orbitals shells Cu3d
10

 and O2p
6
 to prevent oxygen ions from localising holes. This approach further 

raises the possibility that its behaviour with transition metals (Co, Ir and Rh) with such a d
6
 

conformation inside an octahedra oxygen coordinating potentially identical to Cu3d
10

. This idea led 

to the discovery of a novel type of p-TCO (non-d
10

), ZnM2O4 (M = Rh, Ir and Co) [70]. ZnRh2O4 

films demonstrated p-TCOs performance in the first documented instance without purposeful 

doping [71]. The amorous ZnRh2O4 films have thus been shown to maintain their p-character while 

utilised in such a p-n diode depending on amorous n-InGaZnO4 [70]. The edge-sharing nets (RhO6), 

that are lesser impacted mostly by structural defects but are much more symmetric than the spinel 

phase and could be the source of p-conductivity inside the steady in such a network that is 

amorphous state. Following the invention of ZnRh2O4, the development of p-polycrystalline or 

epitaxial films including and ZnIr2O4, ZnRhO4 and ZnCoO4, prepared by PLD [72]. A re-

consideration of opto-electronic elements for ZnRh2O4 owing to better films, hence, the necessities 

for these films identify and fix these core problems [73]. The most investigated ZnM2O4 is likely 

ZnCo2O4 spinels with very much focus aroused because of its potential applicability including 

photocatalysis and also supercapacitors [74]. Amorphous p-n diodes and also FETs have recently 

been considered utilising p-ZnCo2O4, demonstrating that material‟s possibilities as oxides- 

electronic devices [75]. 
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2.7.3. Layered oxychalcogenides 

The Cu-based ternary oxides p-TCOs exhibits still now lower carrier density and also mobility. 

Consequently, the CMVB were additionally expanded employing p-orbitals of chalcogen elements 

(S, Se, or Te) in place of oxygen ions. Considering that a much more dispersed at VBM was 

predicted theoretically, a strong hybridization between both Ch p and Cu 3d orbitals, as a result of 

the improving covalency in between Ch and Cu atoms. In line with this idea, the initial 

compounds to be classified like p-TCOs were layered oxysulfide (LaCuOS) [76]. Whereas 

numerous earlier studies have revealed on the crystalline structure but also hole conduction of that 

kind of compounds [77]. LaCuOS crystalline structure is made of layers LaO with CuS are 

alternatively stacked across of c-axis [78]. By substituting La
3+

 with divalent (Mg
2+

or Sr
2+

) 
  

corresponding to the renowned hole-doped perovskite compounds, the conductivity could be 

adjusted across a broad range [79]. It‟s now been established that La uOS: Sr (doped 3% Sr), 

carrier densities but also conductivities could be improved. The measured carrier concentrations 

exceptionally large among many of  p-TCOs throughout this finding [80]. It is significant to observe 

that the conductivity analysis indicates that doped film exhibits a degenerately semiconductive 

conduction response, and that as a result, offers significant possibility for creation of highly efficient 

p-TCOs to compete with its n-type equivalents. A wide optical gap conductor with all these 

additional qualities LaCuOS seems to have direct gap allowed (PL spectra) analysis also revealed 

this, which has potential use as an active area for opto-electronic equipment [81]. In addition, the 

significant optical gap material LnOCuCh could be significantly adjusted by altering the chemical 

contents in Ch places [82]. It is possible for the chemical tendency of the direct gap energy to  
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merely be understanding from reduction in energy levels. Furthermore, researchers has established 

polycrystalline solid or epitaxially films of LaCuOSe, which showed that the energy gap of such 

materials change nearly linear [83]. However, due to shorter energy gap in LaCuOSe and also the 

absorbance caused by in carrier states, this material produces lower transparency in visual region 

and is hence unsuited like a p-TCOs. 

 

2.7.4. Binary and non-oxides 

According to findings, multi-component oxide (In2O3-Ag2O) films of this kind exhibit p- 

conduction and also have limited transmission in visible spectrum [8]. Ag2O seems to be p-

TCOs with a lower energy gap than In2O3, which are really renowned n-TCOs [84]. Moreover, a 

combination of both of these compounds exhibited conductivity of p-type. The increased 

hole conductivity of films could be caused by excessive oxygen ions inside the film, which is 

created by atmospheric heating, however the precise stoichiometric ratio hasn‟t yet been 

determined. 

The hole conductivity of transparent binary oxide compounds such as NiO and also doped- ZnO. In 

practice, NiO film was actually the first p-TCO to be described [6], and it exhibited moderate 

conductivity with transparency in visible range. According to reports, the optical gap of such single 

NiO crystal measured in range (3.5-4.2 eV) [85].  The report suggested that increased 

hole conductivity of the compounds is caused both by the Ni vacancy and excessive oxygen at 

interstitial regions [86]. Rocksalt-like polycrystalline (p-NiO) has such a cubic symmetry 

and multiple groups thoroughly determined electronic structure including crystalline properties [87,  
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88]. However, it was uncertain if the transport carrier of NiO comprised conduction that is thermally 

activated (TAC), which is frequently observed in non-degenerate oxide semiconductors. 

Additionally, hydrated p- NiO is employed in a number of connected applications as such an 

effective electrochromic (EC) compounds [89, 90]. 

A further and crucial component of p-TCO technologies comprises with films of p-ZnO. Because 

both forms of ZnO could be utilised to create homo-junctions, a crucial feature under this area, the 

introduction of p-ZnO represents a significant development in transparent electronics (TEs) [91]. 

Co-doping donor or acceptor dopants as (Ga or N) in ZnO may produce p-ZnO, according to a 

recent calculation based upon first principles (DFT) [92].  To achieve the highest conductivity for p-

ZnO, the simultaneously donor or acceptor doped into ZnO crystal at such an acceptor concentration 

that was two times of donor concentrations.  However, other studies noted challenges and even an 

absence of consistency when employing the co-doping approach with p-ZnO [93, 94]. Furthermore, 

studied the evolution in the area of films p-ZnO and briefly discussed their significance and present 

situations [95]. The production film of p-ZnO is thoroughly explained and the associated sources 

herein. The possibilities for future applicability in this field of studies are enormous. 

According to studies, non-oxide p-TCOs including BaCuSF with BaCu2S2 and can also be 

developed [96, 97]. α- BaCu2S2 films have been created, and that crystallise with relatively small 

temps in such an orthorhombic phase but also comparatively small energy gap 

including transmittance in visual spectrum [98]. The creation of pure and BaCuSF doped with K 

pellets and also films were subsequently found by the similar group. The area transparent 

electronics (TEs) nevertheless considers these materials to be important scientifically even while 

they cannot be categorised of p-TCO. 
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               3. Experimental techniques 
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Chapter 3 

 
 
 

3.1. Synthesis apparatus: 

 3.1.1. Box furnace 

The materials was synthesised in a furnace that operated at the high temperature. The furnace 

utilising a front loaded pattern and could reach temperatures of up to 1200
0
C. The temperature 

regulator furnace could be regulated heating rate to within 0.20
0
C of accuracy. Typically, an 

aluminium boat was utilized to aid load the materials. A platinum sensor was applied to regulate the 

temperature, and Silicon carbide rods were linked in parallel to ensure consistent heating. The 

image of  furnace is displayed in figure 3.1. 

 

 

 

 

 

 

 

                                              Figure 3.1: Box furnace 
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  3.1.2. Planetary ball mill 

In order to generate nanoparticles, mechanical milling (MM) is really known top-down method that 

has gained prominence, particularly in contexts where industrialized nanomaterials are prepared. 

This is because the method is straightforward, versatile, scalable, and inexpensive. The milling 

methodology is employed in this procedure to apply intense mechanical shearing forces that grind 

down solid materials, which is typically in micro dimensions to the nanosize. Because of the 

movements of the vials inside the system, planetary ball- milling (Fristch pulverisette 7) got their 

name shown in figure 3.2. Individual vials are revolved within their own directions in opposition 

towards the primary revolving disk while these vials get mounted to the rotating disk that revolves 

around on the axis. The heavy frictions as well as impact forces are utilized to mill the materials 

down into smaller sizes as the entire system rotates (at a speed of 300 rpm). 

 

 

 

 

 

 

 

                                       

                                          Figure 3.2:  Planetary ball mill 

 



 
 

76  

 

3.1.3. Pelletizer 

The hydraulic pressure provided by a pelletizer (figure 3.3) to generate the prepared pellets with a 

pressure (1 GPa). The dice that was utilized a 12 mm diameter. These pellets are additionally 

employed to investigate the electrical analysis. For each generation of pellet, the pressure was 

maintained for one minute. Polyvinyl alcohol was utilised to create the pellets more compact. To get 

removal the PVA or make the pellets more compact, the pellets was subsequently once more 

annealed at temperature (1000
0
C). These pellets thickness was determined by using the slide 

callipers. 

 

 

 

 

 

 

 

 

                                                           Figure 3.3:  Pelletizer 
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3.1.3.1. Pellets preparation 

When 20 ml Deionized (DI) water and PVA (0.5 g) powder (Merck) were heated to 100 
0
C, PVOH 

was produced. In order to create a pellet with a 12 mm in diameter, 0.5 g of the material was 

combined via PVA and then pressed it into pelletizer. Then, for only a maximum of four hours, 

these pellets are heated to temperature of 1000 
0
C in order to allow the PVA to evaporate. After that, 

each pellet is cooled by air and then copper wire is used to make contacts of the pellets with a 

conductive silver paste ( lfa  esar ™ 4407518). The image of pellet preparation is provided figure 

in 3.4. 

 

 

 

 

 

 

 

 

 

 

                    Figure 3.4:  (a) PVA with DI water (b) Sample (c) pellet 
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 3.2. X-ray diffractometer (XRD): 

The prepared materials are subjected to X-ray diffraction (XRD) survey in way to extract the 

crystallography data. By using the Bruker D8 Advanced apparatus, polycrystalline compounds are 

subjected to both quantitative as well as qualitative phase evaluations. In which an array of crystal 

planes with a specified 2θ values might be found inside the XRD analysis. The scanning speed is set 

to 1 s/step, and also the scanning pattern is selectable in steps of 2θ that range (20°-80°) including 

an intervals of 0.02°/step. Ge (022) monochromator created Cu Kα (λ = 1.54 Å) performed with 40 

mA and 40 kV. The diffraction may be employed to examine the lattice space associated to a 

specific hkl plane applying Bragg‟s expression [1] with first ordered diffract: 

                                        2dhkl sinθ = nλ                                                          (3.1) 

Where dhkl represents the inter-planar spacing, n denotes order of diffraction, λ and θ implies 

electron wavelength and glancing angle. The XRD is displayed in figure 3.5. 

 

 

 

 

 

 

 

 

                                        Figure 3.5: X-ray diffractometer 
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 3.3. X-ray photoelectron spectrometer (XPS):  

To examine the material clarity, oxidation states, including compositional parameters, X-ray 

photoelectron spectrometer (XPS, SPECS and Germany) was being used. The basic idea behind 

XPS is that a material is exposed to a beam of X-ray, resulting in photoelectron emission across the 

material. The figure 3.6 exhibits schematic view of such an electron emission procedure. 

 

 

 

 

 

 

 

 

 

 

 

                           

                                        Figure 3.6: X-ray photoelectron spectrometer 
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Because the intensity of such an incoming x-ray is already known, the following expression can be 

employed to correlate the typical binding energy to the estimated kinetic energy (K.E) of the 

fundamental photoelectrons: 

                                                                                                                 3.2                   

Where    stands for incident X-ray energy and    for  K.E of the photoelectrons [2]. XPS might be 

the most accurate method for classifying surface elements because different elements have distinct 

binding energy sets. Additionally, it is possible to measure the material elemental concentrations by 

the determining so-called binding energies under area of the curves. These minute variations in 

binding energies reveal specific details about just the materials relatively brief chemistry and also 

chemical states. During material analysis on SPECS, a monochromatic sources of light (MgKα or 

AlKα) X-ray working at 17 mA & 10 kV was exploited. The hemispheric energy analysers (HAS 

3500) was also utilized. Photoelectrons were employed to stimulate the electrode current. The 

systems remaining pressure is higher than that of 10
-9

 mbar. The diameter (165 mm) and also 8-

channel detectors promise good spectrum resolution with superb sensitivities. Because the amount 

of released photoelectrons changes with the K.E, it really is possible to quantify the K.E distribution 

of released photoelectrons and also record the spectra. In figure 3.6, the X-ray photoelectron spectra 

are depicted. 
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3.4. Morphological analysis: 

 3.4.1. Field emission scanning electron microscope (FESEM) 

An essential method for obtaining an image of the samples surface is utilizing a field 

emission scanning electron microscopy (FESEM). With energies ranging so many 100 to 50 K eV, 

the release of electrons through field emission guns. The beam was focused and also accelerated up 

by various deflecting coils after it has been created from gun. At last, the materials surface is struck 

by the collimating, which then reacts with it. As a response, the material emits electrons and 

also photons. The transfer of energy between the both sample and also e-beam causes 

electromagnetic energy radiation to be emitted, secondary electrons to be emitted through inelastic- 

 

Figure 3.7: Field emission scanning electron microscope (FESEM) with EDX 
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collisions, large energy electrons to also be reflected via electromagnetic scattering, and all of these 

incidents could be detected by a particular detector and transformed into such the signal containing 

material information like composition, surface morphology as well as additional qualities. The 

signals produced by FESEM include backscattered electrons, secondary electrons, distinctive X-

rays, light (cathodoluminescence), transmission electrons and materials current. The material under 

investigation ought to be conducting with traditional images in FESEM since that eliminates static 

charges from accumulating up on its surface and therefore is consistent in vacuum. Prior to imaging, 

a very thick (gold or platinum) treatment is applied to non-conducting materials using sputtering or 

evaporating techniques. The FESEM device (HITACHI-S4800) was employed to determine both 

the thickness of the films and also the surface morphologies. The FESEM resolution is very near to 

5 nm, and thus the magnification ranges from (30 to 300K) X. The device has two imaging modes 

that it can use, including secondary or backscattered electrons. The camera has a focal length 

(50mm) and using a 35mm lens reflex (CSI 3 and MP 35051). The final figure may reveal specifics 

about the consistency and thickness of materials. Figure 3.7 displays the instrument of FESEM. 

 

3.5. Compositional analysis: 

3.5.1. Energy dispersive X-ray (EDX) 

This method is depends on particular peaks of X-ray that happen whenever a higher energy 

of electron gun comes into contact with the material. Every element emits particular X-rays, 

typically may be utilised to detect the elements existence in the area being examined. It‟s really  
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possible to calculate relative concentrations of every element contained inside the material by 

comparing the respective intensities of such X-ray signals. Typically, it is impossible to recognize 

chemical elements having atomic numbers smaller than carbon (Z = 6). EDX (HITACHI-S4800) is 

employed to analyse the materials composition, which operating at 15,000 V. The device is able of 

being identified everything from Li (3) to U (92). It‟s linked to the FESEM (Hitachi S-4800). The 

EDX is presented in figure 3.7. 

3.5.2. Transmission electron microscope (TEM) 

A characterizing device is called the transmission electron microscope (TEM) is being utilized to 

comprehensively analyze the crystalline structure and also microstructure of samples using image 

processing or diffraction methods. Additionally, the transmission electron microscope (TEM) also 

has a imaging method called high-resolution (HR)-TEM, which may produce an image of the 

materials crystalline structure at atomic scale that are more specific and accurate. Through the 

various electron distributions through numerous holes created by electron gun, the material is 

illuminated by the lens. It may be said that in such lenses, objective lens creates the diffraction 

pattern over background focal plane that is the Fourier transformation of a wave function (ψ(r).n) at 

object surface [3]. The picture can then be focused just on fluorescent screen once the beam of 

collimated light has passed through into the material. Lastly, the CCD camera, directly exposure of 

a photography emulsion, or other such technology records the images digitally. The electrostatic 

field accelerates a beam of electron produced by that of electron gun. Typically, (150-250 kV) is 

employed to transmit a beam of electron in HRTEM. The material might be traversed by the beam 

in this method. Its initial image created mostly by objective lens becomes 25 times larger than the 

actual image, and it continues to be magnified by each succeeding lens to final image, which 

becomes 106 times longer than final image. The material experiences individual interactions from  
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each particle inside this electron beam. The strong atomic potential of such materials atomic-nuclei 

attracts the beam, which then channel along of atomic columns lattice as it moves across material.  

The Bragg diffraction with the interaction of electron waves across several atomic columns occurs 

simultaneously. It is possible to replicate microscope imaging more precisely by using the 

recognized principles of physics on the electron scattering or imaging.  The two imaging methods of 

bright field and also dark field figures are frequently utilized in TEM. For bright field figures, where 

its diffracted electrons being controlled by such a diaphragm, an image can create through 

transmitting electrons without even any diffraction. Contrarily, the diffraction beam is applied for 

imaging inside this dark field figures mode. 

The crystalline structure and also microstructure of the materials that were examined by using a 

transmission electron microscope (TEM: JEOL, JEM-2100). This device features three separate 

condensers, which may produce high probed current about any particular probed size, improving 

analytics or diffraction capability. This device has several pumping capabilities, namely dry or turbo 

pumps in laboratory circumstances. The utilized of rotary or oil-based pumps remains restricted. 

Although the equipment is supposed to have a resolution near 0.1 nm, typical observations 

demonstrate an average resolution (8-10 Ǻ). This model magnification range of (50 -1500 K) X, and 

its acceleration voltage ranges from 80 to 200 kV. The dispersion of material was dropped onto such 

a copper mesh that had been coated with carbon, and also the solvent was then allowed to evaporate 

to create a TEM sample. The HRTEM  image provided in figure 3.8.     
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                             Figure 3.8: Transmission electron microscope (TEM) 

 

3.6. Optical analysis: 

3.6.1. UV-visible spectroscopy (UV-VIS) 

The spectrophotometer utilized in the UV-visible range is known as a UV-visible NIR- 

spectrophotometer. The spectrophotometer represents a technique for examining liquids, solids 

and gases by exploiting radiating energy within the far UV or near-UV, visible, or near infrared  
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region of an electromagnetic spectrum. Consequently, the electromagnetic radiations preset UV, Vis 

and also NIR wavelengths are employed. When using the apparatus, a light beam was pointed in 

through the material, and also the light wavelength arrived the detector is then measured. The 

intensity was associated with the number, concentrations of components and also average number, 

while the wavelength reveals important the details about chemical structural properties. The 

evaluation information may be presented using energy transmittance, reflectance or absorption in 

wavelength range (160 to 3500) mm. To obtain the reflectance spectroscopy and estimate the direct 

band gap, utilized a UV-Vis (Shimadzu UV- 3600) spectrophotometer. The obtained measurements 

for such an unknown compounds always are calibrated against the consequence of a well-known 

standard sample (BaSO4). The UV-Vis spectroscopy demonstrates in figure 3.9. 

 

 

 

 

 

 

 

 

 

 

                                  Figure 3.9: UV-visible spectroscopy (UV-VIS) 
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 3.7. Electrical studies: 

3.7.1. Impedance analyzers 

The behaviour of samples under steady state condition including the external perturbation was 

investigated using this electrochemical technique. The imaginary and real component of current in 

response toward an oscillating voltage is typically explored across a broad range of frequency, and 

therefore is typically described in terms like an appropriate LCR (L: Inductor; C: Capacitor; R: 

Resistor) circuit. The methodology enables for the looking into the transport dynamics at the 

electrolyte or electrode interfaces. 

A precision impedance (Agilent 4294A) analyzer was used in this investigation to measure the 

frequency dependence dielectric spectroscopy. The permitted DC voltage and also current ranges 

(±40 V &  ±100 mA). The frequency could be sweeps across a broad range from 40 Hz to 110 MHz. 

The precision analyzer is presented in figure 3.10. 

 

 

 

 

 

 

 

 

                                    Figure 3.10: The impedance analyzer 
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3.7.2. LCR Meter 

 The LCR HIOKI (3522-50) Hi-TESTER is utilized to obtain the current-voltage (I - V) 

characteristics. In small-scale dielectric measurement tool, this is most frequently employed. 

The touch panel serves also as user interface for this impedance analyzer. With high resolution, the 

measuring frequency could be adjusted at 10
5 

Hz. This instrument allows for simultaneous 

presentation of R, L and C on the screen in addition to impedance with phase angle. The LCR 

HIOKI meter is displayed in figure 3.11.  

 

 

 

 

 

 

 

 

                                                        Figure 3.11: The LCR meter 

  

3.7.3. Low temperature measurement devices    

This gadget may be used as a measurement different electrical characteristic over a large 

temperature range (10-300K). The devices are composed of various components including vacuum 

pump, external compressor or pump, digital 4-digit pirani gauge, compressor along with cryostat, 

LCR HIOKI (3522-50) Hi-TESTER and also temperature controller. The experimental  
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arranged for measuring electrical characteristics at low temperature is depicted in figure 3.12. 

Before turning on the cryostat or compressor, an additional pump or compressor is installed for 

freezing outside the system. The outer pump or compressors perform the initial level of chilling, and 

also cryostat compressor performs the secondary level of chilling. Utilizing vacuum pump or pirani 

gauge, that measures internal pressure, the equipment should be thoroughly vacuum prior 

decreasing the temperature. To manage the temperature, the controller was utilized, which may be 

adjusted according to the needs of the measurement equipment. 

 

 

 

 

 

  

 

 

 

 

 

 

                              Figure 3.12: Low temperature measurement devices 
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3.7.4. Hall analysis 

To use a consistent magnetic field of 0.15 T, the Hall measuring system employs a four-probe 

arrangement (Van der Pauw) is displayed in figure 3.13. As it provides information on carrier 

density, resistivity, carrier mobility and also carriers type, the Hall effects evaluation method is 

frequently used to investigate semiconductor materials. A conductor can generate the electric field 

perpendicular to magnetic field or current direction, whenever the magnetic field can provide 

perpendicular toward the current direction. The produced voltage is referred to as Hall voltage and 

also the phenomenon is termed Hall Effect. Van der Pauw conformal maps provides as such 

theoretical basis for Hall measuring analysis for materials with irregular shapes. The specimen 

should have point contacts that are symmetrically placed surrounding its edge, being evenly thin, 

and not include any isolated holes. Hall Effect evaluations are straightforward to understand for 

materials that have been consistently doped. Using van der Paw geometries, it was possible to 

calculate hall coefficient of the carrier charges. 

 

 

 

 

 

 

 

                                   Figure 3.13: Hall analysis set-up 
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Chapter 4 

 
 

 

4.1. Introduction: 

The expansion of high-performance TCOs is inherent to many devices from solar cells [1] to 

transparent electronics (TEs) [2] as they are endowed with the co-existence of high electrical 

conductivity and transparency to visible light [3]. TCO materials in thin film form are particularly 

demanding for providing electrical contact without impeding the incoming flux of visual light to the 

devices, to transparent active components integrable in windows [4, 5]. Due to achieving two 

mutually exclusive characteristics of higher electrical conduction and optical transparency, broad 

energy gap oxides must be doped with significant amount of desired charge carriers. Unlike n-

TCOs, p-TCOs have not been highly commercialized; barring many critical technological 

applications and creating the transport bottleneck [6-8]. The basic idea to the difficulty of 

engineering highly conductive p-TCOs is the localized nature of the valence band in most oxides 

resulting in flat band and associated large hole effective mass [9]. The area of p-TCOs have 

received most of its impulse more than a decade ago by the pioneering work of Kawazoe et al. [10] 

presenting CuAlO2 with encouraging  hole conductivity and also optical transparency in visible 

light. The base of mobile holes was explained considering significant hybridization of the oxygen 

orbitals with 3d
10

 configuration of the Cu
1+

 closed shell. This finding led to the outline of a 

designing rule for p-TCOs requiring the presence of Cu
1+

 for dispersion of valence band. Triggered 

by this study, a large amount of Cu-based materials were designed including delafossites (CuCrO2, 

SrCu2O2) [11, 12] and Cu-based oxychalcogenides 13]. In very recent, the question remains open  
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whether alternative schemes could lead to p-TCOs with superior optoelectronic properties. 

Currently, Arca et al. have identified another potential p-TCO Cr2O3 exhibiting high figure of merit 

and transparency upon magnesium and nitrogen co-doping [14]. Furthermore, electronic structure 

and defect chemistry of CuCrO2 has been studied extensively by G. W. Watson‟s group regarding 

the potential application of these important p-TCOs [15, 16]. One of such attempts has led us to the 

newly developed doping scheme at O-site by chalcogen elements with promising band dispersion 

and transport properties [17] along with subsequent follow ups by other research groups [18, 19]. 

When numerous applications of TCOs will undoubtedly come from thin films, much of the 

fundamental chemistry and physics may more easily be studied in the bulk form of the material. In 

this work, prototype p-TCO CuCrO2 is taken as host matrix and also both cation and anion doping 

are performed simultaneously in order to improve the electrical conductivity while maintaining the 

transparency in visible range.  

 

4.2. Experimental details: 

 4.2.1. Materials and methods 

Bulk powder of CuCrO2 is prepared from stoichiometric mixture of CuO and Cr2O3 (Sigma-

Aldrich); MgO (Sigma-Aldrich) and CH4N2S (Merck) are used to dope Mg and S at Cr and O-site 

respectively for CuCr1-xMgxO1-ySy preparation. Precursors are thoroughly ground together and 

subsequently sintered at 1150°C for 15 h and quenched in air. The amount of sulphur taken was  
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thrice than that of required to compensate for the thermal evaporation from the matrix [17]. From 

here on, the samples would simply be labelled as CuCrO2, CuCrO1.9S0.1, CuCr0.95Mg0.05O2, 

CuCr0.97Mg0.03O1.94S0.06 and CuCr0.95Mg0.05O1.9S0.1 according to their cationic and anionic doping 

percentages. 

 

4.2.2. Characterizations 

The crystallographic phase confirmation of prepared powders is determined by X-ray diffraction 

(Bruker D8 Advance) with a Cu Kα X-ray source (λ=1.54 Å) at 40 kV, 40 m . The scanning mode 

is selected in 2θ ranging from 20
0
 to 80

0
 with an interval of 0.02

0
/step and the scanning rate is 

1sec/step. Samples are spread on a quartz platform. Refinement of CuCr0.95Mg0.05O1.9S0.1 XRD 

pattern is performed by Rietveld method by using FULLPROF programme. The schematics of side 

and top view of refined crystal structure (2x2x2) are created by DIAMOND programme using 

structural parameters as obtained from Rietveld refinement. The bulk elemental composition 

percentage are analysed by energy dispersive X-ray spectroscopy [Hitachi S4800 FESEM (15 kV)]. 

The diffuse reflectance (DR) spectra are collected by Shimadzu 3600 spectrophotometer. Room 

temperature current-voltage profile and the temperature dependent (80-300k) DC electrical 

conductivity (σdc) measurements are carried out in two probe configuration using an LCR Hi-Tester 

(Hioki 3522-50) and liquid nitrogen assisted Keithley 4200 semiconductor characterisation system. 

The conduction at room temperature is confirmed to be p-type by Hall measurement (Van der Pauw 

method). Frequency dispersion (40 Hz – 110 MHz) of admittance properties of as prepared pellets is 

observed by Agilent 4294A precision impedance analyser with variable dc external bias.  
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4.3. Results and discussions: 

4.3.1. Structural properties 

The crystallographic phase, as determined by X-ray diffraction is the same for all five samples 

without detection of any additional impurity peaks (figure 4.1a) and only the delafossite phase with 

rhombohedral symmetry (PDF number 74-0983, space group   ̅  166) is observed. Unit cell 

parameters (a and c) of all materials are obtained from Rietveld refinement and crystalline size (D) 

and strain (η) are calculated from Williamson-Hall plot; which are shown in table 4.1. It can be 

noted that in-plane lattice parameter (a) remains same upon sulphur doping while magnesium 

doping increases it. Moreover, c decreases for cationic, anionic and co-doping. As the Mg
2+

 radius 

(86 pm) is larger than Cr
3+

 (75.5 pm), a increases due to cationic substitution. The decrease in the c-

axis can be attributed to the reorientation of bond lengths and bond angles of CrO6 octahedra which 

were discussed in our previous work [14]. Bulk compositional percentage of CuCr0.95Mg0.05O1.9S0.1 

is analysed by energy dispersive X-ray spectroscopy (EDX). Figure 4.1e reveals the global atomic 

percentages of Mg and S in the desired CuCr0.95Mg0.05O1.9S0.1 are (3.12 ± 0.95) and (0.25 ± 0.52) % 

for (36.56 ± 3.11) % Cr-site and (30.73 ± 12.52) % O-site respectively. Calculated XRD pattern of 

CuCr0.95Mg0.05O1.9S0.1 is presented with the superposition of experimental data for comparison 

(figure 4.1b). For the confirmation of simultaneous cationic-anionic doping, Wyckoff symmetry of 

S and Mg are initially considered to be identical with that of O and Cr respectively. However, the 

fractional coordinates of O-site displace slightly due to the incorporation of S as predicted by 

density functional theory. For refinement, a total of 48 parameters are refined (30 structural 

parameters and 18 profile parameters) and pseudo-voigt function is used as peak shape function. 

Final goodness of fitting (χ
2
 = Rwp

2
/Rexp

2
) converges to 4.32, reasonable considering various  
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Figure 4.1: (a) X-ray powder diffraction patterns of the synthesized materials, exhibiting 

rhombohedral symmetry (PDF number 74-0983, space group   ̅ , 166). (b) Rietveld refinement of 

CuCr0.95Mg0.05O1.9S0.1 sample considering the chemical formula CuCr0.9701O0.9867S0.0061Mg0.0302 in 

accordance with the result of energy dispersive X-ray spectrum. The black curve is the best fit from 

the Rietveld refinement using FULLPROF programme. The vertical lines indicate the positions of 

Bragg peaks and the blue curve represents the difference between the experimental and calculated 

intensities. (c) and (d) are schematics of side and top view respectively of the refined crystal 

structure (2x2x2). (e) Elemental distribution as obtained by energy dispersive X-ray analysis for 

CuCr0.95Mg0.05O1.9S0.1.  
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Table 4.1: Refined unit cell parameters, crystalline size and strain for all the synthesized materials 

obtained from Rietveld refinement and Williamson-Hall plot respectively. 

 

vacancy and interstitial defects due to polycrystallinity. Lattice parameters are refined to a = b = 

2.9768 Å and c = 17.0970 Å, associated with the fitted profile. The decrease in the sulphur 

concentration (0.6 %) from the desired doping level (5 %) can be explained considering high 

thermal evaporation tendency of sulphur from solid solution at 1150 ºC. Upon realization of the 

refined crystal structure (2x2x2), it can be observed that Cr atoms are connected to the coordination 

sphere associated to Mg atoms and S replacing O partially with slightly different Wyckoff 

symmetry (figure 4.1c); while keeping the overall rhombohedral symmetry of the crystal structure 

intact (figure 4.1d). Unlike the previous report, here we have demonstrated that near perfect doping 

of sulphur at O-site do not necessarily lead the crystal to polytypism. 

 

 

 

Materials 

Lattice 

parameter a 

(Å) 

Lattice 

parameter 

c (Å) 

Cell 

Volume 

V (Å
3
) 

Crystalline 

Size D (nm) 

Effective lattice strain η 

(%) 

CuCrO2 2.9729 17.1178 131.02 80.64±4.15 0.011±0.004 

CuCr0.95Mg0.05O2 2.9755 17.1071 131.17 89.44±4.52 0.007±0.004 

CuCrO1.9S0.1 2.9729 17.1008 130.89 73.10±11.36 0.017±0.016 

CuCr0.97Mg0.03O1.94S0.06 2.9749 17.1071 131.12 88.30±5.77 0.007±0.004 

CuCr0.95Mg0.05O1.9S0.1 2.9768 17.0970 131.20 129.49±5.71 0.015±0.002 
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4.3.2. Optical properties 

The diffuse reflectance (DR) spectra of the powders are measured against a reference standard 

BaSO4 compound. The Kubelka-Munk (K-M) theory [20] is then used to obtain the band gap of the 

prepared samples from the DR spectra. The ratio of the light scattered (    ) from a thick absorbing 

layer of sample (       ) to the ideal non-absorbing reference sample (          ) is measured as a 

function of wavelength (220-1500 nm) and the K-M function is computed by the relation: 

                                       (    )  
         

     
   ,                       (1)  

From the plot of   (    )     versus    (Figure 4.2), the value of band gap (Eg) is obtained by 

extrapolating the linear slope to  (    )      . The values of band gap obtained for all the 

synthesized powders are found to be well within the „transparent‟ region having wide band gaps 

(3.52 eV for CuCrO2, 3.45 eV for CuCr0.95Mg0.05O2, 3.50 eV for CuCrO1.9S0.1 and 3.48 eV for 

CuCr0.95Mg0.05O1.9S0.1) and are in good agreement with the optical gap calculated by Chen et al. for 

post-annealing derived CuCrO2 thin films (3.55 eV) [21]. 
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Figure 4.2: Band gap calculations of prepared powders from diffuse reflectance spectra using 

Kubelka-Munk function. 
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4.3.3. Electrical properties 

We have studied the temperature dependent dc electrical conductivity (σdc) for CuCr0.95Mg0.05O2 

and CuCr0.95Mg0.05O1.9S0.1 over a temperature range 80 – 300 K (Figure 4.3a). The results conclude 

that co-doped CuCrO2 exhibits twice as large conductivity than its Mg doped counterpart at ambient 

temperature. The value of σdc is found to be 0.045 S-cm
-1

 and 0.022 S-cm
-1

 at 300 K for 

CuCr0.95Mg0.05O1.9S0.1 and CuCr0.95Mg0.05O2 respectively. The conduction is confirmed to be p-type 

by Van der Pauw method with other relevant parameters shown in table 4.2. The plot of lnσ versus 

1/T for Mg doped CucrO2 assumes fairly linear fit across DE region (142 - 300 K); and for co-

doped CuCrO2 across AB (145 - 300 K) implying thermally activated conduction with DC 

conductivity (σdc) obeying the following relation: 

                                                      
      ⁄  ,                              (2) 

Where σ0 is a constant, Ea is the activation energy and kB is the Boltzmann‟s constant. Ea for DE 

and AB segments are calculated to be 54.7 meV and 68 meV respectively. Calculated Ea is in close 

agreement with the result obtained by Han et al. for Mg doped CuCrO2 thin films (55 meV) [22]. 

 arrier mobility (μdc) is observed to be greater in CuCr0.95Mg0.05O2 (61.66 cm
2
V

-1
S

-1
) than 

CuCr0.95Mg0.05O1.9S0.1 (16.26 cm
2
V

-1
S

-1
) resulting in higher activation energy for co-doped material 

in spite of having greater conductivity. However, no linear fit can be found across the low 

temperature range (80 – 140 K) for BC and EF region as shown in the inset. For that, these 

segments are fitted assuming variable range hopping (VRH) mechanism for conduction, where the 

temperature dependence of σdc can be described by the following relation [23, 24] as: 

                                                            exp [ (  
 
)
   

] ,                         (3) 
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Where T0 is the characteristic Mott temperature and σ0 is the pre-exponential factor.  Here, N(EF) 

representing the density of localized states at the Fermi level EF can be calculated by using the 

following expression: 

                                                     
   

   
         ,                 (4) 

and are found to be 1.9×10
25

 cm
-3

eV
-1

 and 4.19×10
21

 cm
-3

eV
-1

 for CuCr0.95Mg0.05O1.9S0.1 and 

CuCr0.95Mg0.05O2 respectively. 

 learly, we can observe a „crossover‟ between B  and EF segments (80 – 140 K) which is inducing 

an interesting transport profile in terms of low (< 140 K) and high (> 140 K) temperature behaviour 

of these two materials. It dictates that more conductive CuCr0.95Mg0.05O2 in lower temperature 

becomes less conductive in comparison to CuCr0.95Mg0.05O1.9S0.1 above 140 K. For our materials, 

this crossover temperature (140 K) from VRH to activated conduction is observed to be much lower 

than that of reported by Li et al. (206±10 K) for 6% Mg doped CuCrO2 thin films [25]. We attribute 

this difference to the moderate carrier concentration of 2.23 × 10
15

 cm
-3

 which also results in high 

hole mobility (61.66 cm
2
V

-1
s

-1
) due to negligible ionized impurity scattering. It is important to note 

that calculated N(EF) is almost 10
4
 order higher upon co-doping in comparison to Mg doped 

CuCrO2. It is expected that much higher density of states due to sulphur induced anti-bonding, [17] 

is generating a surge of carriers with increase in temperature. Existence of ten times more carrier 

concentration in co-doped material (1.73×10
16

 cm
-3

) is also in agreement with Van der Pauw 

measurement. Now, for polycrystalline powder samples, excess amount of carriers get scattered 

from various defect centres present in it [17]. That‟s why the magnitude of σdc is larger for 

CuCr0.95Mg0.05O1.9S0.1 but with reduced μdc (16.26 cm
2
V

-1
s

-1
) than CuCr0.95Mg0.05O2 due to the  
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increase in impurity scattering. Combining the results of DC conductivity along with our previous 

findings [17], it can be concluded that concentration of delocalized holes are higher in co-doped  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: (a) Temperature dependent DC conductivity for 80 – 300 K for CuCr0.95Mg0.05O2 and 

CuCr0.95Mg0.05O1.9S0.1. AB, and DE are segments of the experimental data fitted assuming activated 

conduction and segment BC and EF showing the low temperature conductivity of CuCr0.95Mg0.05O2 

fitted considering variable range hopping mechanism (inset). (b) log – log representation of current 

– voltage for the prepared materials. 
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Table 4.2: Transport parameters at 300 K as calculated from Arrhenius and Hall measurements. 

 

CuCrO2 compared to its Mg doped counterpart with more dispersed valence band. The current – 

voltage profiles of as prepared materials (Figure 4.3b) is in harmony with that of conductivity as the 

current increases more than ten times upon co-doping in comparison to the undoped CuCrO2. 

It should be mentioned here that high carrier concentration and low mobility is a typical feature of 

small polaron hopping (SPH) [26] and is rather considered to be a drawback for overcoming 

transport bottleneck in p-type TCO. The contemporary TCO community is striving to identify 

potential p-TCOs with high hole mobility [27] and the most effective way to realize this goal is by 

dispersion of O 2p valence band. Recently, Bhatia et al. have reported hole mobility in excess of 30 

cm
2
/Vs with a carrier concentration of ~ 10

14
 cm

-3
 for bismuth based transparent p-type oxide [28] 

and Caraveo-Frescas et al. have reported hole mobility of 18.71 cm
2
/Vs with a carrier concentration 

ranging 4.83×10
16

 cm
-3

 to 3.33×10
17

 cm
-3

 for p-type tin monoxide films [29]. 

 

Sample 

σdc 

(S/cm) 

ρdc (Ω-cm) RH (cm
3
C

-1
) n (cm

-3
) μdc (cm

2
V

-1
s

-1
) 

      

CuCr0.95Mg0.05O2 0.022 45.45 2.8×10
3
 2.23×10

15 
61.66 

CuCr0.95Mg0.05O1.9S0.1 0.045 22.23 360 1.73×10
16

 16.26 
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4.3.4. Admittance spectroscopy 

To investigate the admittance spectroscopy of the materials, the as-synthesized powders are cold 

pressed into pellet by applying a pressure of 1 GPa. Typically, by plotting the negative differential 

susceptance (   ) as a function of frequency, a characteristic frequency    is obtained at which a 

maximum of     occurs. This is correlated with the carrier average transit time (          ⁄ ) 

[30] and as we can see from Figure 4.4a, no maximum of     is present for CuCrO2 and 

CuCrO1.9S0.1 within the observed frequency range. Gradual shift of     to the low frequency is 

observed for CuCr0.95Mg0.05O2 (8.293 MHz), CuCr0.97Mg0.03O1.94S0.06 (4.064 MHz) and 

CuCr0.95Mg0.05O1.9S0.1 (3.83 MHz) respectively and can be attributed to the increasing     of 67.5 ns 

for CuCr0.95Mg0.05O2, 0.14 μs for CuCr0.97Mg0.03O1.94S0.06 and 0.15 μs for CuCr0.95Mg0.05O1.9S0.1 at 3 

volt external applied bias. In Figure 4.4b, clear downshift of the admittance maxima (    ) is 

observed in the frequency dispersion (8.801 MHz for CuCr0.95Mg0.05O2, 5.155 MHz for 

CuCr0.97Mg0.03O1.94S0.06 and 4.313 MHz for CuCr0.95Mg0.05O1.9S0.1) upon co-doping. Again, no 

maxima are observed in admittance for CuCrO2 and CuCrO1.9S0.1 within the observed frequency 

range. As admittance is defined as inverse of impedance (Y = 1/Z), we stress that hole concentration 

is increasing upon simultaneous cationic-anionic doping and reaches the value of 0.8 S at      for 

CuCr0.95Mg0.05O1.9S0.1. In this case,      at lower frequency is indicating a shorter screening 

length; thereby cementing the supposition that reduced hole mobility is caused by increased carrier 

scattering with polycrystallinity induced defects. 
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Figure 4.4: (a) Frequency dispersion of negative differential susceptance (3 V) and (b) admittance 

(0 V) of the pallets prepared with parallel capacitor geometry. Vertical lines in a and b are 

indicating the positions of    and      respectively of the corresponding materials. Inset of b is 

showing the dispersion of admittance of CuCrO2 and CuCrO1.9S0.1 across same frequency range. 
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4.4. Conclusions: 

We have extended our materials design strategy by simultaneous cationic-anionic doping in a 

prototype delafossite CuCrO2 aiming to overcome the conduction bottleneck observed in 

contemporary p-TCOs. Mg and S are used as cationic and anionic dopants at Cr and O-site 

respectively with varying concentrations and their successful substitution is indicated by Rietveld 

refinement. By measuring the diffuse reflectance spectra, it is evident that all the doped materials 

have wide band gap in „transparent‟ optical region. D  conductivity carried out across 80 – 300 K 

has revealed a „crossover‟ near 140 K below which the transport is governed by VRH and above by 

thermal activation. σdc is twice as large for CuCr0.95Mg0.05O1.9S0.1 at 300K than CuCr0.95Mg0.05O2 

with increased Ea and decreased μdc. Evidence of gradual increase in „metallicity‟ upon co-doping 

are exhibited by lower frequency shift of     and     . The decrease in μdc upon co-doping can 

be thought to arise from polycrystallinity induced defects and material in thin film form can be 

expected to overcome this problem. Although preparation of thin films of this complicated co-doped 

ternary oxide is technologically an uphill task but it is underway. 
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5.  Experimental observation of valence band 

dispersion and increased hole conductivity in 
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Chapter 5 

 
 

                          

  5.1. Introduction: 

The evolution of promising p-type transparent conductive oxides (p-TCOs) is of great interest since 

the thin films of         with delafossite structure was first reported in 1997 [1]. Due to the 

influence of their functional incorporation of promising carrier mobility along with visible 

transparency, these delafossites could play important roles in numerous photo-electrochemical and 

photo-electronic applications [2-4]. Most TCOs are widely explored with devices exploiting 

enormous area in materials chemistry. One of the hardest contemporary global material challenges 

is to develop p-TCOs having comparable conductivity with many popular n-TCOs like           

and also          [1, 5-8]. It is extremely difficult to achieve significant p-type conduction via 

acceptor doping. The common reason is strongly localized      character of the top of valence 

band, leading to difficulty in harvesting shallow acceptors by imparting greater effective mass to the 

majority carriers [8]. The deficiency of high-achievement p-TCOs impedes the realization of 

advanced applications including transparent transistors, electronic devices and diodes [9, 10]. To 

date, promising p-TCOs investigated both in bulk and thin films exhibit delafossite structure with a 

general composition      (         and                    etc.) [11-16]. Among them, 

  -doped         has the highest electrical conductivity of 220 Scm
-1

 as well as transparency in 

the visible regime [17]. Recently, Han et al. have demonstrated that         films [18] produced 

by sol-gel technique has the conductivity about 3.85 Scm
-1

. Many other
    related p-TCOs reported 

in recent literature are                                 with some spinel oxides including  
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        and         [19-21].
 
Hosono et al. have demonstrated the idea to substitute oxygen with 

chalcogen (    ) elements in the layered p-type oxides        , resulting more delocalization p- 

holes [22, 23]. Arca et al. have carried out co-doping in       for improving conductivity and 

extracting the optical transparency [24].
 
 Recently, Rattanathrum et al.

 
[25] have investigated the 

effects of Ge composition on the structural and physical properties of       . Besides, Majee et al.
 

[26] have reported enhancement of its electrical and optical properties in Ti-doped       . 

Previously, our group have developed the scheme of chalcogen doping at O-site in prototype 

delafossite        alongside simultaneous cationic-anionic substitution in         aiming band 

dispersion and delocalization of holes [27, 28]. Additionally, Hagel reported that Li- doping in 

       enhances its electrical conductivity [29]. The effect of Li-doping on the optical and electrical 

characteristics of NiO films [30] are studied in details by Dutta et al. According to Qiu et al., Li- 

doped ZnO films deposited over glass substrates also exhibit significant hole conductivity [31]. 

Furthermore, doping with Li can raise the optical transparency and promote the crystallinity in 

general [32]. As a group I element, substitutional Li is expected to generate sufficient number of 

shallow acceptor states, leading to free holes. Throughout this article, we have used Kröger–Vink 

notation to explain the dopant ions and their lattice position in the crystal. For the Li
1+ 

ion situated at 

Cr
3+

 site with an associated hole, we have used the notation      
  and for the S

2-
 ion situated at O

2-
 

site with an associated acceptor state, we have used the notation   
 . From here on, the samples will 

simply be labelled as    ,          
  ,       

 , and          
     

   according to their cationic 

and anionic doping. Thus, the purpose of this investigation is to examine the correlated changes in 

the structural, optical and transport properties upon site dependent hole doping (     
     

  and 

    
     

   in prototype p-TCO        and to experimentally validate the consequent band 

dispersion. 
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5.2. Experimental details: 

 5.2.1. Materials and methods 

Single phase of bulk                  powder is prepared by the solid state heating [28]. The 

stoichiometric composition of     (Merck),       (Sigma-Aldrich),      (Sigma-Aldrich) and 

       (Merck) are used to keeping x and y, 0 or 5 atomic %. 

 

 5.2.2. Characterizations 

The crystalline phase quality of the powder is assessed by XRD (Bruker D8 Advance) using a Cu 

Kα radiation (  = 1.5418 Å) at 300 K. The continual scanning mode (    ) across 20 80° with 

step interim of 0.02° and scan rate 2s/step is selected for all the samples. The structural analysis 

using XRD pattern are borne out by Rietveld refinement with FULLPROF programme and using 

the  refined  parameters,  the  schematic  of  the  supercells  are  generated  by  DIAMOND. 

Compositional analysis and valence band dispersion are investigated by X-ray photoelectron 

spectroscopy (XPS) with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) and hemispherical 

analyzer (SPECS, HAS 3500). Measurements are performed at ~ 2×10
-8

 mbar. Analysis is carried 

out by CASA XPS software and C 1s at 284.6 eV is considered as internal reference. The diffuse 

spectral reflectance of all powders is carried out across the wavelength region of 220-2200 nm using 

Shimadzu UV-Vis 3600 spectrophotometer. Admittance responses are studied across the frequency 

range of 40 Hz to 110 MHz with a 2 V external dc-biased using an Agilent (4294A) precision 

impedance analyzer at 300 K. The electrical conductivity measurements are achieved by a source 

meter (KEITHLEY 4200) with the conventional two-probe method under helium atmosphere over 

the temperature range of 4  – 300 K. The current–voltage (I-V) profiles are acquired by using 

HIOKI (3522–50) LCR Hi-TESTER at 300 K. p-type conduction behaviour is established by the  
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Hall measurement system using the four- probe Van der Pauw configuration with constant magnetic 

field 0.15 Tesla at 300 K. A high-performance electrically conductive silver paste ( lfa  esar™ 

4407518) was used to make point contacts with a sample at the corner site and they were connected 

to thin copper wires. 

 

5.3. Results and discussions: 

5.3.1. Structural properties 

The crystalline single phase (Figure 5.1) of the synthesized undoped and co-doped (JCPDS: 74-

0983) materials are concluded from as obtained powder diffraction patterns. Thus, there is no 

evidence for any secondary phase formation due to site selective hole doping in the host lattice. The 

diffraction peaks are found to be consistent with layered 3R-type group-III delafossite structure 

having the rhombohedral group     (#166). The lattice parameter (  and   ), unit cell volume (  ) 

are calculated using Rietveld refinement and average crystalline size ( ) of the materials are 

obtained by the Williamson – Hall (W–H) formalism and are enlisted in Table 5.1. It is noted that 

the parameters      and   increased with      
   incorporation whereas   

  decreased it. However, the 

parameter   decreased almost linearly from 17.0999 Å to 17.0859 Å, respectively for the doped co-

doped materials compared with undoped       . This is reasonable as the ionic radii of Li
1+

 (0.900 

Å) being greater than that of Cr
3+

 (0.755 Å). The experimental atomic site occupancy of      
   and  

  
  are determined to be 1.24% and 1.67% in contrast to the calculated 5% (Table 5.2). This 

reduction in the concentration of      
   and    

  is acceptable due to their strong thermal evaporation 

tendency from the solid matrix. For the structural refinement, the Wyckoff position of Li and S are 

considered as equivalent with that of Cr and O respectively; while the pseudo –Voigt peak function  
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is utilized to simulate the Brag peaks profile. The goodness of fit (GOF) (χ
2
 = R

2
wp/R

2
exp) varies 

from 1.3 to 1.4 and can be ascribed to the ionic vacancies as well as interstitial defects which are 

inevitable in the polycrystalline materials. 

 

Figure 5.1: X-ray diffraction (    ) profile of (a)                   
  , (c)        

  and (d) 

         
     

  . The solid red lines express the best fit obtained for the experimental data (blue 

circles) from the Rietveld analysis using the FULLPROF programme. The short vertical green lines 

indicate the position of associated the Bragg peaks. The black curve represents the difference 

between the experimental and calculated profile intensities, which is displayed at the bottom of the  
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graph. The schematics of side view of the refined supercells are obtained from DIAMOND. Gray, 

orange, red, yellow and green balls are representing copper (Cu), Lithium (Li) oxygen (O), sulfur 

(S) and chromium (Cr), respectively.   

 

Table 5.1: Unit cell parameters, cell volume and crystalline size obtain by Rietveld refinement and 

Williamson-Hall plots for all materials. 

 

 

 

 

 

 

 

 

5.3.2. Chemical properties 

The XPS measurements (Figure 5.2) are carried out to determine the valence states of ions and to 

observe the effect of Li, S co-doping on the width of the valence band. Typical survey spectra of 

    and          
     

   are portrayed in Figure 5.2a exhibiting major elemental presence in as 

prepared powders. The dashed vertical lines in the Cu 2p XPS spectra (Figure 5.2b) indicate binding 

energy positions commonly found for Cu
+
 and Cu

2+
 in CuO2 (932.2 eV) and CuO (934 eV).  

Materials 

Lattice 

parameter 

a=b (Å) 

Lattice 

parameter 

c (Å) 

Cell 

Volume 

   (Å
3
) 

Crystalline 

Size D 

(nm) 

 

    2.9741 17.0999 130.98        81.76±3.39  

         
    2.9748 17.0983 131.07 87.79±3.47  

      
  2.9736 17.0961 130.92 74.55±4.00  

         
     

    2.9754 17.0859 131.12 88.71±4.07  
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Table 5.2: Element composition of the dopant concentration for doped and co- doped materials. 

 

 

 

 

 

 

Upon deconvolution of Cu 2p doublets for both the samples, one can clearly observe the relative 

increase of characteristic shake-up satellite Cu
2+

 contribution for          
     

  . In case of 

         
     

  , Cu 2p core level peak shifts towards lower binding energy side which can be 

attributed to Fermi level shifting towards valence band edge due to co-doping [33].  For the Li
+
 

substitution at Cr
3+

 site, higher valence states of Cu ions are expected to appear in order to maintain 

charge balance. As the amount of doping is weak for both     
   and   

  in          
     

   (atomic 

site occupancy of      
   and    

  are determined to be 1.24% and 1.67%), Li 1s and S 2p signals are 

rather weak (Figure 5.2c) as a guide to eye a solid black line is superimposed with the experimental 

data to indicate the presence of corresponding elements. For    , the near-Fermi-level leading 

structure primarily consists of the Cr 3d nature with a small contribution from the Cu 3d due to Cu  

 

Materials Element 
Dopant concentration,  

                ( at% )  
   

      

         
   Li                      1.15     

      
         S 

 

          1.67  

 

   

         
     

   
       Li 

       S               

          1.24  

          1.79  
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3d – O 2p – Cr 3d  hybridization. This result shows that a doped hole will principally have the Cr 3d 

nature. Because of large photoionization cross section, significant contribution from O 2p states is 

obvious within the width of valence band. The overall experimental valence band width of     is 

observed to be almost 9 eV, which is consistent with previous literature [34]. Upon the 

incorporation of shallow acceptor S 3p states, the width of valence band increases to 11 eV for 

         
     

   (Figure 5.2d). This observation is fairly consistent with our previous report of 

valence band dispersion in S doped CuAlO2 [27]. 

 

 

 

 

 

 

 

 

Figure 5.2: (a) XPS survey spectra of     and          
     

  . (b) Relative increase in Cu
2+

 

content in          
     

   compared to     is delineated along with minor energy red shift of Cu 

2p doublet upon co-doping. (c) HR spectra of Li 1s and S 2p. (d) XPS spectra of the VB region of 

    and          
     

  , which is deconvoluted considering major orbital contributions for 

elucidating VB dispersion. 
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5.3.3. Optical properties 

The Kubelka-Munk (K-M) formalism [35] is applied to determine the optical band gap of respective 

materials from the diffuse spectral reflectance across the wavelength range 220-2200 nm where 

spectra are calibrated with a white reference      . The K-M model is expressed in the following 

form:  

                                              
       

   
 

 

 
   ,                                            (1)                             

Here     ) is the so-called K-M function, where                 
⁄ is the relative diffuse 

reflectance of light scattering from an infinitely thick of sample layer to the absolute non-absorbing 

matrix (      , K is the molar absorption coefficient (    ) and S is the scattering coefficient. 

The direct energy gap    and absorption coefficient (α) of a material is relevant to the usual Tauc 

relation [36]
 
and could be expressed as,  

                                                        ⁄  ,                                              (2) 

Where,    is proportionality constant and    is the photon energy. Appling Eq. (1) and (2), the 

following relation is obtained                 (     ). The energy band gap (  ) is achieved 

by the extrapolating of linear fitted portion at                 with a plot between             

versus    which are shown in Figure 5.3. The values of band gap reveal a minute decrease in band 

gap with doping/co-doping. While pristine CCO exhibits a band gap of 3.54 eV,  
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Figure 5.3: The plot of              versus    for obtaining optical band gap from diffuse 

reflectance spectra of                     he x-intercept of extrapolated black dotted lines is 

signifying the associated optical energy gap. 

 

         
     

   shows a reduced band gap of 3.51 eV. It is to be noted that as the amount of 

doping is weak for both doped and co-doped samples, unit cell parameters (a and c) exhibit 

negligible changes which is evident from the Rietveld refinement. Infects, reduction of the optical 

energy gap by the addition of Li is due to its lesser atomic volume in comparison with Cr, which 

generates various defects in the delafossite structure [37].The values of direct energy gap of the 

materials are larger than 3.1 eV in visible range. Therefore, all the prepared materials can transmit 

the photons energy in region of visible light spectrum as a transparent material in the visible light  
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region. Thus, it is evident that the wide band gap feature within the transparent optical region is 

maintained for the doped materials and the calculated    of CuCrO2 agrees well with previous 

publication [38]. 

 

5.3.4. Admittance analysis 

To  investigate  the  admittance  characteristics, the  powders  are  cold  pressed  into  pellets  by 

applying a pressure of 1 GPa. By plotting the negative differential susceptance     as a function of 

frequency, a characteristic frequency      
   is calculated (Figure 5.4a) associated with the 

maximum in    . Now, the characteristic time    and the average hole transit time     are related 

by       0.56   [39]. From Figure 5.4a, it is observed that upon co-doping,    shifts gradually to 

the lower frequency [for CCO (62.547 MHz),       
  (8.292 MHz),          

  (6.538 MHz) and 

         
     

   (5.310 MHz)] with increasing     [for CCO (8.95 ns),       
  (67.4 ns), 

         
  (85.65 ns) and          

     
   (0.11μs)] at 2 V of external applied bias. In Figure 5.4b, 

a downshift is detectable in the frequency response of the admittance maxima (    ) for co-doping 

[for CCO (74.754MHz),       
  (7.363 MHz),          

  (6.347 MHz) and          
     

   

(5.470 MHz)]. Due to increase in the hole concentration upon co-doping,      reaches to 0.049 S 

for          
     

  . Accordingly, collision frequency among charge carriers also increases 

resulting in the downshift of the     . At lower frequency,      denotes a smaller screening 

length and hence indicating decreased hole mobility due to amplified carrier scattering due to 

polycrystallinity induced defects.  
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Figure 5.4: (a) Frequency dependent of negative differential susceptance spectra with 2V external 

bias and (b) admittance spectra of                 .Vertical lines of (a) and (b) are implying the 

positions of     and      respectively and (c) Log – log representation of current–voltage profile of 

the corresponding materials.  

 

 In Figure 5.4c, the log – log representation of current – voltage for all pallets where current is 

observed to increases more than ten times for          
     

  ) compared to the undoped    . 

Furthermore, a steeper increase in the current can be distinguished upon co-doping evidencing a 

decrease in the resistivity of the codoped material.  
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5.3.5. Electrical properties 

Figure 5.5 illustrates the temperature variation of the electrical conductivity (    ) for          
   

and          
     

 ) across the temperature range (4 – 300 K). Four fold increase in the 

conductivity of          
      

 ) is observed compared to          
    at room temperature with the 

magnitude of      determine to be 0.020 S-cm
-1

 and 0.005 S-cm
-1

 for          
     

 ) and     

     
  , respectively. The Hall coefficient with a positive sign is obtained for doped and co-doped 

materials, suggesting p-type conductivity with other related parameters are presented into Table 5.3. 

Figure 5.5a shows the linear relationship between        versus     for the temperature range of 

185 - 300K for          
   and 190 - 300K for           

     
   respectively, indicating thermally 

activated electrical conduction and the conductivity (    ) follows the relation as: 

                                                                  ,                           (3) 

Here     is a constant,   ,    and   are the thermal activation energy, Boltzmann‟s constant and 

absolute temperature, respectively. The    values are calculated to be 219.4 meV and 226.6 meV 

from the slope of best line fits for          
   and          

     
   , respectively. For the 

polycrystalline                  compound, Okuda et al. have found    to be 278 meV [40].
 
The 

magnitude of    values conveys that the carrier transport inside the valence band is thermally 

activated from the acceptor. 
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Table 5.3: Electrical transport parameters obtained from Arrhenius plots and Hall (Van der Pauw) 

measurements for          
   and           

     
   at 300 K. Here,   ,    , RH, n and  

    are the activation energy, dc electrical conductivity, Hall coefficient, carrier concentration and 

hole mobility, respectively. 

 

The estimated hole mobility of          
  (65.51 cm

2
V

-1
s

-1
) is larger than that of          

     
   

(23.50 cm
2
V

-1
s

-1
) at room temperature. However, no linear relationship is observed between        

versus     when the temperature is less than 30 K for          
     

   and          
  as shown in 

Figure 5.5c and 5.5d. Rather, the      of both materials across 4 – 30 K regime are identified to be 

consistent with three- dimensional (3D) Mott‟s variable-range hopping (VRH) conduction model. 

For this regime, the conductivity (   ) is well described by using the equation [41, 42]:  

                                           
 exp [ (     

 
)
   

] ,                              (4) 

Here   
  and       are the pre-factor and the Mott characteristic temperature. The linear fits of 

            versus       plot for          
   and          

     
   are shown in Figure 5.5b.With 

temperature (< 30 K) below thermal activation energy, the occurrence of hole hopping to the 

 

Materials     
    meV 

      
(S/cm) 

RH  

(cm
3
C

-1
) 

n  

(cm
-3

) 
    

(cm
2
V

-1
s

-1
)  

      

         
   219.4 0.005 13.11×10

3
 4.77×10

14 
65.51 

         
     

    226.6 0.020 1.17×10
3
 5.32×10

15
 23.50 
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Figure 5.5: (a) Temperature dependence DC Arrhenius plots of        vs.     for          
   and 

         
     

   with the temperature between 185- 300 K. (b) The low temperature (4 - 30 K) 

conductivity plots of            vs.       for          
   and          

     
  , considering three- 

dimensional (3D)  Mott‟s VRH mechanism.(c) and (d) DC Arrhenius plots of        vs.     for 

         
     

   and          
  with the temperature between 4 - 30 K (e) The crossover region 

with the temperature between 30 –180 K.  

 

Li site due to compression between the neighbouring Cu sites indicates the 3D carrier transport, 

dominating the charge conduction mechanism. Here,       is the density of states (DOS) at   , 

which can be expressed as: 

                                                 
       

   
         ,                          (5) 
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and comes out to be 3.21×10
22

 cm
-3

eV
-1

 and 1.53×10
23

 cm
-3

eV
-1

 for          
  and          

     
   

respectively. It should be mentioned here that this difference to the moderate carrier concentration 

of 4.77×10
14

 cm
-3

 which also results in large carrier mobility (65.51 cm
2
V

-1
s

-1
) for          

   due to 

negligible ionized impurity scattering. It is important that calculated N(EF) (1.53×10
23

 cm
-3

eV
-1

)  

for          
     

  , which is of higher order in  comparison to          
  (3.21×10

22
 cm

-3
eV

-1
). 

Existence of carrier density (5.32×10
15

 cm
-3

) increases one order of magnitude in          
     

  . 

Now, for polycrystalline materials, excess amount of charge carriers get scattered from various 

defect centres [27]. Because of that the magnitude of     is higher for          
     

   but with 

decreased μdc (23.50 cm
2
V

-1
s

-1
) than          

  . In Figure 5.5e, we observe a regime from 30 – 180 

K which cannot be fitted using any known conduction mechanism. We believe that in the specified 

temperature region, both activated and hopping conduction are at play. 

 

 

5.4. Conclusions: 

In summary, a proposition for preparing group ІІІ  p-TCO delafossite with light hole states is 

presented by doping prototype        with      
   and   

  induced holes. The structural, electrical, 

admittance and optical properties of doped and co-doped materials are analyzed. Valence band 

dispersion is experimentally demonstrated by x-ray photoelectron spectroscopy upon the 

incorporation of shallow S 3p acceptors, increasing the width of the valence band by 2 eV for 

         
     

   compared to undoped       . The doped materials exhibit wide optical energy 

gap of about 3.5 eV, which is implying transparency in the visible region. Upon the incorporation 

of      
  and   

 , all the compounds exhibit p-type conduction and is demonstrated by positive Hall  
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coefficients. The shift of  the  maxima  of negative  differential  susceptance  toward  lower  

frequency  for          
     

   signifies greater „metallicity‟. Temperature dependence (4-300 K) 

of dc electrical conductivity concludes that the holes are thermally activated above 190 K and 

variable range hopping mechanism is dominant below 30 K. DC conductivity of           
     

   

is estimated to be 0.020 S/cm, which is four times larger than          
   at room temperature. The 

hole mobility of 23.50 cm
2
V

-1
s

-1
 is obtained for          

     
  . These results reflect good 

opportunities to realize transparent opto-electronic utilization in similarly designed P-TCOs. In  

general,  a  proposition  for  generating  light  hole states  in  group  IIIA  p-TCO  delafossite  is  

presented upon valence band engineering of CuCrO2 by doping with     
   and   

  induced holes. 

Delocalization of lighter holes is evidenced from temperature dependence of DC electrical 

conductivity, which maintains the optical transparency as well. The introduction of     
   is 

generating lighter holes compared to     
  and thus is a step ahead in overcoming the long standing 

conductivity bottleneck in the field of transparent semiconductor electronics. Achieving greater 

solubility of      
  and   

  in the host matrix, aiming to conquer the hole conductivity bottleneck can 

be a promising direction of research. 
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p-type CuCr1-xMxO2-ySy (M = Li, Mg) 
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Chapter 6 

 
 
 

6.1. Introduction: 

TCOs are a technologically unique class of compounds endowed with high electrical conductivity 

and transparency in visible region. This culmination suits the remarkable applications in transparent 

electronics namely displays, photovoltaics, low emissivity windows etc. [1-3]. Till date, n-TCOs 

have superior carrier mobility and widely used in contemporary electronics in contrast with their p-

type counterparts. The majority of the transparent semiconducting based materials are n-TCOs. 

Examples of these n-type materials are Al-ZnO, F-SnO2, and Sn-In2O3 [4-6]. The lack of reliable 

processing methods for p-TCOs has prevented transparent technologies, which practically 

demanded p-n junctions from progressing. Physically, the major difficulty in achieving effective 

hole mobility in p-TCOs is the localized hole plasma near valence band maxima due to highly 

electronegative O 2p states. The pioneering work by Kawazoe et al. [7] on Cu
1+

 based wide gap 

oxide (CuAlO2) first demonstrated the p-type conductivity with optical transparency in visible light. 

Development took place like transparent transistors, electrical items, including 

semiconductor diodes cannot be realised because to the inefficiency of relatively high achievement 

of p-TCOs [8, 9]. A series of transparent Cu-based delafossites p-TCOs, including CuMO2 (M = Cr, 

A1, Ga, ln) and SrCu2O2, were discovered as a consequence of that kind of manifestation [10-13]. 

Metal-oxide covalently coupling is used to minimise the significant Electrostatic forces generated 

from oxygen ions within the Cu-delafossite unit. The p-type performance of cubic Cu2O was 

likewise caused by such a decrease in carrier localized [14]. Cu2O is still not transparent,  
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nevertheless inside the visual wavelengths of the spectrum. Cu
+
 atoms can be more densely placed 

in Cu delafossites compared to those found in Cu2O, resulting in greater optical energy gap and 

therefore better transparency. Merely three of something like the CuMO2 delafossite such 

as CuGaO2, CuAlO2 and CulnO2 has been reported so far. Each of these compounds, the visible 

spectrum transmits are also still lower than that for their n-type equivalents, who typically exhibit 

highest order transmissions throughout the broad visible range. The multi-layered p-type 

compounds LaCuOCh exhibit greater delocalized p-holes when oxygen is replaced by chalcogen (S, 

Se) ions, as established by Hosono et al. [15, 16]. Additionally, co-doped in Cr2O3 was done to 

increase carrier conductivity with improve optical transparency [17]. The impacts of Ge content 

upon these physical and also structural characteristics of CuCrO2 have recently been explored [18]. 

Additionally, Ti-CuCrO2 availability of goods among its optical with electrical characteristics  [19].   

Consequently, our group have developed [20-22] the scheme of chalcogen (Ch= S, Se) doping at O-

site and codoping for the generation of delocalized and lighter holes in valence and conduction 

bands. Subsequent theoretical and experimental follow-ups of other research groups [23] motivate 

us to overcome the much strived conductivity bottleneck by introducing even lighter holes in a 

prototype hole exclusive system. In order to describe their doped ions or lattice configuration inside 

the crystals, we have employed the Kröger–Vink notation throughout the whole article. The Li
1+

 

ions positioned now at Cr
3+

 sites with such an associated hole is denoted by the notation      
    Mg

2+
 

ions positioned at Cr
3+

, denoted by the notation     
  while the S

2-
 ion located at the O

2-
 site with an 

associated acceptor state is denoted by the notation   
 . The materials will now just be labelled as 

             
 ,          

  ,          
    

   and           
     

   with their cationic and 

anionic doping. 
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6.2. Experimental details: 

6.2.1. Materials and methods 

Single phase                 (M=Mg, Li) is prepared by conventional solid state method [22]. 

The stoichiometric composition of     (Merck),       (Sigma-Aldrich),      (Sigma-Aldrich), 

MgO (Sigma-Aldrich) and        (Merck) are used to keeping x and y, 0 or 5 atomic %. 

 

6.2.2. Characterizations 

The crystalline phase quality of the powder is assessed by XRD (Bruker D8 Advance) using a Cu 

Kα radiation (  = 1.5418 Å) at 300 K. The continual scanning mode (    ) across 20 80° with 

step interim of 0.02° and scan rate 2s/step is selected for all the samples. The structural analysis 

using XRD pattern is borne out by Rietveld refinement with FULLPROF programme and using the 

refined parameters. The diffuse spectral reflectance of all powders is carried out across the 

wavelength region of 220-2200 nm using Shimadzu UV-Vis 3600 spectrophotometer. The electrical 

conductivity measurements are achieved by a source meter (KEITHLEY 4200) with the 

conventional two-probe method under helium atmosphere over the temperature range of 4  – 300 K. 

The current–voltage (I-V) profiles are acquired by using HIOKI (3522–50) LCR Hi-TESTER at 300 

K. p-type conduction behaviour is established by the Hall measurement system using the four- 

probe Van der Pauw configuration with constant magnetic field 0.15 Tesla at 300 K. A high-

performance electrically conductive silver paste ( lfa  esar™ 4407518) was used to make point 

contacts with a sample at the corner site and they were connected to thin copper wires. 
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6.3. Results and discussions: 

6.3.1. Structural analysis 

According to x-ray diffraction technique (Figure 6.1), the prototype delafossite crystalline phase 

exhibiting rhombohedral lattice symmetry [point group         , space group         
  ] 

represents the only delafossite phases present in the crystalline phases of the both pure, doped and 

co-doped samples, confirming their identically. Neither any spectrum is found to contain any 

further peaks caused by doping. Table 6.1 shows the generated lattice parameters characteristics (a 

and c), cell volume (V), and crystalline size (D) using Rietveld analysis and Williamson-Hall 

approach for all prepared materials. It is clear that   
  causes to diminish whereas   increase with 

     
   doping. In contrast to the pure CuCrO2, although   reduce approximately linearly for doped 

and co-doped samples. In our earlier work, we provide a detailed explanation of the reduction inside 

the   –axis [21, 22]. The normalized atomic occupancy of     
 ,      

   and   
  are estimated to be 

3.13%, 1.28% and 0.615% respectively, in comparison to the estimated 5%. The reduced 

concentration of     
       

   and   
  is attributed to their high evaporation tendency from solid 

solution. The superposition of observed measurements is displayed alongside the improved XRD 

spectra (figure 6.1). As a function of peak fitting, the pseudo-Voigt operation is used. Goodness of 

fit (χ
2
 = Rwp

2
/Rexp

2
) converges to 1.6 to 1.7, which is reasonable considering the presence of    

  and 

(or)     
  . 
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Figure 6.1: x-ray diffraction pattern (black circle) of                . The solid red line 

corresponds to the best fit profile obtained by Rietveld refinement and the blue line (Yobs − Ycalc) is 

the intensity difference between calculations and experimental data. Vertical green lines indicate the 

position of associated Bragg lines. 
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Table 6.1: Refined unit cell parameters, cell volume and crystalline size from Rietveld refinement 

and Williamson-Hall plots for all prepared materials.  

 

 

 

 

 

 

6.3.2. Optical properties 

Whenever spectrum are standardized with such a white background sample, such as BaSO4, the 

Kubelka-Munk (K-M) methodology [24] is used to derive the optical energy gap of the relevant 

samples using diffuse spectrum reflectance around across the range of wavelength 220–2200 nm. 

As in the following way, the K-M model can be represented: 

                                              
       

   
  ,                         (1)                             

Here     ) is the so-called K-M function, where                  
⁄ the ultimate non-

absorbing matrix absolute diffused reflectance of is scattered light from such an indefinitely thin 

sample surface.  By extrapolating the linearly fitting region at               and plotting 

           versus   , as illustrated in Figure 6.2, the energy gap (Eg) is obtained.  

 

Materials 

Lattice 

parameter 

a=b (Å) 

Lattice 

parameter 

c (Å) 

Cell 

Volume 

V (Å
3
) 

       

Crystalline 

Size D (nm) 

 

    2.9741 17.0999 130.98 81.76±3.39  

        
  

          
   

2.9755 

2.9748 

17.1071 

17.0983 

131.17 

131.07 

89.44±4.52 

87.79±3.47 
 

      
  2.9736 17.0961 130.92 74.55±4.00  

          
     

   2.9754 17.0859 131.12 88.71±4.07  

         
    

   2.9768 17.0970 131.20 129.49±5.71  
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Figure 6.2: DR spectra of                 calculated by Kubelka-Munk function. The x-

intercept of extrapolated dotted lines is indicating the associated optical gap. 

 

All synthesis materials band gap values are determined to be well inside the transparent area with 

broad band gaps [3.52 eV for    , 3.50 eV for          
  , 3.45 eV for         

 , 3.51 eV for 

          
     

 ) and 3.48 eV for          
    

  ]. These are in good accordance well with 

optical gap computed for CuCrO2 thin films produced from post-annealing [25].  
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6.3.3. Electrical properties 

The electrical conductivity (σdc) for         
 ,          

  ,          
    

   and           
   

  
   throughout the range of temperature (80 – 300 K) appears in Figure 6.3. Upon codoping, the 

associated material exhibits almost two times higher conductivity than its cationic doped 

counterpart. The magnitudes of σdc at 300K are found to be 0.045, 0.019, 0.022 and 0.005 S/cm 

for          
    

 ),           
     

 ),         
  and          

   respectively.  

 

 

 

 

 

 

 

 

                     Figure 6.3: σdc vs. T for                 

The Hall coefficient of both doped and also co-doped samples seems to have a positive sign, 

indicating p-type conduction, and some other associated variables are displayed in Table 6.2. 

Carefully observation of Figure 6.3 (σdc versus T) reveals a trend of conductivity saturation (red 

arrow) in                , limited by impurity scattering. This is in accordance with the decrease  
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in Hall mobility upon      
    

   doping. But the steady increase in σdc above 150 K for     

      
     

   (green arrow) is associated with smaller activation. The     and hole mobility values 

are tabulated in Table 6.2 for all doped and co-doped materials.   

 

Table 6.2: Transport parameters are obtained from Arrhenius and Hall measurements at 300K. 

Materials     
    meV 

      
(S/cm) 

RH  

(cm
3
C

-1
) 

n  

(cm
-3

) 
    

(cm
2
V

-1
s

-1
)  

        
  54.7  0.022 2.8×103

 2.23×1015
 61.66 

         
   219.4 0.005 13.11×103 4.77×1014 65.51 

         
     

   226.6 0.020 1.17×103 

 
5.32×1015 23.50 

         
    

   68              0.045 360 1.73×1016              16.26 

 

 

 

6.3.4. Admittance analysis 

Following co-doping, the significant downshift of such admittance peaks with in the dispersion 

of frequency CCO (74.754MHz),         
  (8.801),       

  (7.363 MHz),          
  (6.347 

MHz) and          
     

   (5.470 MHz),          
    

    (4.312 MHz) is appears in Figure 

6.4a. As a consequence, the occurrence of collisions between charge carriers similarly rises, which 

leads to the peaks shift downward. The maximized admittance peaks value approaches 0.8 S 

for          
    

   due to increased carrier concentration, which compared to other samples.  
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Figure 6.4: (a) Admittance spectra of                 (b) Log – log representation of current–

voltage characteristics of the corresponding materials.  

Because of increased carrier scattered brought on by defects caused around by polycrystallinity, a 

shorter screening length for smaller frequencies indicates reduced hole mobility. Figure 6.4b 

demonstrates the (I   V) relationships across all materials that exhibits for          
    

   

comparing to pure CCO, the current is noticed to be increased by ten times or more. Additionally, 

co-doped can be seen to cause a steeper rise in current, which indicates a reduction inside the 

materials resistivity. 
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6.4. Conclusions: 

In general, a proposition for generating light hole states in group IIIA p-TCO delafossite is 

presented upon valence band engineering of CuCrO2 by doping with     
 ,      

  and   
  induced 

holes. The diffuse reflectance (DR) spectra are acquired to determine the dominant optical gap (~ 

3.5 eV) and found to be affected little upon site selective hole doping. From temperature 

dependence (80 – 300 K) of D  conductivity (σdc), (     
     

 ) doping can be identified to be the 

more plausible alternative to reach the bottleneck threshold compared to (    
    

 ) albeit of 

smaller σdc at 300 K. Delocalization of lighter holes is evidenced from temperature dependence of 

DC electrical conductivity. Upon achieving the desired solubility of      
  and   

 , we are soon 

expecting to realize, if not overcome, the conduction bottleneck.   
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7.  Investigation of the transport and 

structural properties of nanocrystalline 

delafossite p-CuAlO2 
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Chapter 7 

 
 
 

7.1. Introduction: 

Transparent semiconductors are particularly significant for numerous types of technologies and are 

frequently utilised on transparent electronics. TCOs are remarkable in many application areas, such 

as touch screens, LCD, photovoltaic devices, LED etc. due to their combination of minimal 

electrical resistivity with strong transparency within the visible regime [1-4]. Nearly each of the 

materials made with transparent semiconductors are n-TCOs. These n-type compounds include, for 

instance, F-SnO2 (FTO), Al-ZnO (AZO) and Sn-In2O3 (ITO) [5-7]. Transparent devices, which 

effectively required p-n junctions, have been unable to advance due to the lack of credible 

preparation techniques for p-TCOs. Since Hosono and others first discovered CuAlO2 in 1997, it has 

become considered like a p- semiconductors as well as prospective p-TCO [8, 9]. CuAlO2 can be 

employed to create p-TCOs films, which can then be utilised to create 

transparent optoelectronics components including p-n diodes along with transistors. CuAlO2 films 

have been thoroughly investigated recently, including its manufacture, structure, or characteristics 

[10, 11]. Specifically, the studies also on characteristics for CuAlO2 films like field emission, 

photovoltaic effects and gas-sensitive of ozone indicating as CuAlO2 is evolving into a key 

component of the multipurpose p-semiconductors [12-15]. CuAlO2 films can now be made using a 

variety of techniques, including PLD, PECVD, sol-gel, spray pyrolysis and sputtering [16-18]. The 

huge application and fabrication of microelectronics could be performed through RF-

sputtering.CuAlO2 film performances are regulated with deposited factors like substrate 

temperature, gas pressure etc. [19, 20]. The developments of CuAlO2 films may be limited 
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moreover, due to some less impacts of thickness about their characteristics. That‟s because of 

optical transparency along with electric transport characteristics of TCO films might be significantly 

impacted by changes inside the micro-structural and morphologies of the films [21]. 

CuAlO2 has recently gained interest in the areas of thermoelectric applications and catalysts that 

produce H2 when exposed to visible range [22]. Traditionally, CuAlO2 was created by performing a 

solid state heating at 1050 
0
C of Al(OH)3 and Cu2O in a vacuum [23]. Al2O3 and CuO powder were 

heated at 1100 
0
C during 40 hours in open atmosphere with multiple re-grinding steps, and then a 

chemical interactions from the composition discovered as well [24]. Using a combination (Cu2O: 

Al2O3) inside a NaOH solution around 500
 0

C seems to be a traditional hydrothermal procedure 

[25]. The chemical processes temps decrease to 400 
0
C, whenever a comparable process begins with 

(CuCl: NaAlO2) mixture [26]. This was also observed that CuOx melted was penetrated at such the 

temperature of 1200 
0
  with compacts of α-Al2O3 [27]. A convincing reduction with in temperature 

range below at 360 
0
C was shown in the presence of melted NaOH, in comparison to the standard 

solid state approach, starting point for the development reactivity of  NaAlO2 [28]. CuAlO2 bulk and 

also Cu2O or CuO were synthesised as single crystals at temperatures range (1050-1200 °C) [23]. 

CuAlO2-Cu2O has such a comparatively small eutectic temperature at around 1130 
0
C, which makes 

it challenging to synthesise phase purity of CuAlO2. An extreme propensity for oxidizing 

conversion of (Cu
+
-Cu

2+)
 ions as another challenging process, because it decomposes rather than 

produces only single phases of bulk CuAlO2. Additionally, Cu
+ 

ions are frequently volatilized 

during highly temperature production of CuAlO2, which results in the creation spinel phase of 

CuAl2O4 [29]. 

High-energy (ball)-milling (HEBM) offers a significant advantage over many other traditional 

techniques when looking for activating chemical methods at low temperature. This basic technique 
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 may also be utilised to create nanocrystalline functional compounds with predefined size of 

particles [30]. In addition to creating numerous structural defects with derangement, a strong pulse 

emerged at the forefront of an impacts waveform under those strong pressure gradients also induces 

heat flux development as well as a mechanical alloying response [31]. Mechanical alloying 

procedures and also mechanical excitation are indeed the generic terms used to describe these solids 

mechanically induced chemical and also physical effects. Numerous technologically significant 

complicated oxide materials, such as BaTiO3, Zn2SnO4, NiFe2O4, ZnFe2O4 and others have been 

synthesised using the mechano-chemical technique [32, 33].  The convenient one-steps low temps 

synthesized of CuAlO2 originating from such a mechano-chemical stimulated mixtures (Cu2O-

Al2O3) has not yet been described, despite the fact that numerous significant studies have also been 

performed to generate or analyse phase purity CuAlO2 [34, 35]. 

There is an alternate viewpoint for the current study that is method-oriented. Because of CuAlO2 

wide variety of applications, a numerous of studies have already been generated about its 

optoelectronic character. Additionally, it is widely acknowledged that these characteristics closely 

connect to its magnetic characteristics, in particular in terms of a small departure from the ideal 

stoichiometric ratio or partially cation substitute. Prior to this, our group created a strategy for 

chalcogen doped at O-site in p-CuAlO2 and simultaneously cationic-anionic doping due to more 

delocalized holes in CuCrO2 with the goal of improving optical along with transport properties [36-

38]. In this article, we have examined how changing the effects of grain size in the structural and 

transport characteristics of nanocrystalline p-CuAlO2 via conventional ball-milling approach. 
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7.2. Experimental details: 

7.2.1. Materials and methods 

The CuAlO2 microcrystalline or nanocrystalline materials utilized in this study were produced to 

use the traditional solid-state sintering process with stoichiometric mixture of Cu2O and Al2O3 

(Sigma-Aldrich); which involves numerous milling and heating processes using a stoichiometric 

ratio of both the precursor powders Al2O3 and Cu2O at 1200 
0
C for 15h and heated in air. The 

powders synthesized via the solid-state process were mechanically milled for 4h, 8h 12h and 20 h 

respectively in way to minimize the particle size. The milling operation was conducted in a 

planetary ball-mill (Fristch pulverisette 7) employing Tungsten Carbide (WC) balls with a speed of 

300 rpm. The volume ratio was (1:20) for both powder and ball. These WC balls had respective 

weights of 8 g and 0.99 g.   

7.2.2. Characterization  

By employing the XRD (Bruker D8 Advance) and a CuKα (λ= 1.5418 Ǻ) at 300 K, the crystallinity 

purity of the material is evaluated. All the materials are run in continuous scanning mode (    ) 

over (20 80
0
) with such a step interval of 0.02

0
 or a scanning speed of 2 s steps. The Rietveld 

refinements only with the programme (FULLPROF) and utilising the modified parameters verify 

the structural design by employing the XRD results. The milling operation was conducted in a 

planetary ball-mill (Fristch pulverisette 7) employing Tungsten Carbide (WC) balls at the speed of 

300 rpm. With the assistance of a spectrophotometer (Shimadzu UV-Vis 3600), all sample having 

their DR spectrum measured over the wavelength regime (220–2200 nm). Using transmission 

electron microscope (TEM: JEOL JEM-2100), the size or nano crystalline crystal structures were  
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examined. The FESEM (S-4800 Hitachi) was utilized to examine materials morphology. The 

Agilent (4294A) highly precise impedance analyser operating (300 K) is employed to study 

admittance characteristics over the frequencies ranging from 40 Hz to 110 MHz  with an applied dc-

biased 2 V. A source tester (KEITHLEY - 4200) is used to determine electrical properties over 

through the range of temperature (80 - 300 K) while using the standard two-probe techniques in a 

helium environment. The Hi-TESTER (3522 - 50) HIOKI LCR meter is used to obtain the (I - V) 

characteristics (300 K). The Hall measuring method, which employs the four points probe (Van-

 der- Pauw) designing with a steady magnetic field of 0.15 T (300 K), confirms the nature of p-type 

conductivity. Making pointed connections with such a materials and joining them to thin Cu-wires 

required the utilization of highly conductive silver Alfa (4407518- Aesar
TM

) paste.  

 

7.3. Results and discussions:  

7.3.1. Structural properties 

The prepared MICRO and NANO samples (JCPDS: 76-2398) of the single crystalline phase 

(Figure 7.1a) is deduced from the acquired powder diffraction peaks. However, there is currently no 

indication that any secondary phases generation occurs in all materials. The diffraction patterns are 

created to be compatible with delafossite structure (group-III) having rhombohedral space group 

[  ̅  (166)]. The lattice parameters, lattice strain and cell volume obtained from XRD patterns and 

are illustrated in Table 7.1. The material was sintering at temperature (1200 
0
C), as indicated by the 

prominent peaks with in XRD spectra, which indicate a microcrystalline material. Consequently, 

longer milling durations resulted in a reduction in crystallinity. According to the anticipated reduced  
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grain size during in the milling operation, the XRD spectra reliance on milling time [see inset in 

Figure 7.1a] reveals a continual peak broadening. Afterwards 12 h of milling, the XRD peaks 

widened, proving that nano-sized CuAlO2 is formed as a result of the process. It was found that 

while milling duration is extended, intensity of XRD peaks is significantly reduced. 

.  

 

 

 

 

 

 

 

 

Figure 7.1:  (a) Evaluating the differences between the XRD patterns of microcrystalline and 

also nanocrystalline materials. The inset displays the advancement of milling methods for 4, 12, and 

20 h. (b) The XRD pattern for the MICRO material. The intensity differences among experimental 

results with Rietveld analysis is shown by Yobs - Ycalc, and also the solid red line refers to the pattern 

generated from of the Rietveld analysis. (c) Using EDX measurements, the elemental composition 

was determined for nanocrystalline CuAlO2 (d) crystalline size variation with milling time for 

NANO samples. 
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Table 7.1: Unit cell parameters, cell volume and strain for all the synthesized materials obtained 

from XRD analysis. 

 

 

 

 

 

 

Therefore, for up to 20 hours of milling, no extra peaks signifying any significant phases have been 

seen, implying the actual products were highly pure. The (0 1 2) peak intensity of the CuAlO2 phase 

is significantly widened during ball milling, according to the XRD spectra of such 4-20 h of milling, 

indicating the nano-crystalline phasing forms as a response of milling process. It is observed that 

milling time causes crystalline size of the materials to diminish. After 4 h of milling, the CuAlO2 

lattice strain firstly increase to 0.31% then reduces to 0.048% after 20 h. In accordance with Debye-

Scherrer‟s formula, the average crystalline sizes listed in Table 7.2 are figured out as follows [39]: 

                                                      
    

     
,                                      (1) 

Here D is the average crystalline size, θ is the Bragg angle, λ is the wavelength of X-ray, and β is 

the FWHM of diffraction peak connected to the (0 1 2) plane. It is obvious from this list (Table 7.2) 

that such CuAlO2 crystallite size initially reduces more quickly during initially milling periods, and         

Materials 

Lattice 

parameter  

a=b (Å) 

Lattice 

parameter 

c (Å) 

Cell 

Volume 

V0 (Å
3
) 

Effective lattice 

strain η (%) 
 

CAO 2.857 16.941 79.885 0.082±0.002 

CAO:4 h 2.862 16.952 79.890 0.312±0.020 

CAO:12 h 2.865 16.957 79.892 0.297±0.062 

CAO: 20 h 2.868 16.959 79.897 0.048±0.036 
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afterwards decreases relatively slowly until it finally reaches a size of 20 nm throughout milling 

process, which illustrated in Figure 7.1d. 

 

                  Table 7.2: Calculated particle size for prepared samples 

 

 

 

 

 

 

It‟s important to notice that throughout milling, the lattice parameters are also shown (Table 7.1) to 

increases. This suggests that because a rise inside the lattice parameter is caused by a relaxation of 

the crystalline structure to nanoscale morphologies. In order to replicate the Brag peak 

configuration, the pseudo-Voigt peaks mechanism is used in association with the quantitatively 

Rietveld method (Figure 7.1b) related to the MICRO compound. The goodness of fitting (χ
2
 = 

Rwp
2
/Rexp

2
) corresponds to 1.42. Using energy dispersive x-ray spectra (EDX), the bulk 

compositional % of nanocrystalline CuAlO2 is examined. According to Figure 7.1c, Cu and Al have 

globally atomic percentages are (23.77 ± 3.05) and (23.56 ± 1.01)%, respectively for 20 h. 

According to Table 7.3, the Cu/Al ratio of 1.51 indicates that MICRO CuAlO2 could be slightly out 

 

Materials 

 

Miller 

Plane(hkl) 

   

Particle 

Size (in 

nm) 

 

 

 

CAO 012 86  

CAO:4 h 012 35  

CAO:12 h 012 28   

CAO: 20 h 012 20   

    



 
 

157  

 

of stoichiometry due to an excessive amount of Cu
+
 [40]. Compared to the MICRO sample, the 

NANO samples exhibit enhanced stoichiometry with a Cu/Al ratio of 0.92 to 1.01. 

                         Table 7.3: Cu/Al ratio of size variant CuAlO2   

 

 

 

 

 

The milling effects and generation of nano-phases were also verified by HR-transmission electron 

microscopy (HRTEM). Figure 7.2a displays a typical HRTEM Figure of 20-hour BM CuAlO2 

powders. This from, it can be determined that the as-milled materials typical particle size is around 

23 nm. The CuAlO2 delafossite phase is recognized by the corresponding selected area electron 

diffraction (SAED) pattern, which is displayed in Figure 7.2b&c. Although the bright circular spot 

not exactly single-crystalline, the materials have excellent crystalline nature, which is 

advantageous for examining crystals rearrangement. The HRTEM image displays a distinct lattice 

fringes region having interplanar spacings of around 0.257 nm, which are consistent with delafossite 

CuAlO2 accepted value [41]. In accordance with the XRD spectra, the above described lattice 

spacings are in alignment with the (0 1 2) plane of a CuAlO2 crystal inside the rhombohedral 

phases. An obvious nanometric grainy microstructure along with resolution of lattice could be 

observed on the HRTEM. Average grain sizes range from 20 to 28 nm with no appreciable through 

thickness variances are seen. The grains are clearly incredibly disoriented from one another, as  

Materials 
Cu/Al 

ratio 

 
 

 

CAO 1.512 

CAO:4 h 0.995 

CAO:12 h 0.923 

CAO: 20 h 1.008 
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could be shown by viewing over their lattice graphics. The HREM analysis throughout these 

studies suggests that CuAlO2 generated mostly by high intensity BM technique is composed of 

small crystal lattice with various crystalline alignments that are divided by the grain boundaries. 

Average region as in HRTEM photograph, with numerous grain boundaries and also grain. Lattice 

edges close to such grain boundary appear to be slightly deformed, which suggests that the localized 

strain there. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: (a) HRTEM image of nanocrystalline CuAlO2 for 20 h BM, (b) SAED pattern for 4 h 

BM, and (c) SAED pattern for 20 h BM. 
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A typical surface morphology (SEM) image of delafossite CuAlO2 samples prepared by the solid 

state heating method is shown in Figure 7.3. The SEM photograph of solid CuAlO2 demonstrates 

the existence on microsized particle with arbitrary shape in such a simple manner. The SEM 

pictures reveal a steady rise there in existence of nanocrystalline CuAlO2, which means that even 

milling time is increased, size of the particles decreases in accordance. According to Figure 7.3a, 

elongated grains were generated during in the heating process.  

 

Figure 7.3: Morphology of (a) MICRO- CuAlO2 (b) NANO-CuAlO2:4 hour (c) CuAlO2:12 hours 

(d) CuAlO2:20 hour obtained from Scanning electron microscope.  
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Therefore, the grain arrangement is arbitrary. Because of the anisotropy nature of CuAlO2, this 

exerts a detrimental effect in electrical conductivity [42, 43]. Because when density at grain 

boundaries rises due to an increase in the amount of nanostructured particles, numerous trapping but 

rather recombination centres are introduced [Figure 7.3(b-d)]. It was observed that the agglomerated 

morphology of the CuAlO2 powder after 20 hours of ball milling seemed to have a consistent 

microstructure. As-made nanosized polycrystals are shown to have lower electrical conductivity 

than MICRO CuAlO2. 

 

7.3.2. Optical properties 

Using diffuse spectrum reflectance over the range of wavelength (220–2200 nm) and matched 

spectrum with just a white primary source, BaSO4, the Kubelka-Munk (K-M) approach [44] is used 

to establish the optical spectrum gap of such relevant samples. As in following way, the K-M 

equation can be represented: 

                                                  
       

   
 ,                              (2)         

The named K-M function is represented here by     ),wherein                 
⁄ seems to be 

the diffuse absolute reflectance that light scattered from such an infinitely thin 

layered sample  towards the pristine non-absorbing matrices. The band energy gap (Eg) form all 

doped and co-doped materials are calculated by extrapolation from the linearly fitting section at 

                with such a curve along             versus  , as illustrated in Figure 7.4. It 

was found that the MICRO- CuAlO2 direct optical spectrum gap would be around 3.75 eV.  
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Thereafter milling method NANO-CuAlO2, optical gaps are found around 3.77 to 3.79 eV at (4   20 

h), which also is consistent previous publication [45]. Whenever the grain size of CuAlO2 is 

lessened, the band gap throughout the reflectance spectrum measurement continually rises. 

 

 

 Figure 7.4: Diffuse-reflectance spectrum for all synthesized materials 
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7.3.3. Electrical properties 

Figure 7.5a shows how the electrical conductivity (    ) of MICRO-CuAlO2 and NANO-CuAlO2 (20 

h) varies with temperature throughout a range (80 – 300 K). These findings indicate that MICRO- 

CuAlO2 seems to have a conductivity that is five times larger than its NANO counterpart at room 

temperature. It is observed that      exhibits values of 0.41 S-cm
-1

 and 0.076 S-cm
-1

 at 300 K for 

MICRO and NANO CuAlO2, respectively. For all synthesised materials, its Hall coefficient with 

such a positive sign is achieved, indicating p-type conduction, and other associated data are shown 

in Table 7.4. 

Table 7.4: Transport parameters for micro and nano-scale materials determined via Arrhenius 

curves and Hall observations 

 

 

 

 

The clear relation among    and 1000/T for such range of temperature (150 - 300K) for MICRO 

and NANO-scale materials appears in Figure 7.5a. However, since polaronic charge carriers 

dominating electrical conduction, the measured temperature relationship is consistent with the 

predicted one [46]. Indeed the conduction that is thermally activated and conductivity (    ) have 

the following relationships: 

                                                          ,                             (3) 

Materials σ
dc
 

(S/cm) 
   (meV) 
(150K-

300K) 

    R
H
 

(cm
3
 

-1
) 

   n (cm
-3
) μ

dc
 (cm

2
V

-1
S

-1
) 

MICRO   0.41 285       +55.5 1.23×10
17
       20.84 

NANO 0.076 255       + 75.3 1.89×10
16
       25.13 
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Hence, Ea, T and kB are now the activation energies, absolute temperature, and Boltzmann‟s 

constant, respectively. In accordance with the slope of both best line fittings for MICRO and NANO 

sample, the Ea values are determined to be 285 meV and 255 meV. Furthermore, Ea values agree 

well with other researcher [47]. The amount of Ea values indicates that such acceptor thermally 

activates the charge transport within the valence band. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5: (a) Temperature dependent (150-300 K) DC Arrhenius plots for MICRO and NANO-

CuAlO2 (20 h). The lower temperature region (80-145 K) plot fitted with Mott‟s VRH conduction 

mechanism (inset). (b) log – log Characteristics of I-V plot for all prepared materials.  
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Moreover, as demonstrated in Figure 7.5a inset, there is not a linear relation among    and 1000/T, 

whenever the temperature becomes less than 145 K for MICRO and NANO samples. Instead, the 

3D-Mott‟s variable-range hopping (VRH) conduction system is found to be in agreement with the 

    between both samples over 80–145 K range. Through using model, one can adequately describe 

electrical conductivity with this range [48, 49]. 

                                        exp [ (  
 
)
   

],                                    (4) 

Where     and    are the characteristic Mott‟s temperature and pre-factor. Figure 7.5a inset displays 

the linear fittings for both        versus       plot for MICRO and NANO samples. The prevalence 

of holes hopping at temperatures (<145 K) lower thermally activated energy suggests that 3D 

carriers transport dominates the charge conduction approach. The presence of carrier concentration 

(1.23×10
17
cm

-3
) raises the value of MICRO samples by an order of magnitude compared with 

NANO samples. The charge carriers can scatter across numerous defects regions in polycrystalline 

materials. Due to this, MICRO samples have a larger conductivity value than NANO samples, but a 

lesser mobility (20.84 cm
2
V

-1
S

-1
). Figure 7.5b exhibits the (I   V) characteristics for all the 

synthesized materials are consistent with those of conductivity, as the current increases much more 

for MICRO samples compared to other NANO materials (4   20 h).  

 

7.3.4. Dielectric properties 

The advantages both capacitance and current methods are combined in admittance spectroscopy. 

When compared to MICRO CuAlO2, nanocrystalline samples admittance like a frequency-

dependent function is significantly lesser appears in Figure 7.6. Throughout the measured frequency  
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spectrum, there aren‟t any admittance maxima for the sized variant nanocrystalline CuAlO2. Since 

admittance seems to be the inverse of impedance (Y = 1/Z), we emphasize also that development of 

defects near grain boundaries, which serve like a trapping and recombination sites, is the reason of 

the reduction in hole concentrations. Because there are more trapping centres due to the larger 

concentration of grain boundaries in nanocrystalline polycrystalline materials, admittance 

throughout this instance reduces as the grain size reduces. As varied bias voltage between 0 V and 2 

V is supplied, the admittance does not change considerably. 

 

 

 

 

 

 

 

 

 

 

Figure 7.6:  Frequency dependence admittance plot for MICRO and size variant (4   20 h) 

nanocrystalline CuAlO2 at 2 V external biased.  
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The following expression ɛ
ʹ
 = Cd / ɛoA was employed to calculate the dielectric constant (ɛ

ʹ
) 

throughout the range of frequencies from 40 Hz to 110 MHz with 2 V external bias at room 

temperature. Here C is the pellet‟s capacitance, d is its thickness, A is its cross-section area, and ɛo is 

the free spaces permittivity for all synthesized materials. Figures 7.7(a&b) demonstrate the 

frequency dependence dielectric constant (ɛ
ʹ
) and also dielectric loss tangent tan δ across 2 V 

external bias for MICRO and nanocrystalline CuAlO2 (4   20 h). Due to the fact that both ɛ
ʹ
 or tan δ 

with in observed operating frequency range diminish as frequency rises, while 2 V constant bias 

voltage, which exhibiting the semiconducting nature of polycrystalline delafossite CuAlO2.   

 

 

 

 

 

 

 

 

 

Figure 7.7: (a) Frequency dependence dielectric constant (ɛ
ʹ
) and (b) dielectric loss plot for MICRO 

and size variant (4   20 h) nanocrystalline  u lO2 at 2 V external biased.  
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Furthermore, at lower frequency region, where there are considerably high values of ɛ
ʹ
 or tan δ, the 

impact of grains interfaces becomes much more apparent. This gives insight into the actions of 

localised charge carriers, thereby improving overall explanation of dielectric polarisation process. 

The current observed pattern clearly demonstrates that, whereas dipolar and also interfacial 

polarisations have become the major sources of polarisation for low frequency range, ionic and 

also electronic polarisations are major contributors for high frequency range. The grain boundary 

density in nanocrystalline materials is larger than the MICRO CuAlO2. The overall ɛ
ʹ
 or tan δ of the 

nanocrystalline samples is reduced because the growing amount of defect states serving as 

recombination centres. 

 Typically the real part of ac conductivity σʹ (𝜔), which is measured using the formula   (𝜔) =  ′ 

(𝜔) − i ′′ 
(𝜔), typically exhibits significant frequency dispersion. The profile (4-20 h) for 

nanocrystalline CuAlO2 could include a lower frequencies region that represents the materials are dc 

conductivity nature but dispersive region in such a higher frequency that represent the materials are 

ac conductivity nature. The frequency dependence ac conductivity for MICRO (inset) and 

nanocrystalline CuAlO2 at 2 V external biased, presenting in Figure 7.8. It is obvious that whereas 

ac conductivity predominates at higher frequency region, the conductivity of real part is frequency 

independent at lower frequency region, resulting in dc conductivity. Indicating the ionic motion 

rather than arbitrary mobile ions hopping is taking place, the presence of this kind of dispersive 

region with in conductivity at high frequency limits of such possibilities [50]. The fact that 

nanocrystalline CuAlO2 samples exhibit high ac conductivities at higher frequencies for 2 V 

external biases clearly indicates that now the trapped bound carriers inside the materials, which 

cause small polaron hopping (SPH) between these trapped centres, are responsible for such ac  
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conductivities which are recognized. Consequently, in contrast to the MICRO CuAlO2, the 

conductivity reduces consistently at lower frequency while particle size reduces.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8: Frequency dependence ac conductivity plot for MICRO and size variant (4   20 h) 

nanocrystalline CuAlO2 at 2 V external biased.  

 

7.4. Conclusions: 

By using mechanical ball-milling top down approach, we are able to successfully produce p-TCOs 

delafossite CuAlO2 powder that is nanoscale in size. The development of MICRO and 

nanocrystalline CuAlO2 (4   20 h) with a grain size of about 20 nm is demonstrated by the structural,  
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microstructural, optical and transport characterization without any secondary phase generation only 

delafossite phases with rhombohedral symmetry. It is clear from evaluating the DR spectra that all 

the doped materials get a wider band gaps in the so-called transparent optical range.  The optical 

gaps are found around 3.77 to 3.79 eV at (4   20 h) with compared to MICRO sample (3.75 eV). The 

holes become thermally activated around 150 K, and also the VRH method is dominant around 80 

to 145 K, according to the temperature dependent electrical conductivity profile (80 - 300 K).  The 

MICRO- CuAlO2 (0.41 S-cm
-1

) seems to have a conductivity that is five times larger than its NANO 

(0.076 S-cm
-1

) counterpart at room temperature. Due to the fact that ɛ
ʹ
 and tan δ with in 

measurement frequency range reduces as frequency rises with constant bias voltage, which 

exhibiting the semiconducting nature of polycrystalline delafossite CuAlO2 .   Consequently, in 

contrast to the MICRO CuAlO2, the conductivity reduces consistently at lower frequency while 

particle size reduces. The cause could be due to an increase mostly in grain density boundaries, 

which contribute as a centre of holes trapping/recombination. That‟s because the grain size has a 

significant impact on electrical conductivity, thermoelectric applications advantage from its 

characteristics. 
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            8.  Grand conclusions and future scope 
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Chapter 8 

 
 
 

8.1. Summary of thesis: 

All of the major conclusions from the works contained in this thesis are presented throughout this 

chapter. The production of p-TCOs is required for the manufacturing include all junctions in p-n 

systems which are transparent. The optimum conductivity of p-TCOs documented up to this point is 

still several numbers of magnitude lower than n-TCOs that are widely accessible. Therefore, this 

hinders growth of efficient devices in significant volume production. Nowadays, p-TCOs are being 

presented the supreme trade-off in between electrical as well as optical analysis. Co-doping of p-

TCOs is thus a crucial research field for such creation of photonics and spintronics technologies of 

greater quality. The p-TCOs have the potential to create a broad range of novel devices, despite the 

verity that their conductivity remains lesser compared to n-type counterparts. 

This thesis is well-documented chapters that are focused on the research ideas with applications. 

Chapter 1 starts with a general introduction of TCOs and includes the historical content with their 

detailed discussion of practical implications in contemporary life. Chapter 2 represents review of 

correlated literature on copper based delafossite also their classifications are considered along with 

some ground-breaking reports. The detailed documentation of the experimental characterization 

utilized in the thesis is provided in chapter 3. By doping cationic and anionic simultaneously are 

performed in prototype p-CuCrO2 to maintain the transparency while improving electrical 

conductivity explains in chapter 4. Mg and S are applied as dopant elements at Cr and O-sites 

respectively with varying concentrations and it‟s confirmed by Rietveld analysis. It is obvious that  
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all doped materials are in transparent region. In the range of 80 to 300 K, DC conductivity clearly 

shows around 140 K lowers, where transport is dominated by VRH or above by thermal activation 

approach. In electrical measurements twice time enhance conductivity for co-doped materials (0.045 

S-cm
-1

) than Mg-doped CuCrO2 (0.022 S-cm
-1

) with higher hole mobility (61.66 cm
2
V

-1
s

-1
). With 

considering co-doped materials to certain other doped materials, there is indication of a steady rise 

in metallicity. 

Chapter 5 introduce Li ion doping at Cr site and S ion doping at O site in the host p-CuCrO2 to 

validate the resulting band dispersion experimentally over the contribution from shallow S 3p 

acceptors with maintaining transparency. To investigate how site dependent hole inducing affects 

the corresponding changes in physical and transport properties. By using Rietveld method, the sites 

substitutional occupancy of      
  and also   

  is verified and measured. The confirmation of a 

significant energy gap (about 3.5 eV) is assessed following co-doping p-TCOs with in the 

transparent optical range. Four fold increasing in electrical conductivity (0.020 S/cm) upon the 

cationic-anionic doping          
     

   in comprise with          
  . These findings show 

promising prospects for transparent semiconducting device application in comparably developed P-

TCOs.  

Chapter 6 carries out and is compared to temperature dependence hole conductivity and identified 

for Li and S doping more likely way to cross the bottleneck threshold than Mg and S doping in P-

CuCrO2 and also enhance metallicity. Temperature-dependent hole conductivity, which preserves 

optically transparent as well, provides evidence for delocalization in lighter holes. 
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Chapter 7 investigated to the effect of reducing grain size impact of the transport and structural 

analysis of p-CuAlO2 and is acquired via ball milling process with good transparency. To obtain 

size-variant nanocrystalline p-CuAlO2, micro - structured CuAlO2 be treated in such a planetary 

mill during 4, 12, and 20 hours, respectively. As when the energy gap widens with decreasing grain 

size, optical properties for nanocrystalline CuAlO2 enhance. Electrical analysis of micro and nano 

samples reveals that the hole conductivity for the nanocrystalline materials reduces by several 

orders due to increased grain boundary density serves as the center for trapping or recombination of 

charged carriers. With an improving electrical conductivity profiles for such nanocrystalline 

materials, the dielectric constant and tangent loss factor across the whole frequency spectrum are 

both reduced considerably. That's because the grain size have a significant impact on electrical 

conductivity, thermoelectric applications advantage from its characteristics. 

 

 

8.2. Future scope: 

There are many potential to enhance the properties of the p-TCOs materials because a significant 

amount of work has been placed into the production of this materials. Throughout the section that 

follows, the potential for p-TCOs materials is further explained. 

 Comparing co-doped materials to undoped p-CuCrO2, the electrical and also optical 

characteristics have greatly improved. The electrical conductivity increase in several 

orders of magnitude upon co-doping with decrease carrier mobility. The reduction of 

hole mobility could be attributed to defects caused upon with polycrystallinity, which is  
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expected that the thin film production material could resolved this arising issue. 

 The carrier density in p-CuCrO2 must also be optimized for application in the developing 

field of transparent devices.  Such factors are also crucial for controlling conductivity in 

oxide nanostructured thin-film, which is estimated to become more and more prominent 

in prospective transparent electronic applications. 

 Another very promising area of research can generate significant junction devices seems 

to be the fabrication of thin films delafossite CuCrO2 with both forms of conductivity. 

Due to the more recent approaches to material synthesis, thin film technology is rapidly 

progressing. 

 The thermoelectric capabilities of CuCrO2 films are also another field of study that has 

still not been fully investigated but contains a significant amount of potential. 

 The electronic characteristics with DFT analysis of co-doped CuCrO2 have not yet been 

fully investigated, which an uphill task that is now in progress. 

 A totally different study area with a huge amount of potential is the field emission 

feature of co-doped CuCrO2. Investigating the emission process is required to improve 

the field emission features because the optimal emission strategy in such compounds is 

not yet entirely clear. 
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