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ABSTRACT 

The aim of this work is to fabricate a p-type CuAlO2 conducting oxide via 

electrospinning process and to develop a new photoluminescence (PL) functionality by 

introducing trivalent dopants. The proposed trivalent doping method is also inspired by 

the poor enhancement in electrical properties observed with divalent ion doping, as well 

as the results of simulations that predict a possible enhancement in electrical properties 

through substitutional trivalent doping. 

This work starts with preparing solution-based precursors, followed by 

electrohydrodynamic processing and post-calcination. Two regimes exist in 

electrohydrodynamic processing: electrospraying and electrospinning, with the transition 

between the two dictated by polymer concentration in the starting solution, with higher 

polymer contents corresponding to the electrospinning regime. The effects of deposition 

and heat-treatment conditions on the microstructural evolution and phase transformation 

were investigated. Meanwhile, a mathematical model based on Newton’s second law was 

constructed to model and simulate jet behavior during electrospinning. The simulation 

results indicate that a stabilized jet can only travel for a relatively short distance before 

whipping occurs, with this distance dependent on solutions viscosity. The volume charge 

density of the jet follows a log-linear relationship with terminal fiber diameter, which 

demonstrates that an equilibrium between surface tension and electrostatic force is 

established during the electrospinning process. 

The photoluminescence properties introduced by lanthanide ion doping and the effects 

of trivalent dopants on the electrical properties are investigated. An optical-oriented 

probing method is proposed to examine the effects of trivalent substitutions on Cu-O 

hybridizations. The CuAlO2 in the form of nanofibers also exhibits strong quantum size 

effect as evidenced from the energy shift in near-band-edge emission. Tuned 

photoluminescence behavior was achieved in Eu3+ doped CuAlO2 through the doping of 

various trivalent and aliovalent ions into the AlO6 octahedra. 
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INTRODUCTION 

CuAlO2 is the first reported p-type conducting oxide (TCO)1 and has attracted much 

attention in recent years due to the highly-demanded active p-n functional window in 

optoelectronic devices. The p-type TCOs appear almost 100 years later than n-type TCOs 

and by far it seems very difficult to use classic semiconductor rules to fabricate 

degenerate p-type TCOs by introducing extrinsic holes. Previous first-principles study on 

CuAlO2 electronic structure2,3 has shed new light on trivalent ion substitution on Al site 

with increased DOS at VBM. To date, there have been only a few experimental reports 

on Cr trivalent doping2,4 while inconsistency between electrical conductivity and band-

gap is observed, mainly because the role of trivalent ion within the delafossite structure 

still remains unclear. Therefore, it would be necessary to perform systematic 

experimental study on trivalent ion doped CuAlO2. 

Another striking fact about CuAlO2 research is that this p-type oxide could be applied 

in areas other than optoelectronics, such as water splitting,5,6 thermoelectrics7 and gas 

sensors.8 Therefore CuAlO2 has been regarded as a promising multifunctional building 

block for emerging technologies. This inspired us to introduce more functionalities 

during the course of trivalent doping, especially for the UV-IR light emission introduced 

by various trivalent RE3+ ions. As a transparent conducting oxide, CuAlO2 is usually 

fabricated in the form of thin films or coatings. We herein propose the fabrication of 

CuAlO2 non-woven nanofibers via a cost-effective electrohydrodynamic process. The 

nanofibrous coatings with high surface area and self-supported structure are being 

synthesized and their related optical and electrical properties will be compared with both 

bulk and nanoparticles. 
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Figure 1. Cartoon drawing of delafossite structured CuAlO2 used in 

photoluminescence applications, with AlO6 octahedra and [O-Cu-O]-[AlO6] unit.  

 

Figure 1 shows a cartoon drawing of delafossite structured CuAlO2, in which O-Cu-O 

aligns vertically and edge-shared AlO6 octahedra spread out forming the basal layers. 

CuAlO2 has long been regarded more as electrical materials but the lackluster of 

electrical performance has reduced the research enthusiasm in recent years. However, the 

unique crystal structure and its potential in optoelectronic applications give rise to new 

thoughts on optical characterization of CuAlO2, which might open up a new door for 

optical engineering and optical-electrical correlative study in delafossite materials. 

A. Background on p-type transparent conducting oxides (TCOs) 

1. Delafossite and its anisotropic properties  

 Transparent conducting oxides (TCOs) comprise a class of materials that 

conductivity and optical transmittance could be achieved synergistically. In this regard, 

metallic materials that possess high conductivity cannot transmit visible light, while some 

highly transparent glass materials are insulators, since conductivity is strongly coupled to 

the lossy part of the refractive index.9,10 TCOs, on the other hand, usually have an 

intermediate band-gap of  over 3.1 eV(corresponding to the energy of a 400 nm blue 

photon),11 which provides a transmission window between wavelengths of about 0.4 µm 
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and 1.5 µm. At wavelengths shorter than 0.4 µm, absorption occurs due to the 

fundamental band gap, and thus light cannot be transmitted. At longer wavelengths, 

reflection occurs because of the plasma edge, and light cannot be transmitted neither. 

These materials’ conductivity (>103 Ω-1cm-1) can be enhanced by degenerate doping 

through native or substitutional dopants.12 Due to these unique properties, TCO has been 

widely used as building blocks in architectural applications,13 flat-panel displays 

including OLEDs, liquid crystal displays and plasma displays,14 light emitting diodes,15 

biosensors,16 and other emerging optoelectronic devices, in its form of coatings, thin 

films or wires. The first report on transparent conducting thin films of cadmium oxide 

(CdO) was published in 1907 by Badekar17 who synthesized the films by thermal 

oxidation of sputtered films of cadmium. Since then, a lot of efforts have concentrated on 

materials selection, screening criteria and synthesizing techniques of TCOs, such as 

In2O3, ZnO, SnO2, Ga2O3, 
14,18-21 and ternary compounds derived from the binary oxides 

such as Zn2SnO4, MgIn2O4, GaInO3, and In4Sn3O12.
22-26 with room-temperature 

resistivity in the order of magnitude from 10-4-10-2 Ω∙cm, with carrier density in the order 

of ~1020 cm-3. All of these materials exhibit unintentional n-type conductivity, with the 

carrier density and mobility comparable to those in conventional semiconductors. The 

conduction-band states are derived from the metal atoms, leading to electron-related 

properties that vary from compound to compound. The valence-band states, on the other 

hand, are derived mainly from the O 2p orbitals and are characterized by small 

dispersion, large effective masses, and high density of states.27 Even though the TCOs 

have a vast range of applications as mentioned above, unfortunately there is no active 

device fabrication using TCOs as far as we know, mainly due to the monopolarity of the 

n-type TCOs.28,29 Notwithstanding the lack of research in p-type TCOs compared to n-

type ones, the p-type TCOs are essential for constructing the p-n functional window in 

which UV portion of the solar radiation could be absorbed by the electronics while 

visible light can be transmitted.30 CuAlO2 is the first reported p-type TCO  without 

intentional doping by Kawazoe et al.1 in 1997. It belongs to the delafossite CuMO2 

structure where M is a trivalent ion (Al, In, Cr, Y, Fe, Co, etc.). These oxides crystallize 

in the 3R rhombohedral (space group R 3 m) or the isomorphic 2H hexagonal (space 

group P63/mmc) structures. The crystal structure shown in Figure 2 could be viewed as a 
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stacking of Cu (d10 ions) and MO2 layers parallel to the ab plane. The Cu atom is linearly 

coordinated by two oxygen atoms along the c axis forming the O-Cu-O dumbbell 

structure, while M atom is octahedronly coordinated with six oxygen atoms. Each oxygen 

atom is coordinated tetrahedrally by one Cu and three M atoms.  The linear arrayed d10 

ions provide the semiconductivity31,32  and are stabilized by a non-spherical electron 

configuration if the energy separation between s and d orbitals is sufficiently small.33 In 

this regime, there is a prominent hybridization between s and dz
2 orbitals (z direction is 

parallel to the c-axis in the lattice coordinate) which lead to the splitting of a filled 

nonbonding (1/ 2 )(s−dz
2) and an empty antibonding (1/ 2 )(s+dz

2) orbital. The bonding 

orbital has charges concentrated mainly in the basal plane, which significantly lowers the 

energy of the Cu ion in linear coordination, and gives rise to larger conductivity in the 

basal plane due to electron hopping between neighboring Cu ion orbitals. On the other 

hand, the antibonding orbital is used for mixing with neighboring O sp3 orbitals, making 

a bonding complex that lies deep below the Fermi energy and forms a valance band. This 

gives rise to the anisotropic electrical conductivity in delafossite materials. 

 

Figure 2. The CuMO2 delafossite crystal structure. 
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As a p-type TCO, CuAlO2 exhibits many merits such as high visible transmittance 

(~80%) due to its wide direct band gap of 3.5 eV and good chemical stability for practical 

application. However its conductivity is only  3–4 orders of magnitude than the n-type 

TCOs.34 The intrinsic conductivity could be explained by the following defect 

chemistry: 3
2 (g) 2O 4x

O Cu AlO V V h      , which stems from the nonstoichiometric defect 

reaction for a metal deficient oxide CuAlOx. Therefore preparation conditions of these 

materials can be critical to enhance the conductivity. In addition, there have been many 

efforts to use dopants of various valence states to further improve the p-type conductivity. 

A common idea is to use divalent dopant such as Mg, Ca35-37 to increase the hole 

concentration. Even though some great enhancements of 2-3 magnitude higher 

conductivity were reported, the traditional p-type doping approaches might not be 

suitable for CuAlO2 and other delafossite-type semiconductors. The reason is that in 

wide-band-gap oxides the top of the valence band is predominately composed of O2p 

states and extrinsic holes introduced to the valence-band edge are trapped on oxygen 

atoms and cannot migrate.2 Trivalent dopant in substitution of the Al site, has become a 

new experimental interest in recent years. Based on some calculation results,2 the 

substitution doping is predicted to increase the density of states at the top of the valence 

band. Additionally, the change of M-O covalency could lead to a decrease of O valance 

charge in the Cu-O-Al unit, which finally mediates the Cu d states and an improved 

conductivity would be expected.  

2. Optical properties of CuAlO2 

 

Despite numerous research and initiatives on enhancing electrical conductivity in 

CuAlO2 and other delaffosites, the conflicts in reported and calculated band-gaps, 

optical-electrical correlation and mystery in doping mechanisms puzzled researchers 

from utilizing this class of material  to a broader range of applications, such as 

transparent conducting oxides (TCOs) applications, luminescent materials, catalysts, 

batteries, ferroelectrics and so on36,38-42. In this regards, the optical properties, mainly the 

photoluminescence property of CuAlO2 have scarcely been investigated. Recent efforts 

on low-temperature and room temperature photoluminescence measurements43,44 have 
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unraveled the intrinsic luminescence properties of CuAlO2 and pointed out the plausible 

Cu-Cu interaction or near-band-edge transitions to a higher energy level. Additionally, 

first-principles calculation results from Scanlon et al. 2,45,46 recently showed that the 3d 

states of trivalent Al site and the involvement of trivalent ions in the formation of valence 

band is important for the delocalisation of the hole states of CuAlO2. The octahedron unit 

containing the covalent M-O bonding and its local relaxation effects on the O-Cu-O 

dumbbell structure synergically influence the electrical and optical properties. Therefore, 

revisiting and tuning the optical properties may not only develop new functionalities of p-

type delaffosites, but also enhance the electrical performance. 

The photoluminescence of CMO2 delafossite was firstly observed by Jacob et al.47 A 

two-band transition mechanism was proposed as shown Figure 3. Cu+ luminescence was 

originally observed in Cu+ doped alkali or alkali-earth halides48,49, where copper pairs or 

isolated copper ions give off green and blue emissions50. In the CMO2 delafossites with a 

typical linear coordination of monovalent copper ions, although the Cu-O distance is 

short and confined at a single site, two fluorescence bands were observed. Band I is 

room-temperature activated and band II transition is only permitted at low temperatures. 

The origin of the two bands stems from the hybridization of Cu 3d-4s, in which the 3d 

level was split up into two sub-bands. The degree of the hybridization is dependent of 

trivalent cations even though the confined Cu-O bound can be hardly affected by the size 

and nature of M3+ cation. In the comparative case of CuYO2 and CuLaO2, the La-O bond 

is less covalent than the Y-O bond, the antagonist Cu-O bond is expected to be more 

covalent in CuLaO2. The antibonding 3dz
2+4s states thus lift towards z-direction, causing 

a change in transition energy in the two fluorescence bands. Another empirical analysis 

postulates that the Stokes shift (energy difference between emission and excitation) 

decreases with the size of the M element for both band I and II.  
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Figure 3. Energy transition in delafossite-type CuYO2 and CuLaO2 at low 

temperature (10 K) and room temperature. (Reprint from Jacob47) 

 

The early work on luminescence properties of different types of delafossite materials 

sheds light on investigating the role of trivalent ion in fluorescence shift. Since then there 

have been only a few reports on the luminescence properties of CuAlO2, or other 

delafossites. The reported room-temperature photoluminescence has a large variation in 

emission wavelength, ranging from 300 to 500 nm. The origin of the room-temperature 

luminescence is also puzzled.  Besides the energy transition bands resulting from the 3d-

4p hybridization, the emission is sometimes ascribed to copper vacancies and interstitial 

oxygen51,52. On the other hand, processing methods and the presence of secondary phase 

could strongly influence the PL emissions. A broad peak emission between 353 and 366 

nm was recently identified by Byrne et al.44 at room temperature. At the low temperature 

(14.5K), as shown in Figure 4, the PL spectra consist of several emission bands. The 355 

nm band (corresponding to 3.49 eV bandgap) results from the direct bandgap transition, 

which is in good agreement with room temperature PL spectra. The blue emission of 430 

nm at low temperature, however, is metal stable with temperature and may indicate 

possible Cu-Cu interactions and other unknown photochemistry mechanism. 
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Figure 4. High resolution PL spectra of CuAlO2 at 14.5K, under 325nm 

illumination. (Reprint from Byrne44) 

 

In comparing the early work from Jacob with the Byrne’s most recent work, both the 

UV and blue emissions are closely related to trivalent ions in the delafossites. In addition, 

the electron-phonon comping is independent of temperature. Typically, at low 

temperatures phonon contribution to peak broadening as well as the kinetic energy of the 

free particle reduces. However, at both room and low temperatures, the FWHM of the 

UV emission was ~34 nm. The relation between trivalent cation and luminescence 

properties need further assessments and elaborations. 

3. Constructing a multifunctional nanomaterial 

 

Originally as an attempt to study the trivalent doping mechanisms the in p-type 

CuAlO2 transparent conducting oxide as well as to enhance its conductivity, the 

introduction of trivalent ions, particularly REs, could also bring in new 

photoluminescence functionality, yet their electrical properties are waiting to be 

examined. Nowadays the synthesis of multifunctional nanomaterials is a ubiquitous 

theme in nanoscience aimed at integrating multiple functionalities into individual 

building blocks to enable the fabrication of novel devices. This proposed 

electrohydrodynamic process and functionality (Figure 5) are also considered to be 
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beneficial to some current applications. The fibrous form could be integrated in many 

devices such as solar cells, transistors and catalyst due to their low dimensionality and 

large surface area. Through the up- and down-conversion of the IR and UV light, the p-

type TCOs could convert the non-visible light into visible region, which could be 

secondarily utilized or collected by other devices. For example, in the conventionally 

used low-e architectural coatings, this TCOs will enable more colors for different 

applications. The up-conversion nanofibers converting UV light into visible light would 

expect to improve the solar radiation harvesting in some coupled water-splitting 

photoelectrodes such as hematite. 

 

Figure 5. Proposed CuAlO2 nanostructured materials integrating three important 

functionalities.  

B. Electrohydrodynamic fabrication of novel ceramics 

1. Basic instrumentation 

 

The electrohydrodynamic phenomenon, which describes the interaction between liquid 

and electrical field, has been discovered for over one hundred years. However, the 

incorporation of this phenomenon into practical material processing approaches has just 

become available in recent decades53-56.  The basic concept lies in the fact that the liquid 
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meniscus escaping the capillary tip under electrical field would deform into a conical 

shape (Taylor core), from where the submicrometric liquid jet is formed. The jet could 

either go through physical disruption after propulsion to form mono-charged 

nanodroplets, or maintain its single wire shape, mainly depending on the viscoelasticity 

and dielectric properties. The former is called electrospray while the latter is 

electrospinning. These two techniques have been widely utilized in synthesizing a large 

variety of materials ranging from polymers, ceramics and metals to composites57-60, with 

the forms of thin films, nanofibers, and nanobelts. The electrohydrodynamic derived 

technique could also rival other nano-scale fabrication techniques due to its simple setup 

and versatile capabilities in tailoring the nanostructure and properties. On the other hand, 

since there has been growing research interest in nano building blocks for some emerging 

technologies such as photo catalyst, thermoelectrics, batteries and nanophosphors, this 

recalls the demand to employ electrohydrodynamic processing to fabricate classic and 

new materials in both low dimensions and various morphologies. Even though the 

electrohydrodynamic processing was originally designed for polymeric products, it is 

also capable of fabricating ceramics from either chemical solutions or suspensions. Table 

I lists some low dimensional oxide materials fabricated by electrohydrodynamic 

processing from previous reports. The main idea of fabricating the n- and p- type oxides 

through electrohydrodynamic processing is to firstly prepare and deposit the precursor 

solutions containing the desired ion species on substrates, and then calcine the precursors 

to initiate crystallization. Besides the merits of simple setup and cost-efficiency, the 

electrohydrodynamic processing involves fewer preparation steps and exhibits a good 

repeatability and potential in large-scale production, which is favorable for thin film 

technology and other emerging optoelectronic devices. 
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Table I. Recent Advances in Oxide Materials Synthesized by Electrohydrodynamic 

Processing 

Materials Morphology Applications Ref. 

AZO/ITO Thin film TCO 61 

TiO2 core-shell spheres DSSC 62 

TiO2 nanofibers Photocatalyst/Batteries 63 

TiO2/SnO2 nanofibers Photocatalyst 64 

TiO2/ZnO nanofibers Photocatalyst 65 

NiO-CdO nanofibers Sensors 66 

YSZ thin film SOFCs 67 

YSZ nanofibers - 68 

SnO2 thin film Gas sensor 69 

ZnO thin film TCO 70 

CdO nanofibers TCO 71 

CeO2 nanofibers Capacitors, catalyst 72 

Al2O3 nanofibers - 73 

Ga2O3 nanofibers TCO 19 

LiCoO2 wires Cathode 74 

MgO nanofibers Luminescence 75 

 

The basic set up for electrohydrodynamic processing is shown in Fig. 1.4. The 

aforementioned two approaches, namely, electrospray and electrospinning, generate 

droplets and fibers respectively. For example, electrospinning is a typical 

electrohydrodynamic process in which viscous liquid droplet is fed into an electrical field 

(~2×105 V∙m-1) by a pumped syringe. Under the driving force of the electrical field, the 
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droplet at the needle tip will overcome the liquid surface tension and become conical 

shape, also known as the Taylor Cone54. In the electrospinning process, since the 

viscosity of the liquid precursor is tuned by high  molecular weight organic agent to yield 

high viscoelasticity, a single and continuous fiber55,76 with dimensions that range from 

micrometers to nanometers will be propelled from the Taylor Cone and electrospun to a 

grounded collector.  Practically, we use a home-built electrohydrodynamic setup to 

perform the fiber and thin films synthesizing as shown in Figure 6. The precursor is fed at 

a rate of 0.1mL/hr. The needle of the syringe is connected to an 18 kV voltage generator, 

while the stainless steel collector is grounded. A non-woven polymeric fiber mat is 

formed and later exfoliated for further heat treatment to burn out the organics and initiate 

crystallization of ceramic fibers. 

 

Figure 6. A general setup of electrohydrodynamic processing with droplets or a 

single fiber exiting the capillary under the forward bias electrical field. 

2. Electrohydrodynamic processing on tuning the microstructures 

Electrohydrodynamic processing is versatile in fabricating polymeric objects with 

different microstructures. Figure 7 summarizes several typical microstructures. Within 

the regime of electrohydrodynamic processing (EHD), the switchover point between 
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electrospray and electrospinning depends on the viscosity of the solvent. During the EHD 

process, the interaction of surface tension of the solvent and electrostatic force generated 

within the solvent leads to the cone-jet mode. Depending on the viscosity, conductivity 

and permittivity of the solvent, different theories and scaling laws have been developed to 

describe the jet formation during EHD processing. 

 

 

Figure 7. Schematic diagram showing various microstructures produced by 

electrohydrodynamic (EHD) processing. EHD parameters may include voltage, 

nozzle setup, collector, etc.  

 

For electrospray, where the droplet of the liquid is formed at the apex of the nozzle, 

the size of the droplet could be estimated from a theoretical model of the charge 

transport. In this regard, the scaling law of mean droplet size d could be expressed as a 

function of electrical conductivity of the liquid fluid, K, and the flow rate Q77.  

 1/3

0( )( / )d G Q K       (1) 

where ( )G  is a dimensionless function of the liquid dielectric constant  . This 

equation is valid for liquid with high conductivity (K>1E-5 S/m) and low viscosity larger 

than 0.1-178,79. Hartman et al.80 proposed a universal scaling law of droplet size and 
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testified with experimental observation, in which the droplet size d follows different 

exponential relation with conductivity K. 
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where  is the density,   is the surface tension. Modelling of electrospinning 

process, on the other hand, has always been challenging. One major reason is solving the 

instability at the initial stage of electrospinning, where the jet undergoes whipping and 

thinning. Hohman81,82 and Feng et al.83 proposed different solutions for modelling 

Newtonian flow during electrospinning jetting. Fridrikh et al.84 presented a simple model 

for stretching of a viscous charged fluid in an electric field. The model is based on total 

charge conservation between the nozzle and the collector. The terminal jet radius r is 

described as follow: 
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The fiber dimension at the terminal is a function of surface tension  , dielectric 

constant  , flow rate Q, electric current I, radius of whipping curvature R, and radius of 

the initial jet. The ratio of Q to I denotes the volume charge density. One interesting fact 

is that the Q/I value sees an exponential decay with the increase of flow rate, eventually 

collapses to a value of 2/3.This is because of the termination of jet thinning away from 

the nozzle apex: when the jet streaming reaches the saturation of the whipping instability, 

the fiber dimension ceases and the surface charge repulsion equals to the surface tension.  

Besides tuning the liquid physical properties to acquire either droplets, oval, ribbons 

or fibers, the sub-microstructural morphology could be also modified by changing the 

EHD parameters. The core-shell85 and hollow86 structures could be obtained by using a 

co-axial electrohydrodynamic set up, where the inner and outer nozzles are fed with 

different precursors. The aligned fibrous structure or other patterned microstructure 

require the modification of the electric field distribution between the two electrodes.  

3. One-dimensional phosphors derived from electrospinning 

Photoluminescence functionality has been used in a vast of areas and recent research 

has focused on nanostructured materials. The luminescence properties from a 
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nanostructured material are not only suitable for some emerging technologies, but also 

crucial to help researchers better understand the nanostructure and other dimensionality-

induced properties. In fact, size and shape of the phosphors have an important influence 

on the emission intensity and the efficiency of the device. One-dimensional (1D) 

structures, such as fibers, tubes, wires, rods and belts, have attracted great research 

interests because of their potential to test fundamental quantum mechanical concepts and 

the vital role in various applications such as photonics,87 nanoelectronics,88 and data 

storage.89 Some repots already show a great improvement of quantum efficiency in rare 

earth (RE) doped inorganic nanowires comparing to bulk materials.90 Processing 1D 

phosphors via conventional hydrothermal synthesis usually lacks controllability. In 

contrast, electrospinning could be a cost-effective and effective approach in fabricating 

1D materials. It is easy to control the morphology and fiber dimension through adjusting 

the electrospinning parameters. In addition, since most electrospinning process is 

combined with a sol-gel process, basically there is no thermodynamic different between 

synthesizing nanofibers through electrospinning process and synthesizing particles 

through a sol-gel or combustion process. 

The rare earth (RE) elements often refer to the lanthanide (Ln) series plus yttrium and 

scandium. Ln3+ ions are the most frequently used activator ions in luminescent materials, 

including inorganic/inorganic, inorganic/polymer and complex/polymer materials. They 

usually exhibit a strong fluorescent emission via intra-4f or 4f–5d transitions. To date, 

there have been many 1D inorganic materials doped with RE ions synthesized from 

electrospinning,90-93 including some n-type TCOs. However, regarding to CuAlO2, there 

is almost no report on its luminescence properties in the form of nanofibers. To date, we 

are probably one of the earliest groups who fabricated CuAlO2 thin films and nanofibers 

via electrohydrodynamic processing [See reference 94,95].  

 



16 

ELECTROHYDRODYNAMIC PROCESSING OF CuAlO2 

A. Introduction 

Due to the unique optoelectronic properties of p-type CuAlO2 and related interesting 

physical properties, various methods have been employed to fabricate CuAlO2, such as 

solid-state method96,97, sol-gel method98, hydrothermal42,99, DC-sputtering34,100, pulsed 

laser deposition (PLD)101, atomic layer deposition (ALD)102, etc. Thin-films, 

nanopowders and bulk CuAlO2 have been successfully synthesized through the above 

approaches. As mentioned in the introductory chapter, the optical bandgap, optical and 

electrical properties can significantly vary with synthesis methods. The synthesis 

atmosphere and phase configuration are usually reckoned as the main causes for the 

reported variations. Synthesis in air or oxygen reduced environment could change the 

copper and oxygen vacancies, or copper on aluminum antisites, which results in a change 

in transition energies between VBM and CBM45. Phase configuration is another 

commonly discussed issue from literatures. Since the phase transformation towards 

CuAlO2 involves a meta-stable phase formation of spinel CuAl2O4, and possibly 

unreacted alumina, it is critical to obtain phase-pure delafossite CuAlO2. In this regard, 

many literatures have discussed the Al/Cu ratio103, precursors104 and annealing 

effects105,106.   

 

Commonly used techniques to fabricate the CuAlO2 compound often involve high 

temperature solid-state reaction, reduced atmosphere or repeated heat treatment. Based on 

the thermodynamic rule, the CuAlO2 is metastable below 1000 ºC in ambient atmosphere 

whereas a stable spinel CuAl2O4 could be formed at the temperature range of 625 to 1000 

ºC. Practical techniques often reduce the oxygen partial pressure to reduce the reaction 

temperature, yet still requires long processing time to form stable delafossite phase. Wet-

chemistry methods such as sol-gel and hydrothermal could significantly reduce the 

synthesis temperature. Up to now, there is only one report by Zhao et al.107 on fabricating 

CuAlO2 nanofibers via electrospinning at 1100 ºC. However, the detailed microstructure 
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evolution and electrohydrodynamic process parameters are not found in any articles. In 

this study, the aim is to investigate the electrohydrodynamic and annealing effects on 

CuAlO2 thin-film or nanofibers, which serves as a unified synthesis method for further 

characterization in order to rule out possible disturbance from fabrication variations. 

B. Experimental 

1. Acrylamide gelling route 

The copper source was from copper (II) nitrate trihydrate (99-104%, Sigma-Aldrich) 

and aluminum source from aluminum nitrate nonahydrate (98.0-102.0%, Sigma-Aldrich). 

The acrylamide route consists of two steps. The first step is to solve all the salt nitrates in 

their stoichiometric ratio, namely Cu:Al=1:1 (0.01 mol for each). The solvent used is 

100 ml mixture of 1:1 ethylene glycol/ethanol (0.5 M solution). The solution was stirred 

and the temperature was raised to 70 ºC. The second step is the gelation process, in which 

polymeric network is formed to chelate the cation species in the solution. The water-

soluble monomers 0.5 g acrylamide (ACS reagent grade, Sigma-Aldrich) and 0.2 g N,N’-

methylene-bis-acrylamide (ACS reagent grade, Sigma-Aldrich) were used. Then, 50 mg 

ammonium persulfate was added to initiate the polymerization. The gel was later used for 

electrospray experiments. 

2. Sol-gel route 

Considering the toxicity of acrylamide, an alternative sol-gel route was adopted. In 

this method, 0.01 mol Cu(NO3)2∙3H2O (Sigma-Aldrich, puriss. p.a.) and Al(NO3)3∙9H2O 

(Sigma-Aldrich, ACS reagent) were dissolved in 30mL ethanol. After that 0.04 mol citric 

acid (Sigma-Aldirch, ACS reagent) was dissolved in 20mL ethanol solvent and then this 

solution was added into the nitrate solution. In the nitrate-citrate system, the nitrate serves 

as the oxidant reagent, while the carbonyl group serves as reducing agent to reduce Cu(II) 

to Cu(I).   Then the whole mixed solution was stirred at 70 ºC for 1 hr to facilitate the 

jellification. Most of the electrospinning experiments in the present study used the sol-gel 

route. However, since the viscoplasticity of the as-prepared solution is not sufficient for 

electrospinning, polymeric agent Polyvinylpyrrolidone (PVP) (Sigma-Aldrich, average  

mol. wt. 40,000) was further added to the gel to tune the viscosity. For the following 
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chapters on trivalent ion doped CuAlO2, the nitrate salt of rare earth elements and other 

cations (ACS reagent grade, Sigma Aldrich) were added into the original solution. Due to 

the small amount of dopant involved in this study, the dopant effect on EHD behavior 

and thermal treatment will not be discussed here. 

 

3. Electrohydrodynamic setup 

 

A high power DC supply (ES-series, 5-100 kV, Gamma High Voltage Research, 

Ormond, FL) was used to generate the electric field between two electrodes (nozzle and 

collector). The syringe used was from NORM-JECT (5 ml, Henke Sass Wolf) and the 

dimension of the nozzle apex was 0.5 mm. The feed process of the syringe was controlled 

by an automatic pump (Single-syringe infusion pump, Cole-Parmer, Vernon Hills, IL). 

10×10 mm Quartz substrate (MTI, Richmond, CA) was used as the substrate for 

electrospray and electrospinning. Otherwise the as-spun fiber mat was directly peeled off 

the collector for successive calcination. Figure 8 presents the actual EHD setup in the lab. 

During the whole course of this study, the voltage of the power supply varied between 10 

kV and 20 kV, while the working distance was maintained at ~15 cm, generating 

equivalent electric field of 667 V/cm to 133 V/cm. The flow rate of the automatic syringe 

pump was tuned from 0.1mL/h to 1mL/h. Jet currents were determined by measuring the 

voltage drop across a 10 kΩ resistor. The resistor was connected to the collector, with 

another end connected to the ground. When the electrified jet reached the current 

continuously, the voltage on the resistor was measured by a portable multimeter 

(Sinometer DT9205B). Then the jet currents could be calculated using Ohm’s law.   
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Figure 8. Digital image of the electrohydrodynamic processing setup. A plastic 

syringe loaded with precursors is connected to the power supply. Stainless steel 

plate is used as the collector and connected to the ground. The quartz substrate is 

fixed by the tape on the collector. 

4. Calcination and annealing equipments. 

After the EHD process, the polymeric thin films or fibers require further heat 

treatment. Several types of the furnaces were used. For heat treatment in air, a muffle 

furnace (RWF-1100, Carbolite, UK) is used. The heat treatment in flowing argon was 

conducted in a tube furnace (MTI, Richmond, CA). In addition to the EHD processing, 

spark plasma sintering technique (FCT Systeme GmbH) was employed in an attempt to 

study the reaction between Al2O3, CuO and Cu2O during the formation of CuAlO2. 

5. Materials Charaterizations 

The morphology and elemental analysis was performed on an FEI Quanta 200F ESEM 

(Hillsboro, OR) equipped with EDAX. During the study of EHD process, polymer 

solution viscosity was measured by Discovery HR-2 rheometer (TA instruments, New 

Castle, DE). The thermal history of precursor decomposition and reaction was recorded 

by TG/DTA (TA instruments, New Castle, DE) in flowing air and nitrogen separately. 

After the calcination and crystallization, the surface area of the fibers (BET, BJH) was 
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analyzed by Tristar II system (Micromeritics, Norcross, GA). Phase identification was 

detected by the Bruker D2 Phaser (Bruker-AXS, Madison, WI). The TOPAS (Bruker-

AXS, Madison, WI) software package was employed to extract the lattice parameter 

constants from the experimental XRD patterns. The steady-state photoluminescence 

spectrum measurements were performed on a Spex FluoroLog Tau-3 (HORIBA Jobin 

Yvon Inc., Edison, NJ) at 300 K. The UV excitation source used is a xeon lamp and 980 

nm laser was used for IR excitation. A Fourier-transform Raman spectrometer (Thermo 

Nicolet 6700) was used to record room-temperature Raman spectra of the delafossite 

samples.   

For electrical properties, the room temperature sheet resistivity was measured by a 

four-probe set up (Bridge Technology, Chandler Heights AZ). The temperature-

dependent resistivity was measured in a dental furnace (Cerampres Qex; Ney Dental Inc, 

Bloomfield, CT). The multimeters used in this study were Keithley 2000 and Keithley 

6400 picoammeter (Keithley Instruments Inc., Cleveland, OH). The data was acquired by 

a National Instruments LabVIEW program. Hall-effect measurement was performed in 

MK-50 electromagnet (5000G, MMR Technologies, San Jose, CA). For the measurement 

of sheet resistivity, the films deposited on quartz substrate were measured. For the 

temperature-variant DC measurement, a two-electrode setup was used. The ceramic 

fibrous mat was compacted into a pellet for all the electrical measurements. 

The chemical composition as well as local chemical environment was analyzed with a 

PHI quantera scanning X-ray photoelectron microprobe (XPS). The XPS data sets were 

collected with Al Kα X-rays (monochromatic, beam size=100 µm) at an output power of 

25.5 W, with a photon energy of 1486.6 eV and a step size of ~0.025 eV. Survey scans 

were performed with a pass energy of 140 eV to gain qualitative information such as 

peak identification and peak position.  Peaks identified in all survey scans were used to 

adjust high resolution scan binding energy range, pass energy (26 eV) and beam dwelling 

time (~100ms). The beam sweeps for each high resolution scan was adjusted (3 sweeps: 

Al2p/Cu2p, 1 sweep: O1s/C1s) to yield a signal-to-noise ratio of >100:1 with exception of 

doping agents Eu4d (3 sweeps), which were adjusted to yield a signal-to-noise ratio of 

>50:1. Upon acquisition analysis chamber vacuum was maintain below 1.3x10-9 torr. The 

analyzed area was ~1-2 mm in diameter. Standard deviation in terms of peak position and 
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full-width-half-maximum (FWHM) was measured by probing 3 different spots on an 

identical sample. 

C. Electrospray synthesis of CuAlO2 thin films by acrylamide gelling route 

The bluish gel-like solution was loaded into the syringe. The voltage applied on the 

nozzle set as 5 and 10kV, respectively. Since the droplet will accumulate on the substrate 

forming liquid stream, the collector was heated to ~135 ºC in order to evaporate the 

droplet during electrospray. The droplets of micrometer size were projected towards the 

substrate under the electric field. The spray time was set as 2hr. Figure 10 shows the 

morphology of the as-spray film. A polymeric feature could be discerned, due to the 

formation of organic gel network of acrylamide formation. The electrospray processing 

could be viewed as droplet deposition and overlapping onto the substrate. Since the 

droplet is positively charged whereas collector is grounded, the electrostatic force will 

attach the droplet firmly on the substrate. The effect of electrospray parameters on film 

morphology was investigated. Figure 9 includes the SEM images of as-spray films under 

different EHD conditions. The controlled parameters in this study are flow rate, voltage 

and spray time. The work distance was kept at 15cm. Figure 9 (a)-(c) show poor coverage 

of the gel on the substrate. The coverage increases with the increase of flow rate and 

spray time. In addition, at low voltage, the droplet size (b) is slightly larger than that at 

high voltage (c), which is obvious because the larger electrostatic repulsive force will 

decrease the droplet dimension during travelling to the collector. A fully-covered film 

was obtained by using parameters in Figure 9 (d). 
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Figure 9. SE micrographs of as-spray polymeric film using different electrospray 

parameters: (a) 0.1 mL/h flow rate, 5 kV voltage, 5 min spray time; (b) 0.5 mL/h flow 

rate, 5 kV voltage, 10 min spray time; (c) 0.5 mL/h flow rate, 10 kV voltage, 15 min 

spray time; (d) 0.5 mL/h, 10 kV, 30 min. 

 

Since the polymeric film will undergo heat treatment, the polymeric reagents will be 

burned off resulting in a large shrinkage and film thinning. Therefore the spray time was 

expanded to 2 h. The microstructure is shown in Figure 10(a). The tilted view in Figure 

10(b) reveals some roughness on the as-spray film, which indicates the merge and 

overlap of the droplet.  
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Figure 10. SE micrographs of as-spray polymeric film: (a) top view; (b) 70º tilted 

view.  

 

The as-spray thin film exhibited amorphous feature, as shown in Figure 11. The 

precursor without gelling reagents (acrylamide, etc.) was prepared for comparison. When 

the thin film was calcined in air at 500 ºC in air, only CuO occurred due to a simple 

oxidation process. The first calcination at 500 ºC in air is usually necessary according to 

previous reports on delafossites synthesis, in order to burn out the organics and initiate 

decomposition of copper nitrate. Moreover, the final formation of CuAlO2, may require 

the precursor of CuO to provide extra oxygen. The second-step calcination was 

performed in flowing argon at higher temperatures. The delafossite structure could be 

formed at only 800 ºC, without other phases presented. In contrast, the one without 

acrylamide gelling calcined at even higher temperature of 1000 ºC only exhibited a single 

weak diffraction peak at ~36º. 
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Figure 11. XRD patterns of electrosprayed thin films via different thermal history.  

 

The crystallized thin films exhibited dense surface, as shown in Figure 12. The film 

with original spray time of 15 min and 2 h were compared after calcination. The 

thickness of the calcined film increased significantly with the increase of spray time, 

while the surface microstructures looks similar. The cross-section images also show quite 

uniform coating on the quartz substrate.  
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Figure 12. The film microstructure after calcination at 800 ºC for 5 h. Top(a) and 

cross-section(c) view of the 2 h sprayed thin film; top(a) and cross-section(c) 

view of the 15 min sprayed thin film.  

 

In this study, other calcination conditions were tested. Figure 13 shows some cross-

section micrographs under different calcination conditions. It could be seen that 

calcination at 800 ºC for 2 h is not sufficient for crystallization and the morphology still 

looks at amorphous. At elevated temperatures, occurrence of warping was observed, as 

shown in Figure 13 (b) and (c). In the case where acrylamide gelling was not used, 

needle-like microstructure was observed. The needle-like microstructure of undoped 

CuAlO2 has been reported elsewhere108 and it seems that the formation of need-like 

microstructure is quite random. Even though this microstructure might be interesting for 

further study, especially for surface applications, this is not within the scope of this study 

and will not be discussed in more details.  
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Figure 13. Cross-section microstructure of the film after calcination. (a) 800 ºC, 

2h; (b) 1000 ºC, 2 h; (c) 1000 ºC, 5 h; (d) without acrylamide, 1000 ºC.  

 

Figure 14 and Figure 15 show the EDS and visible transmittance spectra of the 

CuAlO2 thin film. In the EDS spectra, no carbon-related peak was detected, which 

implies that all the organics have been removed. The atomic ratio of Cu/Al is ~0.98(3). 

The strong Si peak is due to the quartz substrate. The resistivity measured at room 

temperature is 689 Ω∙cm, which is larger than some of the reported resistivities. After 

calcination, the color of the film appeared to be dark brown and showed transmittance of 

~45% at 700 nm. 
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Figure 14. EDS spectra of CuAlO2 thin film. 

 

Figure 15. Visible transmittance of electrosprayed CuAlO2 thin film. Digital 

images show the polymeric film and the crystallized CuAlO2 film after 

calcination.  
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D. Electrospinning of CuAlO2 fibers by a modified sol-gel method 

The precursor for electrospinning utilized a sol-gel method, mainly due to two 

reasons. Firstly, the acrylamide route involves toxic reagent and is not suitable for large-

scale production. Secondly, the electrospinning process, which involves the addition of 

high molecular-weight polymers, may confront difficulties by using acrylamide gelling 

solution. Therefore, a nitrate-citrate sol-gel system was used with addition of PVP to 

increase the viscosity of the precursor. As the viscosity of the precursor increases, the 

product from EHD process ranges from droplet to fibers, as shown previously in Figure 

7. Prior to synthesizing the CuAlO2 fibers, the viscosity of the solution was studied in an 

attempt to achieve uniform and non-woven fibers. Figure 16 shows the viscosity of 

solutions with different PVP content. All the viscosity curves in Figure 16 (a) exhibit 

linear shape, indicative of Newtonian fluid in all solutions. There is a drastic increase of 

viscosity when 60 wt.% PVP was added. The solution looks little yellowish and becomes 

viscous at room temperature. This trend can be seen more clearly in Figure 16 (b), in 

which the viscosity at a shear rate of 10 s-1 is compared among 5 solutions. 

 

 

Figure 16. Precursor viscosity of different PVP loading: (a) Viscosity as a 

function of shear rate, in log scale; (b) PVP solutions viscosity at shear rate 10 s-1.  

 

The electrospun microstructures corresponding to solutions with 30, 40, 50, 60 wt.% 

PVP are illustrated in  
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Figure 17. At the PVP loading of 30%, spherical droplets were formed with various 

dimensions. When compared to the amorphous and smooth thin film in the case of 

electrospray, the electrospun droplet jet maintains spherical shape onto the collector, 

mainly due to the increased viscoplasticity. In the former case, the droplet bursts when 

reaching the collector. When the surface tension increases with the increase of 

viscoplasticity, the surface tension could withstand the deposition process. In addition, 

the size of the as-spun polymeric droplet is significantly larger than that of electrospray, 

which further implies that the droplet size increased due to introduction of PVP. As the 

PVP loading increased to 40%, some ribbon-like structure occurred. Because of the 

increased viscosity, the droplet along the longitude direction was elongated in the electric 

field. However, the viscosity is not sufficient to withstand the electrohydrodynamic force 

and the elongation is interrupted. With a further increase in PVP concentration, the 

elongated polymeric feature is more evident. When the viscosity reached ~8 Pa∙s, 

uniform and continuous fiber structure was obtained.  

 

Figure 17. Electrospun polymeric fibers from solutions with different PVP loading: (a) 30 

wt.% PVP; (b) 40 wt.% PVP; (c) 50 wt.% PVP; (d) 60 wt.% PVP. Other parameters are 

identical: voltage 18 kV, working distance 15cm, flow rate 1mL/h.  
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During the electrospinning, the spinning voltage is also critical in determining the 

final microstructure. Figure 18 shows the microstructure evolution with the increase of 

spinning voltage. It could be seen from Figure 18 (a)-(c) that the fibers are connected 

with some beads, which is caused by insufficient elongation from the feed droplet. The 

dimension of the beads also decreased at increased voltages.  

 

Figure 18. Electrospun polymeric fibers at different voltages: (a) 5 kV; (b) 10 kV; 

(c) 15 kV; (d) 20 kV, with other identical electrospinning parameters: 60wt% 

PVP solution, 15 cm working distance, 1 mL/h flow rate.  

 

The fibers were then calcined in a muffle furnace in air, during which course the 

organics were removed and the polymeric fibers eventually turned into ceramic fibers. 

The thermogravimetric curve (Figure 19) shows The TG curve consists of three stages of 

weight loss. The first weight loss event occurred at ~100 ºC, which could be attributed to 

the volatilization of adsorbed water and surface organics. The second event, at ~225 ºC, 

is accompanied by a strong thermopositve peak in the DTA signal. This is due to the 

decomposition of PVP lateral chains and the nitrate salts. The third stage of weight loss 

begins at 400 ºC, with a small thermal positive peak, which could correspond to the 
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further burnout of PVP fundamental chains 109,110. At above 800 ºC, the TG curve 

exhibits a broad endothermic peak in the DTA curve. The TG plateau indicates that the 

thermal decomposition process was complete and the decomposed copper and aluminum 

nitrate undertook a combination reaction to finally form CuAlO2. The overall weight loss 

is nearly 80%, given the large amount of PVP addition into the precursors required to 

yield ideal elasticity for electrospinning.  

The TG plateau indicates that the thermal decomposition process beyond 800 ºC in 

flowing air was complete and the decomposed copper and aluminum nitrate undertook a 

combination reaction to finally form CuAlO2. The thermodynamic window for CuAlO2 

synthesis should therefore set beyond 800 ºC. In this regard, different annealing 

temperatures were tested as shown in the XRD (Figure 20). The as-spun polymeric fiber 

shows amorphous and upon annealing at 500 ºC, only CuO is present. Annealing at 900 

ºC, the spinel CuAl2O4 is formed, because the CuAl2O4 and CuO phases containing 

Cu(II) are stable at the temperature range of 625 to 1000 ºC whereas the delafossite 

CuAlO2 is a metastable phase below 1000 ºC. 

 

 

Figure 19. (a) TG/DTA curves of the as-spun fiber heated up to 1300 ºC in air; (b) 

EDS spectra of as-spun and annealed fibers. 
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Figure 20. XRD patterns of polymeric fibers calcined at different temperatures.  

 

The microstructure of the annealed fibers is shown in Figure 21. The fibrous 

structure was maintained after the calcination. Very fine grains could be observed on the 

fibers. The dimension of the fiber was measured by Nanomeasure software and is 

presented in Figure 21(c). It could be seen that the average fiber diameter is ~160 nm and 

most of the fibers dimension fall into a narrow range, which indicates that the fibers 

prepared through electrospinning is quite uniform. 
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Figure 21. SEM images of the CuAlO2 ceramic fibers calcined at 1100 ºC for 3 h, 

with low (a) and high (b) magnifications: (c) Fiber diameter distribution with 

Gaussian fitting.  

 

Figure 21 depicts the fine fiber structure under 1100 ºC treatment. However, as 

mentioned before, during the heat treatment the transformation of polymeric fiber to 

ceramic fiber undergoes several stages. In order to reveal the fiber evolution during heat 

treatment, the fiber diameter is measured as a function of treatment temperature (with 3h 

dwelling in all cases). Figure 22 clearly demonstrates that the fiber diameter decreases at 

first and increases later with the increase of treatment temperature. Recalling Figure 19 

(a), the initial organics burn off occurs at ~500 ºC, followed by partial crystallization of 

CuO. Since the organics have not been completed removed, the fiber dimeson continues 

to decrease. Beyond 800 ºC, at which point CuAlO2 begins to form, the pure ceramic 

fibers are formed and begin to grow at elevated temperatures.  
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Figure 22. Evolution of fiber dimension as a function of treatment temperature 

during calcination. The dwelling is 3 h. Fiber dimension is based on measuring 

100 fibers. 

E. Summary  

In this chapter, the electrohydrodynamic processing was employed to fabricate 

CuAlO2 thin films and nanofibers through acrylamide and sol-gel routes, respectively. 

The CuAlO2 thin films exhibit moderate visible transmittance and sheet resistivity, after 

calcined at only 800 ºC. The film via electrospray and post-calcination is dense and 

uniform. The electrospinning parameters, as well as the precursor viscosity, were 

investigated in order to fabricate uniform and continuous fibers. The transformation of 

polymeric fibers into ceramics fibers involves diminution of the polymeric fiber, 

crystallization and coarsening of the ceramic fibers. In both cases, the deposition time of 

the electrohydrodynamic process is relatively short and could be performed at ambient 

atmosphere. Finally, phase-pure delafossite CuAlO2 was obtained. The electrical and 

optical properties will be further discussed in later chapters.    
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MODELLING OF ELECTROSPINNING PROCESS: JET 

INSTABILITIES AND FIBER DIMENSION PREDICTION 

A. Introduction 

A major part of the current study utilized electrospinning as a main 

electrohydrodynamic process technique to fabricate CuAlO2 materials. The 

microstructure evolution, as well as the influence of electrospinning parameters such as 

voltage and viscosity on fiber morphologies have been discussed in previous chapter. The 

experimental results have revealed a strong correlation between electrospinning 

parameters and fiber microstructure. In other words, the electrospinning process could be 

highly controllable. The electrohydrodynamic behavior of a droplet during the 

electrospinning process is more complicated than electrospray process. In a typical 

electrospinning process, after the Taylor cone is formed under equilibrium between 

surface tension and electrical force, a slender and continuous liquid filament is formed 

and accelerates to the collector. The filament will then undergo thinning and whipping 

before reaching the collector. Reneker al. 111,112 proposed that straight jet could be only 

stabilized for a small distance away from the nozzle. The repulsive forces (Coulomb 

force) between adjacent charged filament will later cause lateral perturbation, which 

further leads to bending instability within the slender jet stream. Several models have 

been developed to model the electrospinning process of polymeric jet, such as Lattice 

Boltzmann method113, linear Maxwell method112,114, and non-linear upper convected 

Maxwell method115. All the methods hold a common view that the jet consists of 

individual filament or beads, which are electrified and exhibit strong Coulomb 

interaction. For the first part of this chapter, a mathematical model derived from 

Reneker’s model was used to simulate the jet trajectory. The second part will focus on the 

prediction of terminal jet diameter. 
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B. Mathmatical model and coding 

After the Taylor cone is formed, the fluid jet is treated as segments of individual 

beads, as shown in Figure 23. For an individual bead, the electric force could be simply 

described as follows: 

   e

V
f e

h
                                             (4) 

where e is the electron charge, V is the external applied voltage and h is the working 

distance, as shown in Figure 23. According to the common jet treatment from most of the 

modelling methods, two adjacent beads in the slender jet are interconnected under 

viscoelastic force. For a single bead i with mass m and charge e, the two adjacent beads i-

1 and i+1 impose two viscoelastic force components on bead i, which is113: 
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          (5) 

This equation contains x-y-z coordinates and the l is the distance between two beads, 

 is the viscoelastic stress and a is the jet radius for a specified bead. Assuming the initial 

jet diameter out from the nozzle at t=0 is a0, the mass conservation still holds throughout 

the jet liquid, there are: 

   0 /i ia L la              (6) 

   0 /i N i Na L la           (7) 

where L is the screening length scale and could be defined as a function of initial 

diameter at t=0 and elastic modulus G:112 
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Figure 23. Segments of individual beads. The dumbbell consisting of two beads 

indicates viscoelastic force, Coulombic force and surface tension. The working 

distance is denoted as h. 

 

In Figure 23, there are two other force components acting on bead i, which are 

Coulombic force and surface tension of opposite direction. The Coulombic force in 3-

dimensional coordination could be expressed as: 
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Equation 9 includes the total Coulombic force acting on bead i, since the Coulombic 

force is dependent on all surrounding bead. The surface tension could be described as: 
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a  is the average bead radius of i+1 and i-1 beads around bead i. ki is the curvature of 

bead i, which could be directly calculated in the x-y coordinate. Figure 24 illustrates the 

geometric parameters for calculating curvature k.  

 



38 

 

Figure 24. Schematic diagram of jet curvature of bead i.  

 

The curvature ki at bead i could be calculated as: 
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Given the electric force (4) viscoelastic force (5), Coulombic force (9) and surface 

tension (10), the total force applied on bead i during electrospinning could be written as: 

(bead position could be assigned ri=ixi+jyi+kzi) 
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Equation (12) is a second-order partial differential equation in x-coordinate. In order 

to solve this equation, a differential equation solver ode45 in MATLAB (version: 

R2014a, MathWorks, Natick, MA) was used. The ODE45 solver is based on an explicit 

Runge-Kutta method. Based on equation (12), the bead position at a certain integrated 

time, as well as velocity could be calculated. The number of beads (N) modelled is 500. 
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The converted variables from equation (12) to the MATLAB code is shown in Appendix. 

The main program consists of the initial conditions, electrospinning parameters and 

partial differential equation derived from equation (12). The complete code is also 

included in appendix. 

C. Instability of the trajectory of the jet 

The header of the MATLAB code defines the initial conditions and electrospinning 

parameters. The detailed parameters and their values are shown in Table II. The 

simulation of electrospinning process by varying the viscosity is shown in Figure 25. At 

low viscosity, the simulated jet involves multiple trajectories along z-axis. No stable and 

single jet is formed in this case. When the viscosity is set to higher values, stable jet 

could be formed. A comparison between Figure 25(b) and (c) shows that a higher 

viscosity could achieve a longer stabilized trajectory before whipping occurs.  

 

Table II. Physical Parameters Used to Model the Electrospinning Process 

Parameters Value 

Modelling time (tfinal) 0.02 s 

Number of beads (N) 500 

Working distance (h) 0.15 m 

Bead mass (m) 0.3E-8 kg 

Charge (e) 2.83E-9 C112  

Voltage (V) 15000 V 

Elastic modulus (G) 1E8 Pa116 

Viscosity 7.5 Pa∙S 

Length scale (L) 2E-3 

Initial radius (a0) 150E-6 m 

Surface tension (α) 0.7112 
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Figure 25. Simulated electrospinning process with modified viscosity. 

 

D. Predicting the terminal fiber diameter during electrospinning 

The second part of this chapter is focused on predicting the terminal fiber diameter. 

According to the simulation data, the instability of the jet occurred under all modelling 

conditions. With the fiber thinning and transport downstream towards the collector, the 

surface tension eventually balances the charge repulsion, leading to a settled fiber 

diameter, namely, the terminal fiber diameter. Since the output of the aforementioned 

model only include bead positions, it is necessary to find alternatives to correlate final 

fiber dimension with other electrospinning parameters. In this regard, we recalled the 

equation (3) in Chapter 1, which finds a relation between jet terminal diameter h and 

(Q/I). However, it is noteworthy that this equation neglects the viscoelastic force between 

neighboring beads. At the final stage of electrospinning, the jet is away from the origin 

and undergoes drying process, which has less elastic force.  

Table III summarized the experimentally acquired jet currents and fiber diameter. It 

could be seen that in the case of PVP electrospinning, the jet current increases with the 

increase of flow rate. By increasing the applied voltage, there is a slightly decrease in 

fiber diameter, possibly due to the higher electric force. According the equation (3), the 

log of fiber diameter follows a linear relationship with the log of (Q/I), which is the ratio 



41 

of flow rate to jet currents. Figure 26 plots such logarithmic relationship based on 

experimental results. It could be seen that all data points could be fitted linearly. The 

slope of the experimental fitting from two voltages is similar. However, there is a large 

discrepancy from theoretical prediction based on equation (3).  

 

Table III. Experimental Flow Rate, Jet Current and As-Spun Fiber Diameter 

15kV 

Flow Rate 

(mL/min) 
Voltage (V) Jet Current (A) Diameter (m) 

60 2.20E-03 2.20E-08 5.24E-07 

42 1.90E-03 1.90E-08 4.78E-07 

30 2.10E-03 2.10E-08 4.45E-07 

18 1.50E-03 1.50E-08 3.96E-07 

6 1.30E-03 1.30E-08 3.32E-07 

25kV 

Flow Rate 

(mL/min) 
Voltage (V) Jet Current (A) Diameter (m) 

60 4.80E-03 4.80E-08 4.75E-07 

42 4.20E-03 4.20E-08 4.52E-07 

30 3.50E-03 3.50E-08 3.98E-07 

18 2.80E-03 2.80E-08 3.64E-07 

6 6.00E-05 6.00E-10 3.41E-07 
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Figure 26. The log of terminal fiber diameter r versus the log of (Q/I). The 

electrospinning voltage is set as 15 and 25 kV. Dashed lines denote the 

experimental fitting and solid line denotes the theoretical prediction. 

E. Summary  

The simulation of electrospinning process was simulated by solving the second-order 

differential equations based on Newton’s second law. The inclusion of viscoelastic force, 

electric force, Coulombic force and surface tension could yield a suitable electrospinning 

model. In this case, the viscosity of the bead was modified and the simulation results 

were compared to the experimental results. At high viscosity, the simulation shows that a 

stable jet could be formed at ~0.4 mm away from the nozzle. The stabilized distance 

decreases with the decrease of viscosity. Instability of the jet trajectory is observed during 

simulation. When the viscosity is below 5 Pa∙s, multiple random trajectories were 

observed due to the failure of convergence equation, which indicates that the stable and 

single jet could not be formed. The prediction of fiber diameter was also attempted. The 

experimental results reveal a quite log-linear relationship between the inverse of volume 

charge density and final fiber dimension. The large discrepancy between experimental 

results and prediction may result from perturbation of the jet, as demonstrated by the 

early simulation in this chapter.   
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THE Y3+ DOPED CuAlO2: OPTICAL AND ELECTRICAL 

PROPRETIES 

A. Introduction  

CuAlO2 is a typical p-type transparent oxide which has a wide bandgap (>3eV) and 

room temperature photoluminescence due to the UV near-band-edge emission through 

the recombination of free excitons 117-120. The delafossite structure in the class of CuMO2 

(M site accounts for trivalent ions) materials allows for chemical bond stretching from 

either Cu-O bond (xy-plane) or M-O bond (z-direction) and it is widely acknowledged 

that the electrical properties are limited by carrier compensation through local lattice 

relaxations. The electronic density towards different oxide ligand can be altered by 

changing M site cations. Therefore in order to increase the intrinsic electrical 

conductivity of delafossite CuAlO2, introducing divalent or trivalent doping as impurities 

or substitute into the layered crystal lattice is the main attempt to enhance the 

performance of p-type transparent conducting oxides121. As a result, reduced effective 

mass and band gap tuning usually occurs even though there is still lack of knowledge in 

interpretation of the doping mechanisms, as well as some inconstancy between bandgap 

engineering and electrical measurements data. It is also noteworthy that in addition to 

visible transmittance and electrical properties, delafossite CuAlO2 also presents UV near-

band-edge emission at room temperature which makes it suitable for LED applications. 

The direct transition of carriers from valence band to conduction band and the 

recombination of free excitons lead to the luminescence in the UV range. The 

luminescent properties can be affected by copper environment in which the off-centered 

monovalent copper is linearly coordinated with the antiprismatic oxygen. The size of 

M3+-cation corresponds to the stretching or relaxation in the Cu-O bond and therefore 

affect the electronic density and photoluminescence spectra. The idea of M3+ site doping 

with trivalent ions has been developed in recent years and the effects of the dopant have 

been discussed in the morphological and electrical perspective 4. In their discussion, the 

phenomenon of O intercalation as a result of lattice distortion contributes to the variation 

in resistivity. However, probing the effect of trivalent dopant via luminescent or other 

optical methods has not been reported to the best of our knowledge. 
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In the present work, ceramic EHD processed CuAlO2 thin films and nanofibers have 

been prepared in their form on quartz substrates for luminescence characterizations. The 

characterization of Y3+-doped CuAlO2 were performed. Moreover, near-band-edge 

emission at room temperature was identified and the dielectric constant could be 

estimated in the high frequency region. The effective mass, together with band-gap 

enhancement could be extracted from these transparent fibers coated samples to quantify 

the intercalation of yttrium affecting the host band-edge. 

B. Charaterization of Y3+-doped CuAlO2 thin films. 

Due to the poor p-type conductivity of delafossite CuAlO2, there have been many 

attempts to improve the electrical conductivity, such as divalent doping 35-37 and nitrogen 

doping122. Trivalent dopant in substitution of the Al site, has become a new experimental 

interest in recent years. Based on some calculation results,2 the substitution doping is 

predicted to increase the density of states at the top of the valence band. Additionally, the 

change of M-O covalency could lead to a decrease of O valance charge in the Cu-O-Al 

unit, which finally mediates the Cu d states and an improved conductivity would be 

expected. Inspired by the CuYO2 compounds and the potential alloying effects, Y ion 

was chosen to partial substitute Al site. Figure 27 depicts three typical electrical 

characterization methods. All the samples exhibited semiconducting conductivity with a 

monotonically reduced thermal activation energy as the yttrium doping increased. Even 

though the various hopping mechanisms in CuAlO2 have been reported, at the measured 

temperature range, the linearity indicted a thermal activation type hopping. Recalling the 

change of optical direct band gap shown in Figure 27(c), the introduction of yttrium 

modified the band edge and might change the Cu-O confinement to a degree that the 

excitons underlying the valence band became more delocalized, thus decreasing the 

activation energy when thermally excited from VB to CB. The overall resistivity obtained 

from calculating the V-I slope shows a decrease from 689 Ω∙cm to 580 Ω∙cm as the Y 

concentration goes up from 0 to 5at. %. The room-temperature sheet resistivity and 

optical band-gap are shown in Table IV. Even though the improvement is very small, the 

consistency lying within the band-gap, resistivity and thermal activation energy might 

indicate that the substitutional trivalent doping with orderly alloying effects could be 
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useful for a better understanding of the doping mechanisms compared to divalent doping, 

which may increase the charge complexity and obscure some underlying phenomena. 

 

Figure 27. Summary of electrical properties of electrosprayed CuAlO2 thin films: 

(a) Temperature-dependent DC conductivity; (b) Four-probe V-I curve; (c) Tauc 

plot extrapolated from UV diffuse reflectance.  
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Table IV. Room Temperature Sheet Resistivities and Optical Band-gap of 

CuAlO2 Thin Films 

Doping Level 0 at% 1 at% 3 at% 5 at % 

Resistivity (Ω cm)  689  601 582 605 

Band-gap (eV) 3.24 3.48 3.42 3.68 

 

 

The fate of electrohydrodynamic is its simplicity in producing nanostructured coatings 

or thin films with high transparency in the visible region, which is highly favored by 

transparent conducting oxides. The samples could be easily deposited onto glass or quartz 

substrates due to the strong attractive force between charged jet and grounded collector. 

After annealing, the polycrystalline structure could be formed. The sample from 

electrospray has a lowered transmittance in the visible region in Figure 28. The 

transmittance spectrum has previously shown in Figure 15. The purpose here is to 

compare with the transmittance of electrospun fibers deposited on a quartz substrate. The 

dense polycrystalline delafossite anisotropic structure could enhance the beam scattering 

thus decreasing the transmittance. On the other hand, the electrospun sample with a 

stacking thickness of ~ 20µm123, has a porous structure and due to the stacking of fiber 

mats and reduced contact area, the actual coating thickness absorbing the visible light 

could not be high. Therefore, the electrospun sample exhibited higher transmittance 

compared to the electrospray coating. 
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Figure 28. Transmittance spectra of CuAlO2 coatings from both electrospray and 

electrospinning.  

 

C. Blueshift in near-band-edge emission in Y3+-doped CuAlO2 nanofibers  

Polyvinylpyrrolidone nanofibers have been electrospun from a precursor solution 

containing equal  molar quantities of copper nitrate trihydrate (99-104%, Sigma-Aldrich) 

and aluminum nitrate nonahydrate (98.0-102.0%, Sigma-Aldrich). Yttrium nitrate 

hexahydrate (99.8%, Sigma-Aldirch) was added as dopant source in quantities sufficient 

to replace 0%, 1%, and 5% of the Al3+. The electrospun fibers were deposited on quartz 

substrate for later optical characterizations. Heat treatment of the nanofibers was then 

carried out at 1100 ºC to transform the polymeric fibers into crystalline CuAlO2 fibers. 

The as-spun nanofibers were held at the elevated temperatures for either 2, 4, or 5 hours 

in order to obtain ceramic nanofibers with different crystallite sizes (shown in Table V). 

The average thickness of the nanofibers coated on quartz substrate was ~20µm. 

Photoluminescence studies (Horiba Spex FluoroLog Tau-3) were performed at room 

temperature using an excitation wavelength of 365nm. The CuAlO2 fibers coated on 
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quartz slide was directly measured. The slit was kept at 4/3 (ex/em) in order to normalize 

the spectra intensities in terms of wavelength among different samples. 

Table V. Sample Crystallite Size Under Different Dwelling Time 

Dwelling Time 

(hr) 

Crystallite Size (nm) 

undoped 1% Y 5% Y 

2 23.1(2) 17.5(3) 19.5(8) 

4 26.0(7) 19.7(2) 20.1(4) 

5 32.7(4) 23.4(1) 21.6(5) 

 

The fibrous fiber morphology was sustained after thermal annealing, which is shown 

in Figure 29 (a), (b) and (c). There was no evident difference in fiber diameter and 

coating thickness among samples with different doping levels. The XRD pattern (space 

group: R-3m) shows a prominent preferred orientation in the z-direction, which implied 

that the nucleation was initiated along the radial direction and the strong diffraction peaks 

were facilitated by the stacking fibrous layers. The Rietveld method was carried out in 

Bruker TOPAS and both the experimental and fitting deviation profiles were shown in 

Figure 30. Single delafossite phase was identified and the fitted curves were used to 

extrapolate the crystallize size shown in Table V.  
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Figure 29. (a) and (b) SE micrographs of CuAlO2:1%Y fibers electrospun on 

quartz; (c) cross-section image indicating the fiber thickness ~20µm.  

 

Figure 30. Experimental XRD pattern and fitting deviation profile.  Inset shows 

the digital images of transparent fiber-coated quartz slides.  
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Since the bare quartz substrate is not luminescent, the broad emission peaks shown in 

Figure 31 belongs to the direct transition of this wide band gap material. The PL spectra 

confirm that free excitonic emission can be expressed by wide band-gap oxides in which 

the bound excitons dominate only at low temperatures, and free excitonic emissions 

dominate at higher temperature (room temperature) due to strong localization of electron-

hole pairs124,125. Superlattice materials, in which the charge carriers are confined to two 

dimensional regions, are known to show a concentrated localization of electron-hole 

pairs. This results in enhanced electron-hole interactions which effect the optical 

properties of nanomaterials. In delafossite CuAlO2, the Cu-O bonds in the O-Cu-O 

dumbbell layers determine the electronic structure near the band-gap and lead to strong 

localization of excitons in the x-y plane as well as larger binding energy. Since the 

binding energy exceeded the room temperature thermal energy (kT≈0.025eV), room 

temperature PL emissions were presented. Figure 31 (a) shows that the undoped sample 

exhibited a broad peak centered at 458nm. The sample doped with 1% Y3+ peaked at 

439nm while the sample with 5% Y3+ content peaked at 423 nm. A previous study which 

investigated delafossite-type oxides such as CuLaO2 and CuYO2 identified the source of 

these luminescent spectra47. The luminescent spectra consist of two adjacent emission 

bands from the transition between 4px,y to 3dz
2-4s, and 3dz

2+4s to 3dz
2-4s. The 3dz

2+4s to 

3dz
2-4s transition originated from hybridization of the 3dz

2 with 4s orbitals. Relaxation 

from the excited state causes the Cu-O bond to stretch, thereby decreasing the electronic 

density in the x-y plane and increasing the electronic density along the z axis. The 

introduction of yttrium did not modify the direct transition type. Instead, the degree to 

which the Cu-O bond was stretched by the introduction of the dopant resulted in the 

observed variations in peak location. The asymmetrical peak shape shown in the PL 

spectra was caused by an overlap of the two Gaussian peaks associated with the 3dz
2+4s 

to 3dz
2-4s transition of both CuAlO2 and CuYO2. Increased yttrium content correlated 

with narrower emission intensity distribution for the two Gaussian peaks.  As the 

covalency of the Cu-O bond increased from CuYO2 to CuAlO2, hybridization between 

the 3dz
2 and 4s orbitals became more prolific with higher Cu-O binding energies. This 

lifted the non-bonding 3dz
2-4s orbital energy in order to compensate for the antibonding 

3dz
2+4s orbitals. This will increase the excitation energy from CuAlO2 to CuYO2. As a 
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result, the deconvoluted CuYO2 spectra (denoted as triangle in Figure 31(a)) were shifted 

to a shorter wavelength. Additionally, the experimental binding energy for Cu2p3/2 and 

Al2p (Figure 31 (b) and (c)) shifts to lower values at higher dopant concentrations 

(932.5/74.4 eV for CAO-0Y, 931.7/73.34 eV for CAO-1Y and 930.9/73.21 eV for CAO-

5Y), indicating a reduced binding energy around O-Cu-O and MO6 after Y intercalation, 

which is also consistent with the observed blueshift in PL spectra Figure 31 (d) confirms 

the Y doping into the lattice and the peak intensity increases with the increase of the 

doping concentration.  

  

 

Figure 31. Photoluminescence emission spectra (a) of CuAlO2 nanofibers 

annealed for 2h (Solid line: experimental observation; dotted line: deconvolution 

of asymmetric peak due to yttrium intercalation).  XPS spectra of Cu 2p (b), Al2p 

(c) and Y3d (d).  

 

The blueshift in the UV near-band-edge emission is also dependent on the size effect. 

This band-gap enhancement can be calculated from below: 
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where represents the band-gap enhancement between bulk materials and nanostructured 

materials. Other variables include h, or Plank’s constant; 
*

 , which is the reduced mass 

of the electrons and holes; ρ the size of the crystallites; e, the electronic charge; r
 , the 

relative permittivity and 0 , the vacuum permittivity of free space. Equation (13) 

consists of particle-in-a-box quantum localization energy plus Coulomb energy. In order 

to determine the values on the right-hand-side of the Equation (13), 
*
  and r

  are 

required for the CuAlO2 electrospun fibers. Therefore, UV-Visible transmittance and 

diffuse reflectance measurements were performed to estimate the value of the two terms 

from the transparent oxide samples. In an oxide insulator, the conducting electrons in 

high frequency ranges (near UV to visible) are dominant and the dielectric constant 
r is 

therefore reduced to its real part. The r
  can be calculated from the following equations: 
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                             (14)  

                 
2 r n                                  (15) 

Here, R is the reflectance data from the UV-visible diffuse reflectance measurement. 

Figure 32 depicts the results of the optical measurement in the range between 350 to 800 

nm. The upper limiting boundary value for dielectric constant could be calculated from 

Equation (15), which is ~2.8 for undoped samples. 
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Figure 32. Transmittance and reflectance measurements on the quartz substrate 

coated with CuAlO2 fibers.  

 

The theoretical value of * can then be estimated with Equation (16) for the hydrogen-

model binding energy (Eb) equation:  
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                              (16) 

where R
is the Rydberg constant (13.6 eV) and 0m is the free electron mass. When 

considering the room temperature excitation of the thermal energy ~0.025 eV as the 

boundary binding energy, the reduced mass, 
*  , can be estimated to be 0.023 0m  for the 

undoped sample, 0.016 0m  for the sample with 1% Y3+, and 0.012 0m  for the sample with 

5% Y3+. The reduced mass decreases with the increase of Y3+ dopant level, which is 

basically a cause of the decrease of the dielectric constant. Similarly, the XPS indicated a 

reduced binding energy environment and a weaker localization of excitons in the two-

dimensional confinement of Cu-O bonds, which could also lead to reduced mass 

decrease. These values can be considered to be the boundary values of the reduced mass 
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for the purposes of Equation (13). By substituting the boundary values of reduced mass 

* and the dielectric constant r  into the Equation (13), the theoretical band-gap 

enhancement as a function of crystallite size is plotted as solid lines in Figure 33. The 

degree of band-gap enhancement also corresponds with the blueshift observed in the PL 

spectra. Further increasing the dopant level would shift the emission spectra to higher 

energies. Under the assumption of the quantum size effect expressed in Equation 4, the 

experimental data was obtained from the differences between the bulk band-gaps and the 

PL spectra peak energies. The bulk band gap was measured as the optical direct band gap 

from the UV diffuse reflectance. The Kubelka-Munk equation was employed to calculate 

the bulk direct allowed band-gap for the nanofibers.  The band-gap energies of the 

samples with 0%, 1% and 5% Y3+ dopant content were found to be 3.26 eV, 3.42 eV and 

3.52 eV. The increased band-gap which resulted from the introduction of yttrium is 

consistent with the theoretical model relating to the excitation energy to various Cu-O 

bond environments. 

 

 

Figure 33. Band-gap enhancement calculation based on theoretical estimation                                    

from UV-visible optical properties and the experimental data from both PL                                    

spectra and optical band-gap of nanofibers with different crystallite size.                                    

Inset plot shows the associated Burstein-Moss effect.  
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It should be noted that in Figure 33, the band-gap enhancement curves of the three 

samples which were projected based upon the size effect model did not match up with the 

experimental data points gathered from those samples at the different crystallite sizes. 

The undoped sample fit the theoretical curve well for crystallites below a crystallite size 

of 35nm.  This would suggest that band-gap enhancement values could be calculated 

exclusively from crystallite size. However, when a further blueshift was induced by the 

3d94p1 to 3d10 transition in the CuYO2 structure, the experimental data deviated from the 

quantum confinement estimation. We attribute this shift to the Burstein-Moss effect, 

which refers to the band gap widening in response to the change of carrier 

concentrations107,126. The Burstein-Moss energy gap shift is shown in the inset of and can 

be calculated by the following equation: 
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The carrier concentration in this equation is given by n. Assuming that CuAlO2 and 

CuYO2 have similar electron density maps127, then the reduced mass can be the cause of 

the corresponding Burstein-Moss band-gap enhancement (shown in inset of Figure 33), 

which exhibits a similar range of enhancement with the fitting discrepancies from 

quantum size model.  The 4d orbitals formed by the Y3+ dopant at the lower edge of the 

conduction band caused the additional band-gap adjustments. The prominent coupling 

between the reduced mass and the Cu-O distance reveals that hole hopping could be 

enhanced augmented by the substitution of Y3+ into the M3+ site.  

D. Summary  

In conclusion, the room-temperature photoluminescence of CuAlO2 nanofibers was 

observed having a blueshift at elevated doping levels. A quantum size effect model was 

also evaluated to probe the fitting discrepancies associated with the yttrium intercalation 

and the binding energies of the Cu-O bond. The band-gap was further enhanced by the 

addition of a trivalent yttrium dopant. This caused a blue shift of the photoluminescence 

spectra, a phenomenon which has promising potential for the development of blue-violet 

photoluminescence. This investigation based on PL and optical characterization may 

provide useful guidance for the dopant enhanced transparent oxides with nanostructures.   
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LUMINESCENCE OF ELECTROSPUN CuAlO2 FIBERS WITH 

TRIVALENT ION SUBSTITUTION FOR Al CATIONS 

A. Introduction  

While most researchers focus on the electrical properties of CuAlO2 as a p-type 

transparent conducting oxide, there are few reports of CuAlO2 as a potential phosphor 

material. In addition, with the development of field emission display and other flat 

display technologies, new generation of phosphors with good luminescence, conductivity 

and stability are required. CuAlO2 could be a promising host material in which the Al site 

could be substituted with various trivalent rare earth dopants, without changing the hole 

transport within the Cu+ plane 128. Since the main conduction path in delafossite crystals 

is close-packed Cu+ layers129, the electrical properties could be sustained in addition to 

photoluminescence properties. Conventional solid-state synthesis of CuAlO2 powders or 

thin films requires high temperature sintering and repeated thermal treatments. In this 

study, we prepared CuAlO2 fibers via a cost-effective electrospinning method. The wire-

like CuAlO2 nanostructures possess higher surface area and sintering activity, which 

could lower the annealing temperature. Additionally, the one-dimensional material may 

also present extraordinary effectiveness in light emitting and transparent conducting 130-

132. The dopant cation, Eu3+, was chosen as the first emission activator and intense red 

emission from f-f transition of Eu3+ was identified. The Eu3+ activator center was 

successfully doped into the Al3+ site and this delafossite-type material could be used as 

potential host for luminescence application. Besides of the down-conversion enabled by 

Eu3+ ions, up-conversion in CuAlO2 host was also achieved, which indicates a suitable 

host environment for RE3+ ions. A tentative study on chemical unit co-substitution was 

conducted by partially replacing [Al3++Al3+] with [Mg2++Si4+] aliovalent ions. The 

concept of chemical unit co-substitution was recently introduced by Xia and 

Poeppelmeier133,134 in some solid-solution phosphors. The distortion of polyhedron and 

modified electron-phonon coupling were found to contribute to the continuous control 

over photoluminescence. As illustrated in Figure 1, the AlO6 octahedron plays critical 

role as activator host. Therefore, it is plausible to tune the PL properties by changing the 

host environment.  
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B. Down-conversion in Eu3+ doped CuAlO2  

The samples preparation follows the procedures described in aforementioned 

experimental sections. The X-ray diffraction (XRD) patterns together with RWP (residual 

weight pattern) values from the refinements are shown in Figure 34 along with the 

standard CuAlO2 (R 3 m) phase for comparison. All samples show a single CuAlO2 phase 

with no other crystal structure identified. This shows that the post annealing condition is 

sufficient to transform the polymeric as-spun fibers into a single, crystalline delafossite 

structure. In addition, samples (not shown in Figure 34) with a higher annealing 

temperature of 1200 ºC shows undesired CuAl2O4 phase due to the oxidation of cuprous 

ions. Annealing at lower temperatures than 1040 ºC, both CuAlO2 and CuO phases result, 

due to the insufficient reaction between CuO and CuAl2O4
42,135. It is noteworthy that 

crystallinity differs among samples with different Eu doping. Samples with the 0.001 and 

0.003 Eu doping show lower degree of crystallinity corresponding to broader diffraction 

peaks. However, when the doping concentration exceeds 0.01, well-defined CuAlO2 

delafossite peaks are exhibited. According to the bonding environment shown later, the 

substituted Eu and resultant Eu-O bond may alter the bonding environment, allowing for 

higher mass diffusivity and more sufficient crystallization, which might explain the 

promotional effect of Eu on CuAlO2 crystallization.  In a word, the nanofiber-derived 

single-phase CuAlO2 via single step annealing and relatively short dwelling time implies 

that one-dimensional ceramic fibers have higher sintering activity than powders or thin 

films58. 
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Figure 34. XRD patterns of CuAl1-xEuxO2 (x=0.001, 0.003, 0.01, 0.03, 0.05 and 0.1) 

electrospun fibers annealed at 840 ºC for 3 h, with standard PDF#35-1401 corresponding 

to 3R-polytype delafossite CuAlO2. 

 

The lattice parameters extracted from the Rietveld refinement of the delafossite phase 

CuAl1-xEuxO2 are shown in Figure 35. The lattice parameter a increases with increasing 

Eu concentration while c remains nearly constant. This behavior could be explained by a 

pseudolinear relationship between lattice constant and trivalent ion radius Rr  in a 

delafossite structure136.  According to our host material, CuAlO2, the lattice constant 

could be estimated by 2.784 1.437Ra r   , in which the constant 2.784 was calculated 
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from the a value at zero doping level from the standard powder diffraction file (PDF#35-

1401). The trivalent ion radius 
Rr follows a weighted sum of both Al3+ radius and Eu3+ 

radius ( (1 )R Al Eur x r xr    ) 137. By employing the Vegard’s law, the Eu3+ ions are 

assumed to exclusively occupy the Al3+ sites, due to their equivalent charge and more 

difficulties in impurity doping of Cu-O dumbbells with strong covalency between Cu+ d10 

levels and O-2p orbitals. Based on the two equations above, the calculated value is shown 

as a dashed line in Figure 35.  

 

 

Figure 35. The lattice parameters of a and c of the 3R-polytype structure 

delafossite CuAl1-xEuxO2 as a function of Eu concentration. The dash line shows 

the respective calculated a values based on Vegard’s law. 
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It can be seen that both experimental and calculated parameters follow a similar trend 

as a function of Eu concentration. The deviation could be attributed to the stoichiometric 

variation in starting precursors and the difference between nominal and doped Eu ion 

concentrations. The c value is independent of 
Rr and at various doping levels, the lattice 

parameter c remains almost constant. The trends in both a and c in terms of dopant 

concentration imply that Eu3+ substitutes Al3+ site in this delafossite structure. 

The SE micrographs are shown in Figure 36. After thermal annealing, the smooth 

polymeric as-spun fibers become coarse and rough, with nano-sized polygonal grains 

observed on the fibers. The microstructure evolution with the increasing doping 

concentration is also prominent, from well-sustained non-woven fibers to a disconnected 

porous structure. According to the significant radius difference between Eu3+ and Al3+ 

ions, the introduction of Eu3+ in the Al3+ site may cause lattice distortions and unrelaxed 

strains. Additionally, the radial crystallization on self-supported fibers imposes excess 

surface strain on the crystallites. As a result, excess enthalpy was produced for 

crystallization and a higher crystallinity is expected with a further increasing in Eu level, 

in a similar manner revealed from XRD patterns.  When the Eu concentration increased 

with further increase in crystallinity to a degree that the bonding to crystallites cannot 

hold the accumulated stress in the cylindrical fibrous structure, the non-woven fibers 

break up and the crystallites start growing as isolated particles. 
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Figure 36. Microstructures of CuAl1-xEuxO2 (x=0.001, 0.003, 0.01, 0.03, 0.05 and 

0.1) electrospun fibers annealed at 840 ºC for 3 h.  

 

During the annealing process of the electrospun fibers, the organics derived from the 

PVP addition must be eliminated in order to achieve well-crystallized ceramic fibers 

suitable for luminescence application. EDS was employed to confirm the burn-out of the 

polymers shown in Figure 37. Before thermal annealing, the energy peaks associated with 

C and N were prominent because of the existence of PVP ((C6H9NO)n). After 1100 ºC 

annealing, there were no C or N peaks identified; only Cu, Al, O, and Eu (enlarged inset 

in Figure 37) peaks were observed. The polymer burn-out, thermal decomposition and 

crystallization proceeded simultaneously during the annealing, which shows that this 

delafossite-type phosphor could be synthesized as one-dimensional fibers. 
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Figure 37. EDS spectra of as-spun polymeric fibers and annealed CuAl0.99Eu0.01O2 

ceramic fibers.   

 

The photoluminescence of CuAl1-xEuxO2 (x=0.001, 0.003, 0.01, 0.03, 0.05 and 0.1) 

electrospun fibers have been studied at two excitation wavelengths (365 nm and 420 nm). 

Delafossite-type CuMO2 has room temperature luminescence due to its UV near-band-

edge emissions 99,138-140. The Cu-O bonds in the O-Cu-O dumbbell layers determine the 

electronic structure near the band-gap and lead to strong localization of excitons in the x-

y plane as well as larger binding energy.  This causes hybridization between the 3dz
2 and 

4s orbitals in the CuMO2 delafossite. Since the binding energy exceeded the room 

temperature thermal energy (kT≈0.025 eV), room temperature PL emissions were 

presented 118,119. We herein reported the room temperature near-band-edge emissions 

from the Eu-doped CuAlO2 fibers with slightly different peak energies compared to other 

studies119,141. The peak positions in terms of relative intensity shown in Figure 38 mainly 

centered at ~407 nm, indicating a 0.3 eV decrease in the direct band-gap compared to a 

normal 370 nm emission in thin films or bulks. Since the reported direct band-gap values 

of CuAlO2 vary from 3.0 eV to 3.8 eV and highly depend on fabrication method, the 
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near-band-edge emission is supposed to shift accordingly. The oxygen vacancies, surface 

defects and crystallinity associated with fabrication methods in low dimensional CuAlO2 

thin films or nanoparticles often yield dispersed band-gap values. In his particular study, 

the peak energy shift is also attributed to a fiber-derived band-gap energy change. A 

similar  phenomenon has been observed in TiO2 ceramic fibers142, that band-gap 

increases with the excess pressure on the fiber circular cross section. The inset in Figure 

38 shows the measured optical band gap in our study, the absorption edge (3.084 eV 

corresponds to ~402 nm) of which is similar to the PL peak energy, which lead to the 

conjecture that the emission with the excitation wavelength of 365nm results from the 

CuAlO2 near-band-edge transition. We also need to consider other factors regarding to 

the violet emission. The defect origin from VCu in the delafossite material is assumed to 

form an acceptor level above the zero vibrational level 2,45, leading to a Stokes shift in the 

spectrum. Since our experiments were performed at room temperature and no other peaks 

associated with Eu3+ activators were observed from the emission spectra, the broad violet 

emission is unlikely from transition to defect levels. Byrne et al. 141 recently observed a 

coexistence of both a near-band-edge UV emission and a blue emission at ~430 nm at 

14.5 K, with almost 100 nm Stokes shift. Revisiting the study by Jacob et al. 47 on CuYO2 

and CuLaO2, the prolific hybridization from Cu 4p/3d orbitals and the resultant 3dz
2+4s 

and 3dz
2-4s splitting only give rise to an asymmetric and overlapped peak feature rather 

than large Stokes shift. In addition, the effect of defect states on room temperature 

excitation still remains unclear, which definitely requires further investigation. The one 

dimensional fibrous microstructure with major surface defects may also cause a band-gap 

narrowing in some oxide materials 143. However, since there have been no reports on the 

photoluminescence of CuAlO2 in the form of fibers to the best of our knowledge, at the 

current stage we may conjecture that the decrease in the band-gap associated with lower 

excitation energy (365 nm in our case) leads to the red shift in the PL emission spectra. 

At different dopant levels, the band-gap extracted from the PL peak energies in Figure 38 

decreases with the increase of Eu level, indicating the further band modifications as a 

result of trivalent ion substitution and change of degree in Cu 4p/3d hybridization.  
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Figure 38. Near-band-edge photoluminescence of CuAl1-xEuxO2 excited at 365 

nm. 

 

We also compared the peak energies in terms of doping levels. Regardless of the 

variation in relative PL emission intensities, the spectrum shifts to longer wavelength as 

the doping level goes up, roughly from 407.29 nm in CuAl0.999Eu0.001O2 to 410.66 nm in 

CuAl0.9Eu0.1O2. Based on the previous study47,94, this monotonic shift to lower energies is 

due to the change of hybridization between Cu 4px,y to 3dz
2±4s, under the influence of 

trivalent partial substitution on Cu-O bond. As the Cu-O covalency increase from 

CuAlO2 to CuAl1-xEuxO2, hybridization between the 3dz
2 and 4s orbitals became more 

prolific which would lift the non-bonding 3dz
2-4s orbital energy in order to compensate 

for the antibonding 3dz
2+4s orbitals. Therefore the transition energy between 3dz

2-4s and 

4px,y is lowered upon introducing Eu3+ ions. Our observation also confirmed the 

prediction that this Stokes shift would increase as the size of trivalent metal ion 

increases141. For all the doped samples at excitation wavelength of 365 nm, only the 
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broad near-band-edge emission was identified and no peaks associated with Eu f-f 

transitions were observed above 500 nm. At higher excitation energies, the excitons near 

the band edge may undergo fast recombination across the band-gap and non-radiative 

relaxation to the ground state while the transitions to Eu activators become absent.  

 

 

Figure 39. Photoluminescence emission spectra of CuAl1-xEuxO2 excited at 420 nm, 

showing the emission bands from Eu3+ activator centers. 

 

PL excitation and emission spectra from CuAl0.99Eu0.01O2 are shown in Figure 39. The 

excitation peaks between 300 and 500 nm correspond to Eu3+ intra-4f transitions. The 

7F0-
5D2 line at 465 nm is the strongest line in the excitation spectrum.  The peak at 365 

nm was identified as the intrinsic excitation peak from CuAlO2, according to Ahmad’s 

work on CuAlO2 nanoparticles144 and our previous work on nanofibers94. The emission 

spectrum with 465 nm excitation shows broad bands at 587, 610, 654 and 690 nm, which 

are due to the f-f transition of 5D0 → 7FJ of Eu3+, respectively. For the 0.01Eu sample, 5D1 

→ 7F1 transition was also observed. The two-channel emission diagram is depicted in 

Figure 40(a). The strongest 5D0 → 7F2 red emission is the result of hypersensitive 

transitions with ΔJ=2 indicating the environment around the activator centers. The 

increasing 5D0 → 7F2 emission intensity from samples with x=0.001-0.01 indicates a 

higher symmetry local site. Upon the occupancy of Eu3+ ions in the octahedron center, the 
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lattice was distorted and the local symmetry of Eu3+ continued to change with increasing 

Eu3+ doping level. As a consequence, the probability of each 5D0 → 7FJ transition 

channels may change, which leads to the variation of intensity of the six 5D0 → 7F2 

emissions shown in Figure 40(b).  The overall red emission intensity increases with the 

increase of doping concentration up to 0.01Eu. Above this doping level, the intensity 

significantly drops due to the concentration quench effect19,20 shown in Figure 40(c). 

With the increase of Eu3+ concentration, the cross-relaxation becomes dominant due to 

the reduced distance between two Eu3+ activator ions. Therefore, the luminescence 

emission intensity almost vanishes at higher Eu3+ concentration. Since the activator is 

introduced solely on the Al3+ site, the critical transfer distance (Rc) could be estimated by 

the following equation: 
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where V is the unit cell volume, xc is the critical concentration and N is the number of 

Al3+ ions per unit cell. For CuAlO2 host (N=3), xc is roughly equal to 0.01 at which 

concentration the maximum luminescent intensity was observed. The cell volume from 

XRD refinement is 120.7(5) Å3 and the Rc was calculated to be approximately 20 Å. For 

a Eu3+- Eu3+ distance larger than 5 Å, the multipolar interaction is dominant and the 

exchange interaction is negligible145. Therefore, the main mechanism for concentration 

quenching in the CuAlO2:Eu3+ phosphor is the multipolar interaction.  
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Figure 40. Schematic diagram of photoluminescence emission channels in the 

rare-earth doped delafossite CuAlO2.  

 

Room temperature Raman spectra are shown in Figure 41. It has been widely 

acknowledged that in delafossite structure with Γ= A1g+Eg+3A2u+3Eu, only the first two 

modes are Raman active.146,147 The A modes correspond to the vibrational movements in 

the direction of Cu-O bonds and the E modes represent the vibrations in the perpendicular 

direction. A previous report on particulate CuAlO2
141

 shows two sharp peaks at 418 and 

767 cm-1, respectively. However, the Raman scattering peaks could shift to a large extent 

depending on the trivalent ion species. CuLaO2 with the same crystal geometry has two 

peaks centered at 300 and 650 cm-1.148 The lowered frequencies could be due to a higher 

M atom mass and weaker M-O bond. The room temperature Raman spectrum that we 

obtained here shows a similar Eg position but a slight lower frequency of A1g mode, 

which might provide supplementary information on trivalent substitution. Upon the 

introduction of larger Eu3+ ions, the MO6 along the ab plane would go through a decrease 

in bonding energy, which is also confirmed by XPS in later discussion. Therefore, the Eg 
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characterized by the vibration along the ab-plane mode should shift to lower frequency. 

However, from the experimental data, the Eg shows a typical CuAlO2 peak position 

whereas the A1g peak shifts to lower frequency for both undoped and doped samples, 

which might lead to the conjecture that the decrease of the A1g frequency might due to the 

electrospinning synthesis during which the MO6 octahedron bonding energy is lowered. 

Another possible explanation for the decrease of A1g mode could be extrapolated from 

our near-band-edge emission observation. Since the Cu-O covalency is predicted to 

increase in the doped sample, the higher degree of hybridization might cause the A1g 

vibration mode to move to lower frequency. In addition, the band width of Eg mode 

become broader after Eu doping, indicating that the Eg mode is more sensitive to the 

substitution of trivalent ions. 

 

Figure 41. Room temperature Raman spectrum under 1064 nm excitation 

provided by a Nd:YVO4 laser. 

  

The binding energies (BE) of the atoms were examined by XPS and calibrated with 

respect to the C 1s BE (284.6 eV). The XPS high resolution Cu 2p, Al 2p and Eu 4d 

spectra are shown in Figure 42. The BE for Cu 2p3/2 is centered at ~933.4 eV for all three 
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samples with no shift observed with Eu doping. It has been widely acknowledged that in 

the delafossite structure the strong two-dimensional confinement of Cu-O bonds along 

the z-axis restrains the electronic structure118. Therefore, the substitution of Eu3+ ions 

along the ab plane has little effect on the charge density around Cu+ ions. For the spectra 

shown in Fig. 10(b), the peaks can be deconvoluted into Al 2p and Cu 3p components.  In 

contrast to Cu 2p3/2 peaks, the Al 2p peaks shift to lower binding energies at higher 

dopant concentrations (74.52 eV for x=0.001, 74.09 eV for x=0.003 and 73.54 eV for 

x=0.01) due to the environment change around the MO6 octahedra along the ab plane. 

The different Cu 2p3/2 and Al 2p BE responses to trivalent ion substitution leads to the 

conjecture that the introduced rare earth within the MO2 layer would insignificantly 

disturb the hole conduction path in the Cu+ layer.  Therefore, the p-type conductivity 

might not be impaired. In Figure 42(c), the presence of Eu 4d spectra indicates the 

successful doping of europium ions into the delafossite lattice. The trivalent europium 

compounds with orbit-spin splitting Eu3+ 4d5/2 and Eu3+ 4d3/2 have been shown to have a 

binding energy of 135 and 142.5 eV149,150, which is similar to what we observed in our 

study. 

 

 

Figure 42. XPS spectra of (a) Cu 2p3/2, (b) Al 2p, and (c) Eu 4d levels.  

 

The temperature dependence of electrical conductivity of the electrospun fibers is 

shown in Figure 43. Arrhenius plots were used to identify the thermal-activation type of 
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these wide band-gap materials. DC current was applied through a piece of fiber mat 

sandwiched by two rectangular graphite foils, which were used to minimize the contact 

resistance. The conductivity increases as the temperature increases, showing 

semiconduction. At ~300 K, the electrical conductivity for 0.1% Eu doped CuAlO2 fibers 

is ~0.05 S cm-1 with a thermal activation energy of ~0.09 eV. The room temperature 

conductivity increased with elevated Eu doping levels, from 0.05 S cm-1 to 0.17 S cm-1. 

This could be attributed to the substitution of Eu cations which induced the lattice 

distortion and increased the hole concentrations. On the other hand, the substitution of Eu 

on the Al site may introduce a smaller band-gap associated with CuEuO2 and this 

modification at the near-band-edge may also contribute to the hole conductivity 

enhancement. Based on the plot shown in Fig. 11, when the doping level is as small as 

0.1%, log σ decreases linearly with the reciprocal of temperature. However as the doping 

concentration increased, a variable-range hopping mechanism occurred 151, which could 

be seen from the segmented slopes at different temperature ranges. The slope at higher 

temperature range between 570 K and 800 K is lower than that at a lower temperature 

range between 300 and 400 K. A revisit to PL energy peaks shown Fig. 6 could lead to 

the conjecture that the change in thermal activation may result from the various band-

gaps induced by Eu partial substitution, since the band-gaps decreases with the increase 

of Eu concentration. In addition to the DC temperature-dependent conductivity 

measurement, the Hall coefficient shown in Table VI shows a p-type semiconductivity. 
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Figure 43. Arrhenius plots of DC electrical conductivity in CuAlO2 fibers. 

 

Table VI. Hall-effect Measurements of Eu-doped Samples 

Sample RH (cm
3
/C) Density (cm

-3
) 

CuAlO2 +2.34 7.6×10
16

 

CuAl0.999Eu0.001O2 +5.48 1.14×10
18

 

CuAl0.9Eu0.1O2 +6.94 8.99 ×10
17

 

C. Photoluminescence of CuAlO2 doped with selected trilavent ions  

Figure 44 records the excitation and emission spectra of the sample doped with Yb3+. 

The samples of CAO: 0.1at% Yb3+ and CAO:1at% Yb3+ showed typical Yb 4f emission 

under the excitation wavelength of 286nm. From the excitation spectra, which centered at 

around 284nm, are due to the transfer from CuAlO2 host (O2- 2p levels) to Yb ions. Since 

this transfer is dominant in intensity, it shadowed the excitation peak of the intrinsic 

CuAlO2 which normally centered at ~360nm (shown as the shoulder peak in the low level 

doped samples). From literature, the Yb doped nanophosphors (not used as optical fibers 

or lasers) excited in the UV region could exhibit obvious cooperative energy transfer via 

dipole-dipole interaction. Since pure CuAlO2 has a UV emission, which has just twice of 
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the energy required for f-f transition of Yb ions. Therefore, it is possible for this 

cooperative energy transfer to occur from the host to Yb ions, thus overriding the violet 

emission of CuAlO2 itself. 

 

Figure 44. PLE(left) and PL(right) spectra of Yb:CuAlO2 nanofibers.  

 

Er3+ is generally used to provide transition channels for up-conversion luminescence, 

in which lower excitation photon energy is converted to higher emission energies. Figure 

45 presents the up-conversion PL spectrum with 980 nm laser excitation. A broad green 

emission peak is identified in the CuAlO2 host material. Additionally, there is no 

prominent difference between the Er3+ doped and Yb3+-sensation sample.  
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Figure 45. Figure 4.5. (a)Up-conversion luminescence spectra of Er3+ doped and Er3+-

Yb3+ co-doped CuAlO2 and (b) energy level diagram energy level diagram: up-headed 

cyan solid arrow indicates pump at 980 nm into 2F5/2 level of Yb3+ and 4I11/2 level of Er3+. 

Down-headed solid lines indicate three different up-conversion mechanisms based on 

energy transfer from Yb3+ to Er3+, giving rise to the strong green (545 nm, 595nm) and 

week red (660 nm) emissions in (a), respectively.  

The mono-trivalent partial substitution for Al site could introduce new 

photoluminescence functionality which overshadows the original band-transition from 

monolithic CuAlO2. Some RE ions, such as Eu3+, are sensitive to host environment and 

thus could be used as crystal field probe152-156. In this study, a novel concept of chemical 

unit co-substitution was utilized by regarding AlO6 as a chemical cage. This idea has 

recently been realized in several solid-solution phosphors with Eu doping157,158. The 

charge compensation could be written as [Al3++Al3+]→[Mg2++Si4+], in which regime the 

new AlO6 after co-doping consists of MgO6 and SiO6 octahedra. The MgO6 and SiO6 

also serve as important luminescence host in other crystal structures, such as 

oxyapatite159,160 and pervoskites161-163, which emit tunable luminescence.  
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Figure 46 summarized the CuAlO2 nanofibers with different Si-Mg concentrations. 

Pure 3R phase could be maintained with 10 at.% Al substituted by Mg and Si ions. At 

higher doping concentrations, CuO and silicates products were formed instead of 

delafossite. Since the sum of ionic radii of [Mg2++Si4+] (CN=6) is much larger than that 

of the [Al3++Al3+], the AlO6 unit could only withstand a relatively low concentration of 

aliovalent ions.31,164 The saturation amount is determined to be ~10 at.%, after which 

multi phases occur. The lattice parameter a before the phase separation is plotted in 

Figure 47. Followed a similar trend of monotonic increase as discerned in Figure 35, the 

partial co-substitution results in the expansion of the cell.  

 

Figure 46. XRD patterns of Cu[Al3++Al3+][Mg2++Si4+]O2 nanofibers.  
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Figure 47. Dependence of the measured lattice constant a on atomic percentage of 

Al atom replaced by Si4+ and Mg2+.  

 

The lattice change in the AlO6 octahedron also leads to a change in ligand field, which 

is supported by photoluminescence spectra in the Eu doped samples. Figure 48 depicts 

the characteristic Eu excitation and emission bands from Cu[Al3++Al3+][Mg2++Si4+]O2 

host. Strong emission centered at 700nm was observed and no emission peaks under 

650nm were observed. Compared to the CuAlO2 host, the AlO6 unit co-substitution 

results in a single band transition from 5D0 → 7F4, a switch from red to deep red. Since 

the Eu activator is sensitive to crystal field, it could be postulated that the electronic and 

magnetic dipole associated with other 5D0 → 7FJ transitions are forbidden as the host 

environment changes. The current results also show the potential of tuning the PL 

emission in CuAlO2 towards lower energies towards the near-infrared region. When all 

the Al sites were substituted by Mg and Si ions, no luminescence is detected in the visible 

range, probably due to the absence of delafossite phase. There have been no reports on 

RE doped CuO and CuMgSi2O6, therefore it is highly possible that the Eu 5D-7F 

transitions are not allowed in those crystals.  
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Figure 48. PLE and PL spectra of 0.5at% Eu:CuAl0.99(Si0.005Mg0.005)O2 and 0.5at% 

Eu:Cu(Si0.5Mg0.5)O2 at monitoring wavelength of 701nm and excitation wavelength of 

394nm.  

Upon introducing the co-dopant, the original UV near-band-gap emission is also 

examined in Figure 49. As the doping concentration increases, the PL intensity drastically 

decreases. Looking back into the PL shift in the visible region, the excitation spectra 

shows a broad half peak below 400nm, corresponding to the Eu 701nm emission, which 

corroborates the UV absorption of MO6 host. The decreased PL with increased Mg and 

Si may indicate the absorption in (Mg/Si)O6. As a consequence, the energy transfers from 

(Mg/Si)O6 rather than the AlO6, leading to a further change in visible emission. 

Moreover, when compared to the previous Y and Eu doped specimens, there is an evident 

blue shift in the co-dopant scenarios. Considering the same preparation conditions, the 

increased emission energy is due to the change of AlO6 octahedron. The shifted near-

band-edge emission, indicative of direct transition from valance band to conduction band, 

may imply that the band gap increases with the presence of (Mg/Si)O6 octahedra.   
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Figure 49. PL spectra in the UV region under excitation of 250nm. 

D.  Summary  

CuAl1-xEuxO2 (x=0.001, 0.003, 0.01, 0.03, 0.05 and 0.1) fibers have been fabricated 

through a combination of a chemical solution method and electrospinning technique. This 

method could effectively synthesize single-phase CuAlO2 via one-step annealing in air. 

The lattice parameter a follows a pseudolinear relationship with Eu concentration while 

the lattice parameter c remains almost constant with Eu concentrations. This implied that 

the delafossite-type CuAlO2 could be used as a potential host material for the rare-earth 

Eu3+ partial substitution on trivalent site. Further photoluminescence measurements 

indicated that upon two excitation wavelengths of 390 nm and 465 nm, the CuAl1-xEuxO2 

exhibits two emission behaviors from both intrinsic near-band-edge violet emission and 

Eu3+ 5D0 → 7FJ red emission, which shows that this material might be versatile in multi-

channel light emitting. All fibers show semiconducting behavior as a function of 

temperature, and the room temperature conductivity increased monotonically with an 

increase of Eu concentration. The variation in thermal activation energy as a result of Eu 

substitution indicates different hopping mechanisms occurs at inhomogeneous near-band-
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edges in the Eu doped delafossite structure.  Further study on other selected RE ions 

corroborates the versatility of the AlO6 structure hosting luminescent activators. A tuned 

deep red emission is acknowledged with partially replacing AlO6 with (Si/Mg)O6. 

However, the luminescence drastically disappears at high Si4+-Mg2+ concentrations, as a 

result of phase separation and non-luminescence features of CuO and CuMgSi2O6.  There 

is also a strong absorption in (Si/Mg)O6 host, which is attributed to the change of Eu3+ 

5d-7f transition energy.  
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STATELLITE PROJECT: BULK CuAlO2 REACTIVE SYNTHESIS 

BY SPARK PLASMA SINTERING AND PRESSURELESS 

ELECTRIC-FIELD ASSISTED SINTERING  

A. Introduction  

The p-type CuAlO2 with synergistical conductivity and optical transmittance has been 

so far studied in low dimensions such as thin films in optoelectronic applications. Even 

though this transparent conducting oxide has fair performance comparing to n-type 

TCOs, it shows great potential in some other emerging technologies, such as 

thermoelectrics7, electrodes165 and phosphors94, where the bulk CuAlO2 could be used. 

The delafossite-structured CuAlO2 with an anisotropic conductivity within the Cu-Cu 

basal plan129 is highly favorable for those applications during the scale-up processing and 

the host lattice could accommodate multivalent ions, making it a good candidate for 

functional building blocks. Besides the poor conductivity 103–104 times lower than that 

of n-type TCOs for the hole localization of anion oxides166, the conductivity for the p-

type CuAlO2 highly depends on the processing procedures in practice. The plausible 

reasons might lie in the fact that the nonstoichiometric O defect dominating the hole 

carrier conductivity is sensitive to oxygen partial pressure and the as-synthesized CuAlO2 

powders are not phase pure. Commonly used techniques to fabricate the CuAlO2 

compound often involve high temperature solid-state reaction, reduced atmosphere or 

repeated heat treatment. Based on the thermodynamic rule, the CuAlO2 is metastable 

below 1000 ºC in ambient atmosphere whereas a stable spinel CuAlO4 could be formed at 

the temperature range of 625 to 1000 ºC. Practical techniques often reduce the oxygen 

partial pressure to reduce the reaction temperature, yet still requires long processing time 

to form stable delafossite phase. 

We herein report a rapid synthesis of CuAlO2 under the electrical field by using the 

spark plasma sintering and homemade field-assisted furnace. The formation of CuAlO2 

phase is observed in both low vacuum and ambient atmosphere. The applied electric field 

could lower the synthesis temperature significantly regardless of oxygen partial pressure 

based on the Ellingham diagram139,167. The as-sintered bulk CuAlO2 exhibit enhanced 
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conductivity in contrast to nanopowders and the photoluminescence spectra was further 

employed to examine phase purity. 

B. Results and discussion  

Stoichiometric commercial Al2O3 (Sigma-Aldrich, 99%, <50nm) and CuO (American 

Elements, 99.9%, <30nm) powders were ball milled in ethanol. The dried mixed powders 

were examined by TG/DTA (TA instruments, Q600) in both air and nitrogen atmosphere 

at a heating rate of 10 ºC/min. As shown in Fig. 1a, the weight stabilized beyond 300 ºC 

in air after desorption of H2O and CO2, followed by a steady increase after 800 ºC. This 

could be due to oxidation of unstable CuAlO2 by the following equation:  

          2 2 2 44 2 2CuAlO O CuO CuAl O        (19) 

According to the phase equilibria in the system of Cu2O-CuO-Al2O3
135, the CuAlO4 and 

CuO phases containing Cu(II) are stable at the temperature range of 625 to 1000 ºC 

whereas the delafossite CuAlO2 is a metastable phase below 1000 ºC. At the temperature 

above 1000 ºC, a sudden mass decrease was observed corresponding to a sharp 

endothermic peak. Following chemical reaction could be proposed:  

           2 4 2 2) 2 1/ 2(CuO CuAl O CuAlO O              (20) 

 When heated in flowing nitrogen, the oxygen partial pressure was reduced to ~10-

4atm compared to ~0.2atm in air and the chemical reaction temperature for CuAlO2 could 

be reduced. As a result, the onset temperature in Figure 50(b) for the major weight loss 

began at 900 ºC for reaction. There is also a slight mass decrease at 600 ºC, which may 

indicate the reduction of CuO into Cu2O and the Cu2O could later react with Al2O3 to 

form CuAlO2 directly. By reviewing the thermogravimetric behavior of heating CuO-

Al2O3 mixed oxides in both air and nitrogen, the kinetic stability of CuAlO2 formation 

could be estimated based on the reaction ratio α (mass change divided by saturation 

mass). The α equals to 1-exp(-kt) therefore the rate constant k could be calculated based 

on time and reaction ratio. From Figure 50(c), it could be seen that the activation energy 

in air represented by the slope is slightly higher than that in nitrogen. It could be 

concluded that the solid-state reaction of CuAlO2 could be achieved in either air or 
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nitrogen and the formation temperature also indicates the minimum thermal requirements 

reported in current CuAlO2 literatures. 

The multi-step thermodynamic formation and multiphase during solid state reaction 

may give rise to phase purity issues and long dwelling time. In addition, the low oxygen 

partial pressure may also increase the processing complexity and affect the thermal 

stability. This may pose less challenges for thin film fabrication. However, for bulk 

CuAlO2 synthesis, it is necessary to ease the complexities during solid state reaction. The 

effect of applied electric field during ceramic sintering has been studied in many aspects, 

ranging from sintering morphologies, phase formation to sintering kinetics. Most of the 

thermodynamic studies on CuAlO2 and other delafossites often use oxygen partial 

pressure as a crucial variable to determine the critical transformation temperatures. The 

applied electric field and related electric effects may modify the kinetics and should 

therefore be investigated when considering bulk CuAlO2 fabrication. In addition, any 

tunable properties enabled by electric field may also shed new light on the current p-type 

TCO study. 
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Figure 50. Thermogravimetric diagrams of heating CuO-Al2O3 powders in both 

air (a) and nitrogen (b), with Arrhenius plot of rate constant k as a function of 

temperature based on reaction (4).  

 

Spark plasma sintering (SPS, FCT Systeme GmbH) was used to provide high DC 

current and low voltage under a low vacuum condition (7×10-2 torr). The low vacuum is 

believed to lower the synthesis temperature for CuAlO2 according to previous TG/DTA 

tests. Even though the SPS is inherently favorable for fabricating CuAlO2, there have 

been few reports on synthesizing or sintering CuAlO2 by SPS or under an electric field. 

In order to better examine the effect of electric field, a homemade field-assisted annealing 

(FAA) furnace was used in which two Pt electrodes were inserted into a tube furnace 

with two ends applied on the two sides of the cold-pressed pellets.  In this case, there are 

no pressure and vacuuming so the sintering could be performed in ambient atmosphere. A 
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low voltage of 50V and high voltage of 2kV were applied respectively to generate 

different DC electric fields. During the course of studying reactive synthesis under 

electric field, the sinterability and phase stability of pure CuAlO2 were also investigated, 

as shown in the XRD patterns from Figure 51(a). It is noteworthy that even though the 

as-synthesized CuAlO2 is thermally stable upon heating cycles to high temperatures, it 

becomes unstable under the electric field, in both SPS and FAA scenarios. The CuAlO2 

powders used in this study were prepared by a sol-gel method107. The redox of Cu is 

severe when sintered by SPS and a total decomposition into Cu and Al2O3 occurred at a 

temperature of 1050 ºC as shown in Figure 51(a). The powder remained unsintered at 

temperatures below 800 ºC. Therefore, the consolidation of CuAlO2 by SPS is not 

feasible even at low vacuum levels. For the field-assisted annealing (FAA) and sintering 

in ambient atmosphere without pressure, decomposition was also observed with 

resultants the same as that from the reverse reaction of (20). Even though the oxygen 

partial pressure in this case is high, making the reverse reaction likely to happen, the 

CuAlO2 and Cu(I) are more stable at high temperatures above 1000 ºC. One of the major 

difference between SPS and FAA is the plasma discharge within the particles at low 

temperatures prior to sintering and this may lead to Cu redox and melting at grain 

interfaces, which could explain the phase configurations of CuAlO2 sample sintered by 

SPS. The FAA on the other hand, could also exhibit large electric field with space charge 

and higher activation energies at interfaces and grain boundaries. Previous studies168,169 

on electric-field assisted sintering also observed the high surface energies and local 

melting at intermediate electric field, especially for smaller particles. As a consequence, 

the presence of CuO might also partially result from the oxidation of Cu after elimination 

of the interfaces and gaps during coarsening and sintering.  
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Figure 51. XRD patters after sintering by SPS and FAA, with two different 

starting powders: (a) As-synthesized CuAlO2 and (b) CuO-Al2O3 mixed powders.  

 

Given the difficulties of consolidating CuAlO2 particles, CuO-Al2O3 mixed powders 

could be an alternative providing oxide powder beds to avoid redox and shortened the 

overall preparation procedures. As shown in Figure 51(b), pure delafossite CuAlO2 could 

be synthesized and sintered simultaneously through SPS at 800 ºC for only 10min under 

80MPA. In comparison to the TG/DTA curves in flowing nitrogen with lower oxygen 

partial pressure, the onset CuAlO2 forming temperature in SPS is even lower. Even in the 

case of FAA samples processed in air, the CuAlO2 could be formed at a temperature 50 

ºC lower than that indicated in the TG/DTA curves. There are also some CuO and Al2O3 

yet not spinel CuAl2O4 presented. This could be due to the secondary decomposition of 

as-formed CuAlO2 due to the long dwelling time required to consolidate the pellets in the 

pressureless sintering.  
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Figure 52. SEM images of samples sintered from CuO-Al2O3 precursors. SPS: (a) 

700 ºC, 10min, 80MPa; (b) 800 ºC, 10min, 80MPa; (c) 1000 ºC, 10min, 80MPa; 

FAA: (d) no electric field applied, 1000 ºC, 10hr; (e) 10kV/cm,1000 ºC, 10hr; (f) 

0.25kV/cm, 1000 ºC, 10hr.  

 

The corresponding SE micrographs exhibit evident variances between the two 

sintering techniques. Figure 52(a)-(c) illustrate the densification of reactive synthesized 

CuAlO2 particles at elevated sintering temperatures.  Laminar grains were observed in 

Fig. 3c in a direction perpendicular to the uniaxial press. The inset of Figure 52(c) shows 

the onset of lamination at the surface. The surface layer is Cu-rich from the EDS spectra, 

indicating a partial Cu redox might occur near the surface when SPS sintering at higher 

temperatures. The outside layer of the SPS sample in contact with graphite mold and 

vacuum surroundings may be more likely to undergo the Cu redox reaction than the inner 

parts. The release of oxygen from the solid-state reaction during sintering could ease the 

low oxygen partial pressure in the inner parts, thus facilitating the formation of 

delafossite and prevent the Cu reduction. The FAA treatment in both low and high 

electric field yielded different microstructures. When high electric field was applied, the 

lath-shaped domain structure was formed whereas a fish-scale-shaped microstructure was 
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formed at low electric field. The white particles residing in the grain boundaries is 

alumina rich. Those microstructures with aligned or partially aligned grains may also be 

beneficial to its anisotropic electrical properties. 

The as-sintered samples all exhibit semiconducting behavior depicted by Figure 53(a). 

Due to the different phase configurations the conductivity varies, with the Cu-rich sample 

showing the highest conductivity, followed by the phase-pure CuAlO2 by SPS reactive 

sintering at 800 ºC. The FAA treated samples show lower conductivity because of the 

presence of alumina phase. Additionally, with the phase separation and the increase of 

heterointerfaces, the DC conductivity was impaired significantly. Table VII also 

summarizes some electrical properties obtained by Van der Pauw–Hall method. The 

conductivity measured from four-point probe is consistent with the observation from 

Figure 53(a). All the samples exhibit p-type conductivity and the carrier densities 

decrease significantly as the increase portion of non-conducting alumina.  

Table VII. Electrical Properties of Selected Samples Measured by Hall 

Measurement 

Sintering method - Starting 

powder 
σ (Scm-1) RH (cm3C-1) np (cm-3) 

CuAlO2 powder pellet 0.029 +8.65 7.22×1017 

SPS-CuAlO2 0.427 +5.24 1.19×1018 

SPS-CuO-Al2O3-800 ºC 0.132 +4.38 1.43×1018 

SPS-CuO-Al2O3-1000 ºC 0.220 +3.24 1.93×1018 

FAA-10kV/cm- CuO-Al2O3 0.005 +12.8 4.88×1017 

FAA-0.25kV/cm- CuO-Al2O3 0.007 +14.5 4.3×1017 

 

The CuAlO2 could also emit light in the UV-blue regions at room temperatures due to 

the near-band-edge excitation, which could be regarded as a sensitive approach to 

confirm the phase purity and examine the crystallinity. The photoluminescence emission 

spectra shown in Figure 53(b) summarized the samples with different phase 

configurations involved in this study. When comparing the phase pure bulk CuAlO2 with 

sol-gel synthesized nanopowders, the emission peak from the bulk sample is well defined 

with a slight red-shift due to the weak quantum confinement119. There is a small should 
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peak at around 380nm in the nanopowders, which could be ascribed to the intrinsic 

luminescent band from alumina. In the bulk samples, only the broad and intensified 

CuAlO2 direct transition was presented. There are no other emission bands in the visible 

region identified in both samples. In Figure 53(c), the pressureless sintered sample in 

high electric field shows two emission bands at 460nm and 485nm respectively. 

Considering the bandgap of CuO (1.6eV), Cu2O(2.3eV) and CuAl2O4 (2.1eV)170, it is 

unlikely for those compounds to emit in this region. Therefore, the observed shortened 

Stokes shift in this sample after long dwelling in air might be originated from Cu2+ ions 

embedded in CuAlO2 or alumina matrix. There is a tiny band at ~600nm which could be 

attributed to the near-band-edge emission from CuAl2O4 phase. This phase amount may 

not be sufficient to be revealed by the XRD, however the PL spectra could be utilized to 

identify if any metastable spinel phase remains after heating over 1000 ºC. Figure 53(d) 

corresponds to the CuAlO2 powder sintered by SPS. The dominant peak centered at 

~540nm correspond to the existence of Cu2O, which is not observed in FAA and reactive 

SPS samples. This may lead to the similar conjecture that the direct SPS sintering of 

CuAlO2 could expedite the reduction of Cu(II) and the metastable Cu(I) after high 

temperature sintering may reside in either CuxO or alumina after the total decomposition 

of the CuAlO2. 
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Figure 53. (a) Temperature dependent conductivity (sintering technique-starting 

powder) and (b) room-temperature photoluminescence emission spectra.  

  

C. Summary 

In conclusion, we presented the difficulties of direct consolidation of CuAlO2 powders 

under electric field in both low vacuum and ambient atmospheres. The thermodynamic 

stability of CuAlO2 could be impaired even under the circumstances of stable CuO-Al2O3 

solid reaction upon heating above 1000 ºC with similar activation energies in both low 

oxygen partial pressure and air. Under intermediate and high DC electric fields, even 

with no pressure and vacuum applied, the delafossite phase transformation temperature 

was lowered with trace amount of metastable spinel phase appearing. The proposed 

reactive synthesis of CuAlO2 through SPS is highly feasible to produce phase pure 

delafossite confirmed by its bulk optical properties. The tunable microstructures under 

electric field in this anisotropic material are also favorable for bulk applications and 

enhancing the electrical conductivity. 
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SUMMARY AND CONCLUSIONS 

This thesis focused on electrohydrodynamic processing of CuAlO2 thin films and 

nanofibers, and optical characterization of CuAlO2 with partial substitution of trivalent 

ions. Given the recent progress and open questions of transparent conducting oxide being 

considered for the applications in optoelectronics, semiconductors, thermoelectrics and 

photocatalysis, tuning the microstructure and physical properties is critical. In this regard, 

several main conclusions have been reached in this work: 

(1). The electrohydrodynamic technique has been successfully employed to produce 

CuAlO2 thin films and nanofibers, with fine microstructure and moderate 

electrical properties.  After calcination, the CuAlO2 still maintained fibrous 

microstructure, which is essential for surface applications.  

(2). The modelling of electrospinning process was performed by treating the jet 

stream as bead segments. According to the simulation, the occurrence of jet 

whipping in the electric field is caused by perturbation of the equilibrium 

equations. At low viscosity, multiple trajectories are randomly distributed, 

indicative of individual bead spray, similar to the electrospray process. 

(3). Even though the volume charge density follows log-linear rule with final fiber 

diameter, a large discrepancy between experimental observation and theoretical 

prediction is discerned. The drastic change in the slope may indicate that the 

equilibrium between jet surface tension and electrostatic repulsive force is not met 

when the jet reached the collector. 

(4). The study of Y3+-doped CuAlO2 reveals that the near-band-edge emission is 

closely related to the 3d-4s hybridization even at room temperature. Additionally, 

the difference between optical band-gap and band-gap interpreted by near-band-

edge emission results from a strong quantum size effect in nanofibrous CuAlO2. 

(5). The up- and down- conversion were observed in RE doped CuAlO2 fibers. 

Delafossite could serve as a promising photoluminescence host due to the 

accommodation on the Al3+ site. 
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FUTURE WORK  

The current work consists of two major parts: applying electrohydrodynamic processing 

on a p-type transparent oxide and a focus on optical properties of CuAlO2. Regarding to 

these two parts, some suggestions are proposed for future work. 

 

(1). Compared to the electrospinning, the electrosprayed CuAlO2 thin films could 

serve as a promising alternative for making p-type TCOs. However, the film 

quality, such as coverage, roughness and uniformity via electrospray still cannot 

rival other more sophisticated coating method, such as PLD and sputtering. 

Therefore, there still room for optimizing the electrospray parameters, from 

precursors to spray conditions. 

(2). There have been many well-established modelling methods for electrospinning. 

However, due to the various physical properties of the precursor and other 

unknown electrohydrodynamic behaviors during electrospinning, a complete and 

practical modelling method has not been developed. In this study, the discrepancy 

between the experimental of PVP electrospinning and the theoretical model may 

imply that the viscoelastic force could be still dominant at the final stage of the 

electrospinning. In addition, the mathematical model and code could be improved 

accordingly and give off more accurate results. 

(3). For the photoluminescence characterization, all the measurements were currently 

performed at room temperature. The effect of trivalent ions on delafossite optical 

and electrical properties is pronounced. By changing the cation species and tuning 

the binding energies, the CuAlO2 host could exhibit various PL behaviors. 

Therefore, it would be more interesting to know the energy transfer at low 

temperatures, when the trivalent site is substituted or the original band transfer is 

overshadowed by other activator from rare earth dopants.  
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APPENDIX 

A. Matlab code 

1. Table of variables   

 

Variable Description 

x1 x position 

x2 x velocity 

y1 y position 

y2 y velocity 

z1 z position 

z2 z velocity 

s1 stress σi+1 

s2 stress σi-1 

2. Code using ODE45 solver  

%Initial Conditions SI unit  
clear;  
t0=0;  
tfinal=0.0004;  
tspan=[0 tfinal];  
%Initial position  
zi=[0 0 0 0 2 0 0 0];  
for i=1:N  
z1(i,:)=h-(h/N)*i;  
z2(i,:)=0;  
x1(i,:)=10^-3*L*cos(((2*pi)/lambda)*z1(i,:))*((h-z1(i,:))/h);  
x2(i,:)=0;  
zdt1(i,:)=10^-3*L*sin(((2*pi)/lambda)*z1(i,:))*((h-z1(i,:))/h);  
y2(i,:)=0;  
s1(i,:)=0;  
s2(i,:)=0; 
z(i,:)=[x1(i,:),x2(i,:),zdt1(i,:),y2(i,:),z1(i,:),z2(i,:),s1(i,:),s2(i,:)]'
;  
zi=[zi,z(i,:)];  
end  
zt0=zi';  
[t,zt]=ode45('ESP',tspan,zt0);  
%3D plot  
for i=1:8:8*N+8  
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A(i)=zt(end,i);  
B(i)=zt(end,i+2);  
C(i)=zt(end,i+4);  
end  
Az=A(1:8:8*N+8);  
Bz=B(1:8:8*N+8);  
Cz=C(1:8:8*N+8);  
plot3(Az,Bz,Cz)  
%Defining function ESP  
function ztplot=project1(t,zt)  
%electrospinning parameters  
m=0.28e-8;  
e=2.83e-9;  
vo=15000;  
h=0.15;  
L=3e-3;  
G=10e4;  
mu=7;  
ao=150e-6;  
alpha=0.7;  
lambda=3e6;  
N=500; %number of beads modeled  
ztaplot=[0 0 0 0 0 0 0 0];  
Rx=zt(1:8:end);  
Ry=zt(3:8:end);  
Rz=zt(5:8:end);  
%Coulombic Force  
for i=1:N+1;  
for j=1:N+1  
if i~=j;  
R(i,j)=sqrt((Rx(i)-Rx(j))^2+(Ry(i)-Ry(j))^2+(Rz(i)-Rz(j))^2);  
Fcx(i,j)=((e^2/R(i,j)^2)*(Rx(i)-Rx(j)));  
Fcy(i,j)=((e^2/R(i,j)^2)*(Ry(i)-Ry(j)));  
Fcz(i,j)=((e^2/R(i,j)^2)*(Rz(i)-Rz(j)));  
end  
end  
end  
for j=1:N+1  
fx(j)=s1m(Fcx(j,:));  
fy(j)=s1m(Fcy(j,:)); 
fz(j)=s1m(Fcz(j,:));  
end  
fc=[fx;zeros(1,N+1);fy;zeros(1,N+1);fz;zeros(3,N+1)];  
Fc=fc(1:end);  
for i=9:8:8*N+8;  
lu(i)=sqrt((zt(i-8)-zt(i))^2+(zt(i-6)-zt(i+2))^2+(zt(i-4)-zt(i+4))^2);  
au(i)=sqrt((ao^2*L)/lu(i));  
end  
for i=1:8:8*N;  
ld(i)=sqrt((zt(i)-zt(i+8))^2+(zt(i+2)-zt(i+10))^2+(zt(i+4)-zt(i+12))^2);  
ad(i)=sqrt((ao^2*L)/ld(i));  
end  
i=1; %first bead  
s1dot(i,:)=0;  
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s2plot(i,:)=(G/(ld(i))^2)*(((zt(i)-zt(i+8))*zt(i+1))+((-
zt(i)+zt(i+8))*zt(i+9))+((zt(i+2)-zt(i+10))*zt(i+3))+((-
zt(i+2)+zt(i+10))*zt(i+11))+((zt(i+4)-zt(i+12))*zt(i+5))+((-
zt(i+4)+zt(i+12))*zt(i+13)))-(G/mu)*zt(i+7);  
x1plot(i,:)=zt(i+1);  
x2plot(i,:)=zt(i+2);  
zdt1plot(i,:)=zt(i+3);  
y2plot(i,:)=zt(i+4);  
z1plot(i,:)=zt(i+5);  
z2plot(i,:)=zt(i+6);  
ztplot(1,:)=[x1plot(i,:) x2plot(i,:) zdt1plot(i,:) y2plot(i,:) z1plot(i,:) 
z2plot(i,:) s1plot(i,:) s2plot(i,:)];  
for i=9:8:8*N;  
if zt(i+4)<0;  
zt(i+4)=0;  
end  
if zt(i)>0;  
signx=1;  
end  
if zt(i)<0;  
signx=-1;  
end  
if zt(i+2)>0;  
signy=1;  
end  
if zt(i+2)<0;  
signy=-1;  
end  
m1(i)=(zt(i+2)-zt(i+10))/(zt(i)-zt(i+8));  
m2(i)=(zt(i-6)-zt(i+2))/(zt(i-8)-zt(i));  
dsxu(i)=abs(zt(i-8)-zt(i));  
dsyu(i)=abs(zt(i-6)-zt(i+2));  
dsxd(i)=abs(zt(i)-zt(i+9));  
dsyd(i)=abs(zt(i+2)-zt(i+10));  
ds1(i)=sqrt(dsxu(i)^2+dsyu(i)^2);  
ds2(i)=sqrt(dsxd(i)^2+dsyd(i)^2); 
k(i)=atan((m2(i)-m1(i))/(1+m1(i)*m2(i)))/(ds1(i)+ds2(i));  
s1plot(i,:)=(G/(lu(i))^2)*(((zt(i-8)-zt(i))*zt(i-7))+((-zt(i-
8)+zt(i))*zt(i+1))+((zt(i-6)-zt(i+2))*zt(i-5))+((-zt(i-
6)+zt(i+2))*zt(i+3))+((zt(i-4)-zt(i+4))*zt(i-3))+((-zt(i-
4)+zt(i+4))*zt(i+5)))-(G/mu)*zt(i+6);  
s2plot(i,:)=(G/(ld(i))^2)*(((zt(i)-zt(i+9))*zt(i+1))+((-
zt(i)+zt(i+8))*zt(i+9))+((zt(i+2)-zt(i+10))*zt(i+3))+((-
zt(i+2)+zt(i+10))*zt(i+11))+((zt(i+4)-zt(i+12))*zt(i+5))+((-
zt(i+4)+zt(i+12))*zt(i+13)))-(G/mu)*zt(i+7);  
x1plot(i,:)=zt(i+1);  
x2plot(i,:)=(Fc(i)-((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-8)-zt(i))-
((pi*(ad(i)^2)*zt(i+7))/ld(i))*(zt(i)-zt(i+8))-
((alpha*pi*(((au(i)+ad(i))^2)/4)*k(i))/sqrt(zt(i)^2+zt(i+2)^2))*(abs(zt(i))
*signx))/m;  
zdt1plot(i,:)=zt(i+3);  
y2plot(i,:)=(Fc(i+2)-((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-6)-zt(i+2))-
((pi*(ad(i)^2)*zt(i+7))/ld(i))*(zt(i+2)-zt(i+10))-
((alpha*pi*(((au(i)+ad(i))^2)/4)*k(i))/sqrt(zt(i)^2+zt(i+2)^2))*(abs(zt(i+2
))*signy))/m;  



109 

z1plot(i,:)=zt(i+5);  
z2plot(i,:)=(Fc(i+4)-(e*vo)/h+((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-4)-
zt(i+4))-((pi*(ad(i)^2)*zt(i+7))/ld(i))*(zt(i+4)-zt(i+12)))/m;  
ztplot(i,:)=[x1plot(i,:) x2plot(i,:) zdt1plot(i,:) y2plot(i,:) z1plot(i,:) 
z2plot(i,:) s1plot(i,:) s2plot(i,:)];  
ztaplot=[ztaplot,ztplot(i,:)];  
end  
ztmplot=ztaplot(:,9:8*N);  
i=8*N+1; %last bead  
if zt(i+4)<0;  
zt(i+4)=0;  
end  
if zt(i)>0;  
signx=1;  
end  
if zt(i)<0;  
signx=-1;  
end  
if zt(i+2)>0;  
signy=1;  
end  
if zt(i+2)<0;  
signy=-1;  
end  
m1(i)=zt(i+2)/zt(i);  
m2(i)=(zt(i-6)-zt(i+2))/(zt(i-8)-zt(i));  
dsxu(i)=abs(zt(i-8)-zt(i));  
dsyu(i)=abs(zt(i-6)-zt(i+2));  
dsxd(i)=abs(zt(i));  
dsyd(i)=abs(zt(i+2)); 
ds1(i)=sqrt(dsxu(i)^2+dsyu(i)^2);  
ds2(i)=sqrt(dsxd(i)^2+dsyd(i)^2);  
k(i)=atan((m2(i)-m1(i))/(1+m1(i)*m2(i)))/(ds1(i)+ds2(i));  
s1plot(i,:)=(G/(lu(i))^2)*(((zt(i-8)-zt(i))*zt(i-7))+((-zt(i-
8)+zt(i))*zt(i+1))+((zt(i-6)-zt(i+2))*zt(i-5))+((-zt(i-
6)+zt(i+2))*zt(i+3))+((zt(i-4)-zt(i+4))*zt(i-3))+((-zt(i-
4)+zt(i+4))*zt(i+5)))-(G/mu)*zt(i+6);  
s2plot(i,:)=0;  
x1plot(i,:)=zt(i+1);  
x2plot(i,:)=(Fc(i+2)-((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-9)-zt(i))-
((alpha*pi*(((au(i))^2)/4)*k(i))/sqrt(zt(i)^2+zt(i+2)^2))*(abs(zt(i))*signx
))/m;  
zdt1plot(i,:)=zt(i+3);  
y2plot(i,:)=(Fc(i+2)-((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-6)-zt(i+2))-
((alpha*pi*(((au(i))^2)/4)*k(i))/sqrt(zt(i)^2+zt(i+2)^2))*(abs(zt(i+2))*sig
ny))/m;  
z1plot(i,:)=zt(i+5);  
z2plot(i,:)=(Fc(i+4)-(e*vo)/h+((pi*(au(i)^2)*zt(i+6))/lu(i))*(zt(i-4)-
zt(i+4)))/m;  
ztplot(i,:)=[x1plot(i,:) x2plot(i,:) zdt1plot(i,:) y2plot(i,:) z1plot(i,:) 
z2plot(i,:) s1plot(i,:) s2plot(i,:)];  
ztplot=[ztplot(1,:) ztmplot ztplot(8*N+1,:)]'; 
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