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Summary 

p-n homo- and heterojunctions are the cornerstones and defining technology 

of our society. Even though decades of knowledge have brought several 

improvements upon the transistors, LED diodes and other devices that build upon 

these junctions, the issue of overheating and long-term stability is not yet fully 

solved. The existence of thermodynamically stable heterojunctions, especially 

undoped, is believed to be a solution to these issues. The search for suitable p- and 

n-type semiconductors that can exist in contact over large temperature ranges, that 

are eternally stable at equilibrium, and display promising junction characteristics is 

the overall aim of the CoExist project.  

The goal of this thesis is to study the junction characteristics and thermal stability 

of the La2CuO4(LCO)-Nd2CuO4(NCO) p-n metal-semiconductor system. LCO and 

NCO are reported to exhibit p-type and n-type conductivity, respectively, and share 

a phase diagram. In this respect a mixed-phase composite of the materials was 

synthesised, and electrical measurements were conducted on the single materials, 

p-n junctions and p-c-n junctions. The objective is to decide whether the system is 

coexistent, and if the composite is beneficial to the properties of a junction of the 

system. 

The pure materials, LCO and NCO, were synthesised by the ceramic method and 

the composites were synthesised by the sol-gel method. All precursors were pressed 

to dense pellets and sintered. Characterisation by X-ray diffraction (XRD) revealed 

single phases corresponding to an orthorhombic structure of LCO and a tetragonal 

structure of NCO. The composite containing 57.5 % NCO and 42.5 % LCO, 

L0.43N0.57CO, conformed to a tetragonal single-phase solid-solution, corresponding 

to LCO in NCO. The opposite composite of 57.5 % LCO and 42.5 % NCO, 

L0.57N0.43CO, conformed to a mixed-phase solid-solution of a tetragonal LCO and 

orthorhombic structure LaNdCuO4. A third phase corresponding to monoclinic 

CuO was also observed. 

Pellets of LCO, NCO and composites were used to measure the temperature 

dependencies of the single materials and stacks, corresponding to a p-n junction 

setup and a p-c-n junction setup. Pt electrodes were painted on both side of the 

single pellets, while the p-n and p-c-n junction setups were first polished to ensure 

intimate contact and received painted electrodes only on the outward-facing 

surfaces. The van der Pauw method was employed to measure the resistivity of the 

single samples up to 800 °C in ambient conditions. Potentiostatic Electrochemical 

Impedance Spectroscopy (EIS) was used to study the junction setups with a 2-point 

probe setup, as well as Single Frequency impedance analysis to monitor the 

impedance. A single semi-circle was observed at low temperatures for some of the 

samples and fitted to a simple Randles type equivalent circuit with the high 

frequency range assigned to the bulk contribution. All junction setups were also 



6 

 

monitored by Linear Sweep Voltammetry (LSV) to obtain the I-V curves of the 

junctions.   

The temperature dependencies were carried out in ambient conditions between 

room temperature and 800 °C. The results revealed that LCO follows a metallic-

type conductivity, while NCO follows the behaviour of a semiconductor, as 

expected. The conductivity measured for L0.43N0.57CO is staggeringly high, 7000 

S/m at 800 °C, while L0.57N0.43CO follows the same trend, reaching 1500 S/m at 

600 °C. The conductivities of the p-n and p-c-n setups were lower, but showed a 

10-fold increase between NCO, the p-n junction and the p-c-n junction. This 

increase in conductivity is assumed to arise from device limitations and a mistake 

in the measurement setup.  

Activation energies were calculated for all samples fitted to a small polaron hopping 

mechanism for NCO and the composites at high temperatures and compared to a 

regular fitting in the linear regions of the Arrhenius plots. From this, NCO follows 

a small polaron hopping mechanism (0.541 ± 0.009 eV), which is lower than the 

calculated values for  L0.43N0.57CO (0.68 ± 0.04 eV)  and L0.57N0.43CO (0.71 ± 0.03 

eV) fitted to the same model. The low-temperature region is observed to follow a 

linear trend, comparable to LCO. Leading to believe that the composites follow a 

metallic-like conduction mechanism in the low-temperature range and transitioning 

to a small polaron hopping mechanism in the high-temperature range. 

For the p-n and p-c-n junctions lower activation energies were observed. Linear 

fitting to the Arrhenius plot of the temperature dependent conductivities were 

compared to the Arrhenius plot of the temperature dependent current-voltage 

curves. A drop in the activation energy occurs when placing either of the composites 

in the p-n junction. The greatest difference was observed for p-L0.43N0.57CO-n, by 

0.142 eV.  

Ohmic characteristic is observed for all junctions after heat-up, and a slight increase 

in the current produced through the sample was observed for both p-c-n junctions 

compared to the p-n junction. Interestingly, a rectifying curve was measured for 

both p-c-n junctions before heat-treatment. 

These observations lead to the conclusion that both composite samples placed 

between the p- and n-type LCO and NCO, can indeed enhance the junction 

properties, by allowing more current to pass through the p-c-n junction, and 

significantly decreasing the activation energy related to the processes behind the 

conduction in these setups. The study gave also an insight into the composites 

themselves, exhibiting exceedingly high conductivities with ohmic characteristics 

in a junction.  
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1 Introduction 

1.1 Background and Motivation 

Our technological society relies upon highly customisable, innovative and 

environment friendly technology. Resources and knowledge have the last decade 

focused on the steady miniaturisation of devices, such as computers and smart 

phones, as well pushing performance limits and making them as effective and 

environmentally friendly as possible. Such a situation motivates us to strive for 

innovation, because these criteria are not met by single-disciplinary solutions, but 

through multidisciplinary solutions. These solutions may come as improvements on 

already established technology; the use of alternative, novel materials, leading to 

more efficient manufacturing processes and budget friendly alternatives to reduce 

cost and consumption. 

Junction devices, such as transistors and diodes are cornerstones in our technology 

and have dramatically shaped the 21st to how we know it. Simple transistors 

function as on and off switches and as signal amplifiers in electrical circuits. The 

transistor is essentially a p-n junction, which is made of the same material, 

differently doped to n- and p-type conduction, also known as a homojunctions. 

Diodes, such as the LEDs lighting up our homes, are made of two different 

materials, known as a heterojunction. Decades of improvements has the Si-based 

p-n junction transistor still powering our technology by becoming increasingly 

faster and now also able to be supplied with solar energy. These improvements have 

held up for a long period, but further advancement is held back by issues related to 

overheating and long-term stability.  

Homojunctions rely on different doping of the same material. The system may be 

kinetically stable but can never be thermodynamically stable due to the second law 

of thermodynamics. A gain in entropy is always sought, which is achieved by the 

process of mixing. In other words, our computers, solar panels, also power 

electronics, are stable due to kinetic-limited diffusion, which will fail if overheated, 

a consequence of cooling failure, devices seated in the sun for too long, or operation 

under extreme conditions.  

Heterojunctions, especially undoped, may be thermodynamically stable, but the 

known examples, such as GaN in our LEDs, suffers from diffusion at high 

temperatures [1, 2]. With p- and n-type materials, also enhanced by doping, being 

neighbours in phase diagrams, one may ask the question: Do thermodynamically 

stable p-n junctions exist?   

The ZnO-NiO system is an example of a system of inherently p- and n-type 

semiconductors. Ni1-xO contains Ni vacancies and electron holes, while Zn1+xO1-y 

being oxygen deficient, contains compensating electrons. The materials share a 

phase diagram depicted in Figure 2.2. Li-doped NiO and Al-doped ZnO have for 
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the purpose of building high-temperature thermoelectric generators without 

metallic interconnects been investigated by a few research groups [3, 4]. Desissa et 

al. have observed that the addition of a large-grained composite as a p-n junction 

interface positively influences the junction by raising the measured current density 

of the system compared to a direct p-n junction.  

 

Figure 1.1: Left: The increase of interfacial area by corrugation and percolation in a 

composite junction. Right: Biphasic composite with p- and n-type contacts giving a 

large increase in the p-n junction area. 

p-n heterojunctions stable at elevated temperatures require specific material 

properties of the p- and n-type compounds that are suitable for a working junction 

to form and be stable. The stability of such a junction is dependent on these 

properties as cracking and exfoliation can occur due to different thermal expansion 

coefficients between metallic interconnects and the ceramic materials [5]. A p-n 

junction with direct contact between the p- and n-type material is less expensive 

and simpler, but faces on the other hand challenges in terms of high contact 

resistances from charge carrier depletion, and issues related to interdiffusion and 

the possibility of new phases forming at the interface [5]. The addition of a large 

effective area at the interface through a composite of the p- and n-type materials 

(see Figure 1.1) is believed to stabilise the interface between the pure phases and 

further enhance the properties of the junction due to the increased 3-dimensional 

area which is observed by Desissa et al. in Figure 3.7. 
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1.2 Aims and Contents 

p- and n-type materials with similar structures, band diagrams (that when in 

contact align to fit specific needs), and that share an equilibrium phase diagram are 

of interest when creating a thermodynamically stable junction. A system of interest, 

studied by the group for Electrochemistry at the University of Oslo and other 

research groups, is doped and undoped ZnO and NiO [4, 6, 7]  Lanthanum cuprate 

(La2CuO4, LCO) and neodymium cuprate (Nd2CuO4, NCO) are reported to be 

neighbours in a phase diagram [8] (see Figure 3.4). LCO is reported to be p-type 

with metallic-like conduction [9, 10], and NCO an n-type semiconductor depending 

on the oxygen stoichiometry [11]. 

We hypothesise that LCO and NCO creates a stable equilibrium phase at the 

interface between the materials. This phase should be similar to that of an 

intermediate composite mixture of the materials in the mixed-phase region as 

illustrated in the partial phase diagram in Figure 3.4. Here we also ask the question 

of how the composite of LCO and NCO (a composite of a metallic-type conductor 

and a semiconductor) will differ from the pure materials, both structurally and 

electrically. If a sharp junction during equilibrium is not achieved, we hypothesise 

that allowing the system to equilibrate for a longer period should assist in reaching 

a stable interface structure. Compared to the regular p-n junction, we hypothesise 

that a p-c-n junction, containing a composite between the original two pure 

materials, will increase the properties of the junction even if rectifying or ohmic. In 

the rectifying case, we hypothesise that the composite may even make the junction 

ohmic.   

Solid state synthesis (ceramic method) and wet synthesis (sol-gel synthesis) will be 

the primary methods of synthesis. The pure, undoped, materials will be synthesised 

by solid state methods, while the doped and composite samples will be synthesised 

through the sol-gel method to ensure better control of the amount of dopants and 

their distribution in the products, smaller particle sizes and an even distribution of 

the various phases and elements in the composite products. The products will be 

characterised by XRD and SEM imaging and analysis to confirm that the correct 

phases and products have been produced, as well obtaining micro- and nano-

structural visualisation and information about the samples. Because the pellets are 

subjected to high temperatures while in contact, diffusion will occur. The SEM-

EDX will help analyse to what degree diffusion has occurred, giving an indication 

on whether the system is coexistent.   

All samples will be electrically characterised by DC and AC methods. The 

procedures will be repeated for every sample, both single and junction setups. The 

junctions will be established by placing pellets on top of each other with painted Pt 

electrodes at each end, as p-n and p-c-n setups. 2-point probe and 4-point probe 

electrical measurement methods are suited for the electrical characterisation. The 

4-point probe method will be employed to obtain the resistivity values for the single 
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compounds, while the 2-point probe method is required to measure the impedance, 

I-V characteristics and temperature dependence of the junction setups. 

Impedance sweeps can supply a wide range of information, such as the resistivity 

of the samples, whether it is capacitive or inductive, and give an indication as to 

which element in the sample circuit diagram is being measured. Observing the 

variation in conductivity between the single samples and the composite will also be 

of interest. 

I-V curves are obtained from the electrical measurements to observe the 

characteristics of the junction. The measurements done at various temperatures may 

indicate whether the junctions are ohmic or rectifying, and if this property is 

affected by the addition of a composite between the p- and -type compounds.   
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2 Theory 

2.1 Classical thermodynamics 

Thermodynamics and kinetics govern the diffusion of species between the 

materials when the junctions are created. The thermodynamic equilibrium is 

reached when the energetically favourable phase and degree of diffusion into each 

material is satisfied. Here the points essential for the understanding of the 

experiments are explained. 

The Gibbs free energy 

Consider a general reaction: 

 𝐴 → 𝐵 1 

where the reactants of A form B, or undergo a structural transition to B. This 

reaction can occur spontaneously, or not, depending on the conditions surrounding 

the reactants and products, as well as the free energy of each species.  

The Gibbs free energy is defined as: 

 Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 2 

where ΔG is the change in free energy, ΔH is the change in enthalpy, T is the 

temperature in Kelvin and ΔS is the change in entropy. Derived from the second 

law of thermodynamics, the equation states that the entropy of the entire universe, 

as a closed system, will always increase over time (towards more disorder); said 

differently: the change in the entropy in the universe is never negative. 
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Figure 2.1: From left to right: a spontaneous reaction (∆G < 0) from A to B, requiring 

an activation energy, Ea, to move to completion. From right to left the reaction is non-

spontaneous (∆G > 0) and requires an even higher activation energy to proceed. 

The process in equation 1 is defined as spontaneous if the change in the free energy 

is negative, ∆G0 < 0 and non-spontaneous if the free energy is positive, ∆G0 > 0. 

Equation 2 is thus useful when defining which reaction path is favourable, or 

whether the process is reached equilibrium, ∆G0 = 0. When constructing systems of 

various materials in contact, especially at elevated temperatures, there are many 

processes to consider. A p-n junction at high temperatures will be subjected to strain 

due to the diffusion of atoms, structural changes, incorporation of atmospheric 

species and more, all contributing to the performance and properties of the junction. 

Understanding whether the material combination can exist in equilibrium at 

elevated temperatures is essential in building devices capable of functioning at these 

temperatures. Thus, knowing that equilibrium is reachable while creating an 

atomically sharp interface between two materials is of importance. 

Satisfying thermodynamics is not always enough to obtain a spontaneous reaction. 

Kinetics governs the rate of reactions and the criteria for a reaction to proceed is 

therefore governed by both thermodynamics and kinetics.  In most cases the 

reaction will start from A move through an intermediate product, before settling at 

the desired product B:  

 𝐴 ↔  𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 ↔ 𝐵 3 

The intermediate often sits at a higher free energy than the starting reactants and 

energy must be added to the system to reach this state. Therefore, heat must in some 

cases be introduced to a system before the reaction starts. In other systems the 

activation energy is also the required energy for some change to happen, whether 

that be the movement of an oxygen atom, or the change in structural configuration.  
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The Arrhenius relation for thermally activated processes is essential when 

calculating the activation energy of such processes: 

 
𝑘 = 𝐴 exp (−

𝐸𝑎

𝑅𝑇
) 

4 

with k being the rate constant; A, the pre-exponential factor; Ea, the activation 

energy; R, the gas constant; and T, the absolute temperature. Taking the natural 

logarithm of the equation and plotting it will yield the activation energy by the slope 

of the straight parts of the obtained curve. 

As explained later in this chapter, the mechanism governing the movement of free 

electrons in a semiconductor is the excitation of electrons from the valence band to 

the conduction band, also known as the excitation over the band gap. From the 

Arrhenius plot of the conductivity for a semiconductor one can calculate the band 

gap of the semiconductor. In many cases the energy might also diverge from 

theoretical values because an excessive amount of heat is required to create defect 

states or change other properties in addition to exciting the electron.  

2.2 Phase diagrams 

Intermediate mixtures of compounds will exist if they are kinetically or 

thermodynamically stable. If the activation energy for the mixture to separate or 

create a different phase is too high, or the change in enthalpy not preferred, the 

intermediate mixture may exist. Phase diagrams are drawn empirically to 

understand and predict how two compounds will react together, and under what 

conditions the various liquid phases, solid solutions, mixed or pure phases will 

exist.  

 

Figure 2.2: The binary phase diagram of NiO and ZnO [12].  
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Figure 2.2 shows the binary phase diagram of NiO and ZnO. The phase diagram will 

indicate whether intermediate phases exist between the compounds and to which 

extent one compound is soluble in the other. As seen in Figure 2.2 no intermediate 

phases exist here, but mutual solid solubilities of approximately 30% ZnO in NiO, 

and 5% NiO in ZnO. The phase diagram is incomplete but moving towards higher 

temperatures will allow more NiO or ZnO to be incorporated into each other. For 

most phase diagrams a liquid phase will be reach at high enough temperatures and 

cooling down will result in a liquid + solid phase before the solid phase is reached.   

Phase diagrams are essential when choosing compounds to create junctions that 

function at elevated temperatures. Firstly, it is important that the compounds are 

stable in contact at elevated conditions, which is also dependent on the existence of 

intermediate phases. These may be beneficial or detrimental to the properties of the 

junction. The synthesis of a composite allows beneficial phases to be of use between 

the pure phases as they create a smoother transition between the pure phases.  

2.3 Defect chemistry 

Defects are any deviations from the ideal periodicity in a crystalline structure. 

Ideal structures are usually favourable at 0 K, but at elevated conditions, entropy 

will favour the formation of defects to reduce the Gibbs energy, shown in Equation 

2.  

Defects are classified according to their geometry and dimensionality. This thesis 

primarily studies atomic-size defects, also known as point defects. Vacancies in the 

structure are an example, so are atoms in interstitial positions; substitutional defects 

are point defects where a regular atom is switched with a foreign atom. Most defects 

need to be balanced out, in terms of mass, placement and charge. Charge balance is 

facilitated by the creation of electrons and electron holes, relatively free to move in 

the structure. These electronic defects are formed by internal excitation of valence 

electrons or introduced by defects. 

Kröger-Vink notation 

To easily understand how defects are formed and affect a structure, the 

Kröger-Vink notation method for point defects was created. In addition to 

formulating equations for defect reactions, defect equilibria under varying 

conditions may also be described.   

The general form of describing an entity is As
c. A refers to the entity of interest, 

whether it is an atom, an electron (e), an electron hole (h), or a vacancy (v). c refers 

to the effective charge of the entity, defined as the difference between the valence 

state of the defect and the valence state of the occupied state. One denotes the 

various charged states as, ⦁ , for positive, /, for negative, and x, for neutral defects. 
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An electron and a hole would thus respectively be e/ and h⦁. s refers to the placement 

of the defect, usually interstitially (i), or a chemical symbol. 

Defects in oxides 

Oxides exist as ionic compounds. When they contain two or more cations 

they are known as mixed oxides. Because of the variations in oxidation states, ionic 

radii and coordination numbers of the cations, mixed oxides may exhibit various 

properties. These properties are also affected by the presence of defects. Oxides, 

including other compounds contain defects from various sources. Some are foreign, 

such as dopants and other unknown impurities, while others are native, also known 

as intrinsic defects. The intrinsic defects are to be expected usually as these are 

native to the compound due to the movement toward lower free energy of the 

structure. The example of ZnO and NiO often use intentional defects, known as 

dopants, to enhance their properties. In the case of ZnO, Al is an excellent dopant, 

further enhancing the n-type properties of ZnO. Defects also allow for transport to 

happen in the oxides, where temperature and the environmental conditions impact 

the concentration and mobility of defects.  

Metal oxides are, as explained, greatly affected by variations in their structure. 

Inserting foreign atoms in metal positions or varying the environmental conditions 

to introduce additional defects into the structure are examples. The activity 

observed in a near-stoichiometric metal oxide does not arise from the metal, rather 

it is the oxygen that behaves differently. Intrinsic non-stoichiometric behaviour is 

generally a result of the exchange of oxygen between the oxide and the atmosphere.  

Since the defect chemistry in oxides mostly revolve around the exchange of oxygen 

atoms in the oxide it is of interest to understand how these reactions function and 

how they affect the equilibrium state of the material. When the atmosphere is at a 

low oxygen partial pressure, oxygen vacancies form in the oxide, charge 

compensated by electrons, to have the oxide in equilibrium with the atmosphere: 

 𝑂𝑂
𝑥 → 𝑣𝑜

⦁⦁ + 2𝑒/ + ½𝑂2(𝑔) 5 

 

At higher oxygen partial pressures, the oxygen in the atmosphere can be 

incorporated into structures that readily accepts interstitial oxygen atoms: 

 ½𝑂2(𝑔) → 𝑂𝑖
//

+ 2ℎ⦁ 6 

Equation 6 describes how incorporated oxygen in interstitial positions are charge 

compensated by electron holes. Both reactions have a corresponding equilibrium 

constant. The equilibrium constant for the reduction, Equation 7, is: 

 𝐾𝑟𝑒𝑑 = [𝑣𝑂
⦁⦁]𝑛2𝑝𝑂2

1 2⁄
 7 

Similarly, the corresponding equilibrium constant for the oxidation, Equation 8, is: 
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 𝐾𝑜𝑥 = [𝑂𝑖
//

]𝑝2𝑝𝑂2

−1 2⁄
    8 

 

Electrical conductivity 

The materials considered in this thesis contain charged particles, i, with an 

electric charge, zie. The charged particles will in an electric field, E, be affected by 

an electric force proportional to the charge and the concentration, ci. The force gives 

rise to a current with current density i: 

 𝑖𝑖 = 𝑧𝑖𝑒𝑐𝑖𝑢𝑖𝐸 9 

In Equation 9, ui is the mobility of i. The partial electrical conductivity of the species 

i, can be written from this equation:  

 𝜎𝑖 = 𝑧𝑖𝑒𝑐𝑖𝑢𝑖 10 

Equation 9 and 10 gives: 

 𝑖𝑖 = 𝜎𝑖𝐸 11 

which is a version of Ohm’s law. The unit for the electrical conductivity is Siemens 

per metre (S/m).  

The total electrical conductivity of an oxide is given as a sum of the partial 

conductivities of the charge carriers: 

 𝜎𝑡𝑜𝑡 = ∑ 𝜎𝑖

𝑖

 12 

The partial conductivity usually comprises cations, anions, electron holes and 

electrons. They will however not all contribute equally, simultaneously.   Many 

oxides are electronic conductors at higher temperatures. This is due to the mobility 

of electronic charge carriers being much higher than those of the ionic charge 

carriers, even if the concentration of the ionic charge carriers should be higher than 

that of the electronic charge carriers.  Oxide conductivity may therefore be 

increased by the help of two parameters: the concentration of charge carriers and 

their mobility.  

Electronic junctions rely on electronic conductivity. This conduction  arises from 

the motion of electrons and electron holes through the material; known as n-type 

conductivity if the dominating species are electrons or p-type conductivity if they 

are electron holes. If these exclusively dominate, the total conductivity may be 

written as:  

 𝜎𝑒𝑙 = 𝜎𝑛 + 𝜎𝑝 = 𝑒𝑛𝑢𝑛 + 𝑒𝑝𝑢𝑝 13 

where e is the elementary charge, n and p are, respectively, the concentrations of 

electrons and electron holes, and un and up their corresponding mobilities. 
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In polar, or ionic solids the suggested electronic conduction mechanism differs 

depending on the elements that the solid consists of. Metallic-like conductivity, 

semiconductors and small polaron conduction will be relevant for the materials in 

this thesis.  

When the interactions between the electronic defects and the surrounding lattice is 

relatively strong and localised, polarising the neighbouring lattice, it is called a 

small polaron. At high temperatures above 500 °C these small polarons are self-

trapped at given lattice sites, moving via an activated hopping process. The mobility 

of such a process is described by diffusion theory coupled with the Nernst-Einstein 

to relate the activation energy of hopping with the temperature dependency of the 

mobility:  

 
𝑢 =

𝑢0

𝑇
exp (−

𝐸𝑎

𝑘𝐵𝑇
) 

14 

 

where Ea is the activation energy for the hopping process. Neodymium cuprate is 

discussed in the literature to follow such a conduction mechanism.  

Metallic conduction arises from partially filled bands, which allow the conducting 

charge carriers to move freely in the sample. The conductivity does not become a 

function of temperature in this case because the charge carrier concentration does 

not depend on temperature. The mobility is however affected and decreases due to 

the number of scattering events increasing with increasing temperature. One 

observes this as a decrease in conductivity when the temperature is increased. 

Lanthanum cuprate is observed to follow a metallic-like conduction model, with 

the dominating charge carriers being electron holes, which is proposed to arise due 

to an overlap between certain empty and filled orbitals [9]. 

Semiconductors, such as zinc oxide and nickel oxide, are characterised by the 

existence of a gap between the valence and conduction bands. This energy gap, the 

band gap, differs in size between the semiconductors, but they all have in common 

that the charge carriers from the valence band have to be excited into the conduction 

band for the material to be condutive. This process can be thermally activated. To 

increase the conductivity of semiconductors, they can be doped with foreign 

compounds that promote the creation of more charge carriers, increasing their 

concentration, which directly increases the conductivity as seen in Equation 10. 

2.4 Electrical junctions 

The p-n junction is the cornerstone of countless devices of modern 

technology. An enormous amount of resources has been poured into the 

development of our technology, leading to the need for even smaller, more robust 

devices, becoming a necessity in order to progress further. The coexistent 

heterojunction might be an improvement upon the commercial homojunction, as 
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higher temperatures are detrimental to their proper functioning. Theoretically these 

junctions have two important advantages: they will be atomically sharp and 

thermodynamically stable. Other than this they will in many ways function very 

similarly to a regular homo- or heterojunction. 

Homojunctions 

An example of a classical homojunction is the doped Si-based system. It 

consists of an acceptor-doped (p-doped) region, containing mobile electron holes 

in the valence band, and a donor-doped (n-doped) region, containing mobile 

electrons in the conduction band. When doped, the domain remains electrically 

neutral as the net charge is still zero. When contacted, solid state physics regards 

the band gaps as rigid, but are lowered or raised with the Fermi level as illustrated 

in Figure 2.4. 

 

Figure 2.3: Donor- and acceptor-doping in silicon. The donor contributes with a free 

electron assisting the n-type conductivity of the silicon lattice; the acceptor dopant, 

being short on an electron, creates instead a hole in the electronic structure, 

contributing to the p-type conductivity. 

Figure 2.4 illustrates a p-n junction before and after contact. E0 is the vacuum level, 

the energy of free electrons no longer bound to the material. The energy difference 

between the conduction band edge and the vacuum level is known as the electron 

affinity, 𝜒. The difference between the Fermi level and the E0 is termed the work 

function, Φm. This is the energy required for an electron to escape the surface of a 

solid. When the two regions come into contact the interface will try to achieve 

thermal equilibrium. There exists a large concentration gradient of carriers at the 

interface which causes a transfer of carriers which aligns the Fermi levels. This 

transfer leads to recombination of charge carriers, which in turn results in the 

formation of a depletion layer or space-charge region near the interface [13]. It is 

characterised by not containing the mobile charge carriers, only the immobile 

dopant atoms. Due to this separation of charges a potential gradient will form across 

the depletion region. The difference in potential is termed the built-in potential, 𝑉𝑏𝑖. 

The built-in potential is also equal to the difference in the Fermi energies. 
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Figure 2.4: Example of a p- and n-doped Si p-n junction band diagram, before (a) and 

after (b) contact. The fermi levels are aligned after contact, raising/lowering the bands 

in the process. Diffusion and drift of charge carriers occur over the boundary 

depending on the conditions surrounding the interface. 

As seen in Figure 2.4 a drift and diffusion current occur when the materials are in 

contact. The drift current is always the consequence of an applied electric field over 

the junction. This current will therefore also move in the same direction as the 

applied field. The diffusion current is generated when there exists a concentration 

gradient of carriers. Equilibrium is connected to the energy levels of the bands. 

Electrons with higher energy will try to move towards bands of lower energy. This 

diffusion of electrons, or electron holes toward lower energy regions shifts the 

bands of the materials. This is the reason for the Fermi levels aligning and the 

valence and conduction band of one material following suite.  

Heterojunctions 

Heterojunctions share similar working principles as the homojunction. The 

difference observed are discontinuities in the band structure, a result of differences 

in the electron affinity and band gap of the materials. The initial categorisation falls 

on the type of materials used to build the heterojunction. A metal and 

semiconductor form a Schottky junction [14], this can be of interest in this work 

due to the behaviour of LCO. Combining two semiconductors gives a 
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semiconductor/semiconductor heterojunction. Based on the type of semiconductor, 

being p-type or n-type, the heterojunctions can be separated into p-p, n-n, and p-n 

type [14]. Heterojunctions may again be categorised depending on the structure of 

each material, and how they align. Formation of a heterojunction can be the result 

of the contact between different crystalline phases of the same chemical 

composition, contact between different crystal facets of a single semiconductor, or 

by layer-by-layer stacking of different 2-dimensional materials, giving phase-, 

facet-, and van der Waals-type heterojunctions [14]. Rectifying behaviour occurs 

also for such systems. Heterojunctions are divided into three different classes, with 

each their subgroups. These are the straddling gap (type I), staggered gap (type II) 

and broken gap (type III), seen in Figure 2.5. Straddling gap junctions are 

characterised by one material with a higher conduction band and a lower valence 

band than the second material’s conduction and valence band. In the staggered gap 

junction the first material exhibits both higher conduction and valence bands 

compared to the second material. The broken gap junction forms when the first 

material has a conduction  and valence band higher than the conduction band of the 

second material. When the junctions are formed and the charge carriers flow 

between the materials, aligning the Fermi levels, subtypes within each junction type 

are generated.  
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Figure 2.5: Type 1: The straddling gap, type 2: the staggered gap , type 3: The broken 

gap heterojunction alignments.  
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Figure 2.6: Alignment of the three types of heterojunctions. Type 1 and 2 have two 

different alignments, while type 3 conforms to a single alignment-type. 

Figure 2.6 illustrates how the bands at the heterojunctions align when in contact. 

Electrons flow to the lower conduction band, while electron holes flow to the higher 

valence band [14]. In type 1 alignment, the electrons and holes accumulate in the 

semiconductor with the smaller band gap, semiconductor 2. Here recombination 

will occur, leading to no adding no improvement upon for example photocatalytic 

performance. The p-Ge/n-GaAs heterojunction is of type 1-1 [15, 16], studied for 

the purpose of building a tunnelling field-effect transistor[17, 18].  In type 2 

junctions the charge carriers will be separated in two semiconductors, leading to a 

better separation of the charge carriers. Type 2-2 junctions offer this by allowing 

charge carriers to flow between the semiconductors into each other’s conduction or 

valence bands. p-type NiO and n-type ZnO conforms to a junction band diagram 

described by the type 2-2 model [19]. Type 2-1 junctions will allow for some 

recombination through a valence band of the first semiconductor aligning with the 

conduction band of the second semiconductor. The type 3 junction does not allow 

electrons or holes to flow to one another. No heterojunction is formed here as a 

result and they may be treated as two separate semiconductors [14]. 
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Combining a metal and semiconductor creates a metal-semiconductor junction. As 

seen in figure 3.8 the metal and semiconductor (n- or p-type) in contact experience 

band bending. As with a p-n junction, the material with the higher Fermi energy 

(lower work function) will transfer electrons to the material with the lower Fermi 

energy (higher work function). The Fermi levels align, subsequently the bands bend 

near the interface. Seen in the figure is also how the metal-semiconductor junction 

(n-type) is ohmic for holes, but rectifying for electrons, whereas the metal-p-type 

semiconductor junction is rectifying for holes and ohmic for electrons. Such 

rectifying junctions are named Schottky diodes and form Schottky barriers, ФB. The 

Schottky barrier defines the energy that is required to inject an electron from the 

metal into the n-type semiconductor, or holes from the metal into the p-type 

semiconductor [20]. 

 

Figure 2.7: Metal-semiconductor junctions between a metal and a n-type 

semiconductor (a and b); and between a metal and a p-type semiconductor (c and d). 

For simplicities sake the semiconductor is the same, only doped differently. a) and c) 

illustrate the bands before contact, while b) and d) illustrate the behaviour of the 

bands after contact.  

To predict the Schottky barrier height, the Mott-Schottky rule is employed: 

 Ф𝐵 ≈ Ф𝑀 − 𝜒 15 

where ФB is the Schottky barrier height, ФM is the metal’s work function and χ is 

the electron affinity of the semiconductor. Equation 15 is for a metal – n-type 

semiconductor junction. The rule predicts correctly the existence of band bending, 

but the actual barrier height will only be an approximation. 
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2.5 Electrical Measurements 

A sample of the information that may be obtained through electrical 

measurements are sample conductivities, which charge carriers dominate and 

whether the samples may be used to create a rectifying or ohmic junction.  

Contacting the p-n junction may be done by low-resistance contacts. When an 

external voltage is applied to the circuit the space-charge region will act as a high-

resistance potential barrier because of its depletion of charge carriers. 

Applying a positive bias will reduce the built-in voltage and the junction is said to 

be forward biased. This reduces the space-charge region width, as seen in Figure 

3.9. On the other hand, if a negative bias is applied the built-in voltage increases 

and the junction is reverse biased. The bias alters the barrier to diffusion of carriers 

across the junction.  

 

 

Figure 2.8: The effect of an applied bias on a p-n junction; on top: thermal 

equilibrium where the Fermi level is constant across the boundary and the built-in 

electric field opposes the diffusion of carriers across the boundary; left: forward bias 

reduces the built-in electric field, shown as a narrowing of the space-charge region; 

right: the built-in electric field is increased by a reverse bias, leading to an increase of 

the space-charge region, further hindering carrier diffusion [21]. 

The characteristics of a p-n junction may be further investigated through its I-V 

characteristics. This is an integral part of determining the properties of p-n junctions 

developed to create diodes. Their behaviour is explained by the Shockley diode 

equation for an ideal diode: 

 
𝐼 = 𝐼0 [𝑒𝑥𝑝 (

𝑞𝑉

𝜂𝑖𝑑𝑘𝐵𝑇
) − 1] 

16 
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where 𝐼 is the current across the diode, 𝐼0 is the reverse saturation current, q is the 

electronic charge, 𝑉 is the voltage across the diode, 𝜂𝑖𝑑 is the ideality factor, kB is 

Boltzmann’s constant, and T is the absolute temperature.  

The diode equation also explains the behaviour of the curve seen in Figure 3.10. 

The factors are mostly fundamental constants or experimental variables. 𝐼0 is the 

small current left across the junction during reverse bias. The depletion width is so 

large that only a few charge carriers can cross the junction and the number is mostly 

unaffected, depending mostly on the temperature. The reverse saturation current 

also depends on the cross-sectional area of the sample, its dopant concentrations, 

their diffusion coefficients and the charge carrier lifetimes.  

 

Figure 2.9: The I-V curve of a rectifying diode, showing the characteristics of the 

curve when the diode is forward biased and reverse biased. The simplified circuit 

diagrams show the voltage and direction of the current when reverse (red) and 

forward (green) biased. 

A difficulty arises when describing non-ideal diodes, such as ones containing 

physical defects. Homojunctions may be produced with extremely low defect 

concentrations and near-perfect junctions, but this will not be the case for a 

heterojunction. The ideal behaviour breaks down for these systems because 

interface properties and processes near the interfaces may deviate from ideal 

assumptions. 
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Electrical impedance spectroscopy 

Electrical Impedance Spectroscopy, EIS, has become a popular analytic tool 

within materials research. The popularity is due to its wide area of use such as 

corrosion studies; following properties of electronic and ionic conducting polymers, 

colloids and coatings; measuring energy storage in batteries, and fuel cells; 

measurements in semiconductors and solid electrolytes. Summed up it is a powerful 

technique for investigating electrochemical systems and processes [22].     

Impedance 

A more general concept compared to pure resistance or capacitance is 

impedance, 𝑍, given in Ohms. As impedance accounts for the phase difference 

between the input voltage and output current, it is more appropriate to consider 

when describing AC circuits.  

The concept can be thought of as a broadened description of Ohm’s law, as 

electrical impedance is the measure of opposition to current flow when an AC-

voltage is applied. It is reasonable to divide the measured impedance into two 

components: the real part, in phase with the voltage, and an imaginary part, which 

is out of phase. The real component is the real resistance, 𝑅, while the imaginary 

component is called the reactance, 𝑋. An expression analogous to Ohm’s law gives 

the complex impedance of the system as the ratio of the input voltage, 𝑉(𝑡), and 

output measured current, 𝐼(𝑡): 

 
𝑍∗ =

𝑈(𝑡)

𝐼(𝑡)
=

𝑈0 sin(𝜔𝑡)

𝐼0sin (𝜔𝑡 + 𝜃)
=

𝑍0 sin(𝜔𝑡)

sin (𝜔𝑡 + 𝜃)
 

17 

 

As well as this, the complex impedance can also be described as a complex number: 

 𝑍∗ = 𝑅 + 𝑗𝑋 18 

 

 

Figure 2.10: The impedance of a system can be described by its real and imaginary 

impedance outputs. A cartesian system shows the magnitude of the complex 

impedance as the vector of the real and imaginary part. 
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Electrical circuits consist of a few components. The three main elements are 

resistors, capacitors and inductors. Impedance measurements will give results from 

each element that are distinct from one another. An ideal resistor only has real 

impedance, resistance; an ideal capacitor shows only imaginary impedance, 

reactance. An inductor, such as a coil, will set up a magnetic field when subjected 

to an AC-signal. This in turn induces a voltage, which is out of phase with the 

current, giving the impedance of the coil as only reactance. Connected in series, 

these three components will give a total impedance: 

 
𝑍𝑡𝑜𝑡

∗ = 𝑅 − 𝑗
1

𝜔𝐶
+ 𝑗𝜔𝐿 

19 

 

where 𝐶 is the capacitance and 𝐿 is the inductance. 

Measuring electrical impedance 

Electrical measurements of impedance are done by applying a sinusoidal AC-

voltage to a cell and measuring the sinusoidal current signal.  Repeating this method 

over a range of frequencies produces what is known as an electrochemical 

impedance sweep. A Nyquist plot is the preferred way of presenting EIS sweeps. 

Plotting the imaginary component of the impedance versus the real component of 

the impedance, illustrated in Figure 5.12. The semi-circles that appear on the 

Nyquist plot are deconvoluted by fitting them to equivalent circuit diagrams 

through various software. By the help of an equivalent circuit, one can model each 

circuit element and their corresponding contributions and parameters to fit the 

measured spectrum. 

2.6 Synthesis 

Synthesis of the materials to be examined was performed using two well-

known methods; the ceramic method and sol-gel synthesis. 

The ceramic method 

The ceramic method is an often-used synthesis route for creating ceramics, 

especially oxides. The method consists roughly of a grinding process of the starting 

compounds into an intimate mixture. Thereafter follows a compaction of the 

reactants, such as creating a rod or a pellet, before high temperature is utilised to 

drive the reaction to completion by sintering the rod or pellet. The main processes 

of the ceramic method, as well as the steps of sintering is illustrated in Figure 2.11. 
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Figure 2.11: The three general stages of the ceramic method. First the grinding of 

powdered reactants, followed by compaction (creation of rod or pellet); and finally, a 

high temperature process involving sintering. The illustration at the bottom shows a 

rough sketch of the main processes of sintering; the product becoming more compact 

as pores disappear due to diffusion mechanisms lowering the overall surface energy 

of the particles[23].   

Grinding of reactants may be done manually by a mortar and pestle, or with the 

help of a ball mill utilising for example zirconia balls to tumble and crush the 

reactants to an intimate mixture over time. The reactants are crushed as much as 

possible to create as much surface area as possible to allow a more uniform reaction 

across the sample. Pressing the reactants into a pellet with the assistance of a 

hydraulic press ensures the reactant powders are as compact as possible. This 

lowers the diffusion distance of the reactants and assists in speeding up the process. 

The product is created during a high temperature sintering process, which is the last 

step. During high temperature processing, the intimate mixture of reactants is 

allowed to react and form the desired product. The driving force of the sintering 

process is to reduce the surface energy of the grains that make up the sample. This 

is done by reducing the pore size between each grain, through various diffusion 

mechanisms. 

Sol-gel synthesis 

The sol-gel method is a synthetic approach to preparing novel metal oxide 

nanoparticles as well as mixed oxide composites. The process involves the 

dispersion of metal precursors in an aqueous or non-aqueous solution where they 

undergo rapid hydrolysis, followed by an immediate condensation to create a three-
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dimensional gel. Thereafter the gel is dried to obtain an aerogel, or xerogel, 

depending on the drying process [24].  

The precursors for the method may be metal acetates, nitrates, sulphates and metal 

alkoxides. Citric acid and ethylene glycol are usually used to create a metal 

complex. These act as metal complex formers and stabilising agents in the three-

dimensional gel. Sol-gel synthesis works exceptionally well for creating 

nanoparticles and bulk metal oxides with particles close to the nanometre range due 

to the dispersion and gelification process at the beginning of the synthesis. The 

complex formers ensure that the precursors are dispersed evenly throughout the 

mixture and stabilises them during the synthesis of the precursor powder that is to 

be sintered. 
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3 Literature 

On the specific issue of thermodynamically stable heterojunctions, not much 

work has been done. Some coexistent heterojunctions are known, such as ZnO and 

NiO, while others remain to be found and tested. Optical catalysis have been the 

focus for zinc oxide and nickel oxide, while cuprous oxide has been studied by a 

fellow colleague to the same purpose in tandem with zinc oxide [25]. The following 

chapter will review work related to this thesis and introduce the material systems to 

be investigated. 

3.1 p-n heterojunction materials 

The Ruddlesden-Popper phase and perovskites: 

S. N. Ruddlesden and P. Popper synthesised and described in 1957 the first 

structure type that was to be named after them. Lanthanum cuprate and neodymium 

cuprate conform to the Ruddlesden-Popper phase, a type of perovskite structure 

consisting of two-dimensional perovskite layers with cations between. An+1BnX3n+1 

is the general formula of the Ruddlesden-Popper phase, where A and B are cations 

and X is an anion. One may also describe the structure as the result from the 

intergrowth of perovskite-type and NaCl-type structures. Similarly, to its parent 

perovskite structure, the cations may be substituted, allowing for variations in 

oxidation state and introducing oxygen vacancies, if these are the anions. This can 

create distortions in their lattice structure, depending on temperature, pressure, 

dopants or the concentration of oxygen in the structure, giving rise to a variety of 

structural properties, also resulting in a single material exhibiting insulating, 

semiconducting or metallic behaviours under various conditions. Other interesting 

properties that are shared are colossal magnetoresistance, superconductivity, 

ferroelectricity and catalytic activity. 
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Figure 3.1: The crystal structures of La2CuO4 (T) and Nd2CuO4 (T’). In the T 

structure the copper ions and oxygen conform to an octahedron [26], while the T’ 

structure contains a square planar arrangement of oxygen about the copper ion [27]. 

Lanthanum cuprate, La2CuO4: 

The lanthanide cuprates have been studied extensively since the discovery of 

high temperatures superconductivity in a member of this family. They are also of 

interest in applications regarding catalysis [28-30], ferroelectrics [31] and 

photoelectrics. Enhessari et al. have also investigated nanoparticles of the cuprate 

to determine whether the doped and un-doped compounds can be used as a 

photocathode for the photoelectrochemical decomposition of water [32].  

Lanthanum cuprate is a perovskite oxide material containing trivalent lanthanum 

and divalent copper. It is a parent compound for cuprate superconductors, which by 

the help of doping and oxidising atmosphere increases its ability for 

superconductivity.  As seen in Figure 3.1, La2CuO4 ideally exhibits the K2NiF4 

structure, the T-structure. The single perovskite layers of the structure are separated 
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by double NaCl-type layers. The structure can interstitially incorporate oxygen 

which is believed to happen in the tetrahedral coordinated interstitial site of the 

NaCl part of the structure. Hole concentration is regulated by the introduction of 

oxygen intercalated between the LaO layers. This forms a regular array called 

staging [33]. Near 300 °C the compound also undergoes a structural change. The 

transition is from an orthorhombic distortion of the tetragonal structure to the ideal 

tetragonal phase, which is observed for low oxygen contents, nonsuperconducting 

single phase materials [34]. Superconductive behaviour is observed for the lower 

temperature structure and structures deviating from ideal stoichiometry [32], where 

the single 𝐶𝑢𝑂2 sheets are superconductively active. 

Electronically, nanoparticles and crystallites of LCO are reported to have a bandgap 

between 1-2 eV [32, 35]. Stoichiometric LCO is reported to be a semiconductor at 

low temperatures [32], while at elevated temperatures the structure is metallic in 

behaviour. The CuO2 and LaO layers act as conducting and insulating layers, 

respectively. The insulating property of the LaO layers occur as a result of the 

energy states being situated much higher than the conducting states. Anisotropic 

behaviour between the xy- and z-planes is also reflected in the conductive 

behaviour of the LCO, where the conduction parallel with the z-axis is greatly 

diminished compared to the xy-plane. When moving into elevated temperatures the 

bandgap shrinks till it disappears leading to metallic behaviour at elevated 

temperatures. 

 

Figure 3.2:  Left: The electrical conductivities of undoped La2CuO4 as a function of 

oxygen partial pressure. Right: Electrical conductivities as a function of temperature 

in 1 atm O2 and Ar [9]. 

The compound readily equilibrates with oxygen-containing atmospheres at elevated 

temperatures. Low oxygen contents leads to a single phase nonsuperconducting 

material, which undergoes a structural change from tetragonal to orthorhombic near 

530 K. Temperatures higher than this allows the material to stay in its single-phase 

tetragonal, the oxygen-excess state which allows superconductivity [9]. Hong and 

Smyth obtained results that are characteristic of p-type conduction related to a 

stoichiometric excess of oxygen, where the conductivity at 900 °C was above 1000 

S/m in 1 atm O2 [9]. Figure 3.2 also shows that in Ar the conductivity falls to just 
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above 300 S/m. They believe the excess oxygen to be accommodated by the filling 

of oxygen vacancies, the formation of cation vacancies, or by the occupation of 

interstitial sites.  

The proposed defect equation by Hong and Smyth [9] for the structure is given 

through the Kröger-Vink notation system below: 

 ½𝑂2(𝑔) ↔ 𝑂𝑖
′′ + 2ℎ∙ 

 

20 

The equation explains how the p-type conductivity of the material is increased when 

oxygen is introduced into the structure, as the primary charge carriers are electron 

holes. The compound is therefore of interest both on its own and as a doped subject. 

The mass action expression becomes: 

 [𝑂𝑖
//

]𝑝2𝑃(𝑂2)−1 2⁄ = 𝐾𝑝𝑒−Δ𝐻𝑝 𝑘𝐵𝑇⁄  21 

 

and the electroneutrality condition reads: 

 𝑝 = 2[𝑂𝑖
//

] 22 

Making the overall equation: 

 𝑝 = (2𝐾𝑝)
1 3⁄

𝑒−Δ𝐻𝑝 3𝑘𝑇⁄ 𝑃(𝑂2)1 6⁄  
23 

Noticeable from their experiments is how the conductivity and carrier concentration 

does not change within the temperature range of 700 to 900 °C, indicating that the 

enthalpy of the oxidation reaction is near zero and that the hole mobility has little 

to no temperature dependence. The left plot in Figure 3.2 shows the log conductivity 

dependence on oxygen partial pressure, and specifically shows a ten-fold increase 

in the conductivity between 10-2 and 105 Pa, indicative of hole conduction. Since 

there also be a small increase in the conductivity with decreasing temperature, and 

no significant change in the conductivity with temperature over a larger range (700-

900 °), LCO is assumed to follow a metallic-type conductivity.  

Neodymium cuprate, Nd2CuO4: 

The parent compound Nd2CuO4 does not exhibit the superconductive 

capability of its doped versions [11]. The most mobile ion at high temperatures is 

shown to be O2-, the Cu ion and Nd being much less mobile. This attribute is shared 

among other oxide superconductors and makes it of interest to study defect 

structures at intermediate temperatures and at various oxygen pressure ranges. The 

low-pressure structure of the cuprate contains Cu-ions surrounded by four oxygen-

ions [36]. Except sharing the same group, this difference; the occurrence of almost 

no distortions, and the different arrangements of the neodymium oxide layers 

compared to the lanthanum oxide layers, are what structurally separate NCO and 

LCO. 
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NCO as a parent compound has been observed through high-temperature 

conductivity measurements to exhibit an n-type conduction [11]. The compound is 

reported to have a bandgap of 1.2-1.5 eV, which may alter slightly depending on 

the lattice direction. Figure 5.3 shows log-log plots of the conductivity versus the 

oxygen partial pressure to agree well with plots of an oxygen deficiency versus 

oxygen partial pressure. It is concluded from these experiments that oxygen 

deficiency produces conducting electrons responsible for the electrical conduction 

observed in NCO. 

Measurements of conductivity have also been done on the compound. Scavini et al. 

have performed measurements in the 300 °C to 800 °C range, where the 

conductivities vary from about 0.20 S/cm (200 S/m) to about 25 S/cm (2500 S/m) 

at both low and higher oxygen partial pressure [37]. Measurements suggest that 

NCO can be a p-type, an n-type or an intrinsic electronic conductor depending on 

the temperature and oxygen partial pressure range. For temperatures below 430 °C 

(P(O2) = 1 atm) or below 340 °C (P(O2) = 0.1 atm), the electrical conductivity 

increases with increasing oxygen partial pressure. 

 

Figure 3.3: Log conductivity of Nd2CuO4 as a function of oxygen partial pressure with 

the theoretical slopes corresponding to n- and p-type conductivity. Top left: 

Arrhenius plot of the DC conductivity at P(O2) = 10-2 atm. Bottom right: Arrhenius 

plot of the DC conductivity at P(O2) = 1 atm. The indicated numbers are the activation 

energies given in kcal mol-1 [11]. 

In Figure 3.3 one may read the conductivity dependencies for both p-type and n-

type trends. This is further indicated in the Arrhenius plots which are divided into 

two or three segments, indicating a change in determining chemical process.   
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Considering NCO as an n-type conductor at high temperatures, the proposed defect 

equation for the structure follows Equations 5, 6, 7 and 8. 

Composites and mixed phases of Nd2CuO4 and La2CuO4 

 

Figure 3.4: Top left: Partial phase diagram of Nd2CuO4 and La2CuO4 [8]. Top right: 

Comparison of the conductivities of NCO (○) and LCO (●) [10]. NCO is observed to 

behave as a semiconductor while the small change in the conductivity of LCO with 

temperature indicates a metallic behaviour. Bottom: Thermal variation of the 

resistivity of T/O structured samples (La1.90Nd0.10CuO4, La1.70Nd0.30CuO4, 

La1.50Nd0.50CuO4) [8]. 

Creating a composite of the two cuprates is a movement into an unknown field. The 

partial phase diagrams created for the mixtures, and some data has been published 

on their conductive capabilities, other than that there is more to know. A known 

phase diagram of the compound is given in Figure 3.4. 

Arrouy et al. [8] have conducted a few experiments on the mixed phases of LCO 

and NCO. Figure 5.3 depicts the thermal variation of the resistivity of some 
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mixtures, corresponding to the T/O structure; of interest being the increase in 

conductivity as the fraction of Nd increases. The temperatures are although near the 

superconducting regime, which makes the results not directly comparable to the 

behaviour at much higher temperatures.  

From Figure 5.4 one may conclude that the composite of NCO and LCO would be, 

in a certain temperature range, a composite of a metal and semiconductor, and 

contain pathways through the metallic parts, through the semiconducting parts and 

also between the metal-semiconductor junctions that will be distributed evenly 

throughout the composite sample.  

Due to the close relation to the Mott/Hubbard (charge transfer) gap, the chemical 

potential jump between the hole-doped and electron-doped high-Tc superconductor 

cuprates have been extensively studied. The undoped cuprates have been studied 

by Yunoki et al., suggesting that the chemical potential of LCO is 0.4 eV above the 

valence band [38], while the chemical potential of NCO is 0.7 eV above the valence 

band [39]. Assuming that the valence band positions of the cuprates are similar, the 

chemical potential jump between these cuprates is 0.3 eV [40]. Considering shifts 

of the core levels, this number may be a maximum of 0.5 eV. From optical 

spectroscopy the Mott gaps of LCO and NCO are, respectively, 2 eV and 1.5 eV, 

and indirect [41]. The suggest schematic band diagram based on the given 

information is shown in Figure 4.6. 

 

Figure 3.5: Suggested schematic band diagram of NCO and LCO. The dashed lines 

are the chemical potentials, and the difference is at maximum 0.5 eV [40]. 

Considering the schematic in Figure 5.5, the cuprate band diagram is best reflected 

by the type 1 heterojunction. On the other hand, consideration must be taken 

regarding the metallic properties of LCO when building the junction, as seen in 

Figure 5.4 LCO does behave like a metal, while NCO as a semiconductor. 
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Zinc oxide and nickel oxide: 

A p-n junction of p-type NiO and n-type ZnO is of interest due to its ability 

to function as a UV-detector. These are also appropriately named transparent oxide 

semiconductors as they are optically transparent in visible and near-UV light, with 

transmittance experiment on films showing an approximately 80% transparency in 

the wavelengths from 300 to 1000 nm [42], which further indicates the transparency 

of these compounds in visible light. In addition, the oxides are environmentally 

friendly, thermally and chemically stable [43]. Due to their thermal and chemical 

stability and being compatible to form a p-n junction the doped and undoped oxides 

may be investigated for thermodynamically stability at elevated temperatures. 

Nickel oxide is a ceramic material conforming to a NaCl structure, with a direct 

band gap of 3.5-3.8 eV [44, 45], and reported optical band gaps from 3.4-4.3 eV 

depending on how the band edge is defined [46]. In its stoichiometric and pure state 

it exhibits poor conductivity [47]. Introducing defects into the structure will on the 

other hand allow conduction, such as thermally introducing nickel vacancies, 

allowing for intrinsic p-type semiconducting properties [48]. Foreign dopants will 

also increase the number of charge carriers. An example would be acceptor doping 

by Li2O to create more holes, increasing the charge carrier concentration in NiO. 

This equation, as well as the electroneutrality condition, can be expressed as: 

 𝐿𝑖2𝑂(𝑠) + ½𝑂2(𝑔) → 2𝐿𝑖/ + 2𝑂𝑂
𝑥 + 2ℎ⦁ 24 

   

 𝑝 = [𝐿𝑖𝑁𝑖
/

] + 2[𝑉𝑁𝑖
//

] 25 

 

In the intrinsic region the Li+ concentration on the Ni2+ sublattice, being 

temperature independent, predominates the nickel vacancies. 

Zinc oxide is an n-type semiconducting material with a band gap between 3.77 and 

3.44 eV [49-52]. The oxide has a wide area of application, including the fields of 

optoelectronics, UV-LEDs, UV-lasers, water splitting in photo-electrochemistry, 

waste heat harvest in thermoelectricity and within biomedical sciences [6].  

The oxide conforms to different structures depending on its growth conditions. At 

ambient conditions it will adopt a wurtzite structure at ambient conditions, while 

growth on cubic substrates will yield a zinc-blende structure. At relatively high 

pressures one can obtain the cubic phase as well. 

Predominating intrinsic defects for n-type zinc oxide are oxygen vacancies in 

neutral to ionised forms. The defect reaction leading to the formation of fully 

ionised oxygen vacancies is given below. 

 2𝑂𝑂
𝑥 → ½𝑂2(𝑔) + 2𝑉𝑂

⦁⦁ + 2𝑒/ 26 
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One may additionally assist the carrier concentration by doping the zinc oxide with 

donors such as Al3+. The donor acts as a substitutional dopant, donating its electrons 

to increase the charge carrier concentration. The defect equation related to donor 

doping of zinc oxide may be give as 

 𝐴𝑙2𝑂3(𝑠) → ½𝑂2(𝑔) + 2𝐴𝑙𝑍𝑛
⦁ + 2𝑂𝑂

𝑥 + 2𝑒/ 27 

 

The corresponding electroneutrality equation condition will be 

 𝑛 = 2[𝑉𝑂
⦁⦁] + [𝐴𝑙𝑍𝑛

⦁ ] 28 

   

 

Figure 3.6: Left: Arrhenius plots for the electrical conductivities of Zn1-xAlxO [53]. 

Right: Temperature dependencies of the electrical conductivity of LixNix-1O [54].  

Undoped zinc oxide has a reported conductivity of about 0.1 S/cm at room 

temperature, reaching about 25 S/cm near 1000 °C. Doping with 2% aluminium 

assists the conductivity significantly, where the reported conductivity is about 1000 

S/cm at room temperature and about 400 S/cm nearing 1000 °C [53]. LixNix-1O 

shows a similar trend with increasing conductivity till between 2% and 5%, where 

the conductivity falls, similar to Zn1-xAlxO. The conductivity at lower temperatures 

is decreased to about 90 S/cm, as seen in Figure 5.6. It rises to about 200 S/cm 

around 900° C.  

From the phase diagram depicted in Figure 2.2 it is shown that a mixture of ZnO 

and NiO is possible to achieve, at elevated temperatures, and at different 

stoichiometric mixtures. Due to the nature of their bands and a wide band gap, a 

transparent p-n junction of the oxides is able to be realised for the purpose of 

thermoelectrics [4], ultraviolet photodetector applications [7] and as gas sensors 

[55]. In an attempt to test the junction for thermoelectric purposes, Temesgen et al. 

have shown, as a proof-of-principle, that the insertion of a composite layer of a 

50/50 mol. % mixture of Li-doped NiO and Al-doped ZnO between Al-doped ZnO 

and Li-doped NiO may contribute positively by observing an increase in the current 
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density when comparing a p-n junction to the p-c-n junction, as seen in Figure 5.8 

[4]. This further indicates the usefulness of a composite layer as an area extension 

of the junction, as well as assisting in the junction’s capabilities.  

 

Figure 3.7: j-Ua curves of the Ni0.98Li0.02O-Zn0.98Al0.02O p-n junction at 500 °C with 

two different interface morphologies. The upper inset is a micrograph of the 

formation of the p-c-n junction, while the lower inset is a micrograph of the p-n 

junction [4]. 
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4 Methods 

4.1 Sample preparation 

La2CuO4 and Nd2CuO4 were prepared through solid-state synthesis from the 

precursors listed in Table 4.1. These were weighed and mixed in stoichiometric 

quantities. 

Table 4.1: Precursors, purity and supplier for the synthesised product 

materials 

Products Precursors Purity Supplier 

La2CuO4 
La2O3 

CuO 
≥99.9% Sigma-Aldrich 

Nd2CuO4 
Nd2O3 

CuO 
≥99.9% Sigma-Aldrich 

LaxNdxCuO4 

NdN3O9 ∙ 6H2O 

LaN3O9 ∙ 6H2O 

CuN2O6 ∙ 3H2O 

99.9% trace metal 

basis 

Puriss p.a.99-

104% 

Sigma-Aldrich 

  

La2CuO4 and Nd2CuO4 

The precursors for each perovskite were mixed and crushed in an agate 

mortar, separately. Each mixture was then poured into separate flasks with agate 

balls for wet ball milling. Isopropanol was added as the solution. Both flasks were 

kept on a horizontal mill for 20 hours. The contents were poured into separate 

beakers to allow to be dried in a heating cabinet at 120 °C for 20 hours.  

The dark powdered precursor for LCO was pressed to pellets with a diameter of 13 

mm and a thickness of 1-2 mm, weighing approximately 0.5 grams, by uniaxial 

cold-pressing at 4 tons in a hydraulic Specac GS15011 press. The pellets were 

sintered at 1000 °C for 10 hours with a heating/cooling ramp rate of 166 °C/h. A 

regrinding and second sinter were performed for one batch. 

The similar-looking, dark, powder precursor for NCO was pressed into pellets by 

uniaxial cold-pressing at 4 tons in a hydraulic Specac GS15011 press. Each pellet 

was of 13 mm in diameter with a thickness of 1-2 mm, weighing approximately 0.5 

grams each. These were sintered at 900 °C for 24 hours with a ramp rate of 100 

°C/h. After the first sintering process, the pellets were reground and pressed into 

new, equally sized pellets and sintered for another 24 hours at 900 °C.  
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Figure 4.1: Temperature profile of the sample preparation. See Table 4.1 for further 

details on each process. 

Table 4.2: Sample preparation processes for the temperature profile in Figure 

4.1 

Process 1 2 3 

Calcination 

for all compounds 
112.5 °C 450 °C 10 h 

Sintering of Nd2CuO4 100 °C 900 °C 24 h 

Sintering of La2CuO4 100 °C 1000 °C 10 h 

Sintering of Lax-1NdxCuO4 100 °C 800 °C 24 h 

 

The finished product pellets were weighed and measured before examination and 

characterisation by SEM and XRD. 
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Composite preparation 

The composite was created by a sol-gel method. From the partial phase 

diagram in Figure 3.3, it was determined that a mixture of 57.5.5% NCO and 42.5% 

LCO, and a separate mixture of 42.5% NCO and 57.5% LCO would be of interest 

to create as a composite. Powders of LaN3O9 · 6H2O, NdN3O9 · 6H2O and CuN2O6 

· 3H2O were the starting compounds. These were stoichiometrically mixed in a 

beaker with deionised water at 80 °C with the slow addition of an excess of citric 

acid, approximately 8 g for 2 g of starting powders. The light blue mixture was left 

on the magnetic stirrer at 80 °C for an hour before the contents were dried in a 

heating cabinet set at 120 °C until most of the liquid was evaporated, and the 

gelification process mostly completed. A dark grey powder was left, ready for 

calcination. The powdered precursor, in its beaker was calcined in a furnace with a 

ramp rate of 112.5 °C/h, at 450 °C for 10 hours. Thereafter, pellets were 

manufactured by uniaxial pressing, with a die at 10 mm in diameter and a thickness 

between 1 and 2 mm, approximately 0.5 grams of product was used. The pellets 

were sintered for 10 hours at 800 °C with a ramp rate of 100 °C. A second mixture 

of 42.5% LCO/57.5% NCO and 57.5% LCO/42.5% NCO was treated equally, but 

sintered for 25 hours at 800 °C.  

4.2 Sample characterisation  

X-Ray Diffraction (XRD) 

The phase composition and crystal structure of all samples were investigated 

by XRD on a Bruker AXS D8 Discover with CuKα,1 (λ = 1.54060 Å) radiation. The 

x-rays were scanned in the range of 10° ≤ 2θ ≤ 90° with a step size of 0.02 °/s.  

Diffractograms were processed through DIFFRAC.EVA v4.3 by comparing to the 

Powder Diffraction File (PDF) database from the International Centre for 

Diffraction Data (ICDD). Structural refinements were performed with TOPAS v5.0 

by the Rietveld method. 

Scanning Electron Microscopy 

SEM images were taken on a FEI-SEM (FEI Quanta 200 FEG-ESEM) with 

a field emission gun. The instrument carries three detectors; an Everhart-Thornley 

Detector (ETD), detecting the secondary electrons; a Large Field Detector (LFD) 

for low vacuum and environmental SEM (ESEM) mode; a Solid-State Detector 

(SSD) for high vacuum mode, detecting the backscattered electrons; and an Energy 

Dispersive X-ray Spectrometer (EDS), for detecting the elements within the 

sample. The instrument was operated under high-vacuum (10-5 Pa) mode with an 

acceleration voltage of 15-25 kV.  
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Since the pellets in contact were measured for extended time periods at elevated 

temperatures, diffusion is to be expected. A quantitative analysis was therefore 

performed by the SEM-EDS on the p-n and p-c-n setups to observe the degree of 

diffusion into each pellet. Elemental analysis was conducted by an EDAX Pegasus 

2200 EDS detector, connected to the FEI-SEM.  

4.3 Electrical measurements 

Electrical measurements were performed with a Gamry Reference 3000 

instrument. Impedances was monitored in the temperature range of 25 °C to 800 °C 

for the La2CuO4-Nd2CuO4 setups. The three setups, illustrated in Figure 4.2, were: 

a single pellet between two Pt electrodes, two pure pellets in direct contact with Pt 

electrodes on either side (p-n junction), and a setup consisting of three pellets; two 

pure pellets with a composite pellet in between, with electrodes on either side (p-c-

n junction). 

 

Figure 4.2: Schematics of the three setups measured. a) Single pellet (here composite) 

connected to two electrodes. b) p-n junction with direct contact between the p- and n-

type material. c) p-c-n junction with a composite sandwiched between the p- and n-

type materials. 
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Measurement cell 

A ProboStat™ measuring cell manufactured by NorECs AS, seen in Figure 

4.3,  was used to conduct electrical measurements. Tubes supply the ProboStat™ 

with electrodes and thermocouples as well as gas in- and outlets for both the inner 

and outer chamber, seen in Figure 6.3. 

 

Figure 4.3: Connectors to the ProboStat™ measuring cell. The outer electrode and 

thermocouple contacts are connected to the BNC contacts which again feed 

information to the Gamry setup. A thermocouple reads the temperature and the 

water cooling creates a barrier between the oven and the wires. 

Instrumental setup 

Two-probe and four-probe setups with circular planar geometry, Figure 4.4, 

were used to measure the conductivity of each combination. For the single pellet 

measurements two layers of Pt ink M-001511 by Metalor® was painted on both 

sides of the sample pellets. The p-n and p-c-n setups received the same treatment, 

but only on one side for NCO and LCO. Four-probe analysis was done for LCO 

and the composite of NCO and LCO since these could be highly conductive. The 

multilayer samples could only be measured by a 2-probe method.  
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Figure 4.4:  a) 2-electrode conductivity and impedance spectroscopy setup, using two 

electrode contacts (black lines). b) Illustration of a van der Pauw 4-point conductivity 

measurement setup on a circular sample (red) [56]. To the right the setup is illustrated 

from a top-down view. 4 electrode contacts with thin wires are placed upon the sample 

at the corners. The alumina tube with a wire not connected to the sample is the 

thermostat. 

The 2-electrode analysis is illustrated in Figure 4.4 a). The samples were placed 

between two flattened Pt-electrodes and placed under pressure by a triangular 

spring load system. The thermocouple seen all the way to the left of both setups is 

kept close to the sample to ensure the temperature read is near the sample 

environment.  

The van der Pauw, or 4-electrode analysis method requires a different setup and is 

illustrated in Figure 4.4 b). The spring load system consists of an alumina tube 

acting as a bridge between two thicker tubes, which are in contact with the sample. 

This bridge is connected to two longer tubes acting as the anchors for the setup. 

Four, thin electrodes are used, seen as black wires in the right-most figure. These 

are coiled around the thicker tubes, in four corners of the sample before the spring 

load system is put in place.  

The electrical measurements were performed in ambient conditions. The cell was 

heated to 800°C with a ramp rate of 1-2 °C/min. Thereafter the sample was cooled. 

Measurements were conducted during cooldown at fixed temperature points. The 

single pellets were subjected to potentiostatic electrochemical impedance 

spectroscopy (potentiostatic EIS), and single frequency impedance spectroscopy 

(single frequency EIS). Potentiostatic EIS, single frequency EIS and linear sweep 

voltammetry (LSV) were performed for the p-n and p-c-n setups.  
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4.4 Uncertainty and errors 

The synthesis and experimental methods laid out here carry with them sources 

of errors. Many are known and some are systematic, such as SEM and XRD errors.  

During synthesis, impurities from equipment, even if thoroughly cleaned, must be 

expected. The procedure for obtaining stoichiometric quantities of powders is 

through an analytical balance, which weighs with an uncertainty of ± 0.1 mg. This 

effects especially the synthesis of doped and complex products. The synthesis of 

Li-doped NiO and Al-doped ZnO is made simple by purchasing the synthesised 

products, but when creating a composite of the two, the sol-gel synthesis requires 

different precursors. The uncertainty has larger effect the less product is 

synthesised; therefore, a remedy is to synthesise an amount that will not be greatly 

affected by the uncertainty of the analytical balance.  

The electrical measurements, both 2- and 4-electrode analysis methods, carry 

uncertainties in them. Firstly, the contact between the samples and electrodes are 

not always perfect. The addition of electrode ink on the sample surface benefits the 

connection and using electrodes of larger area than the sample gives a better 

coverage, yet, the porosity and other surface imperfections may lead to 

uncertainties. The electrodes should be lined up symmetrically, as should the 

sample pellets in the p-n and p-c-n setups to allow for optimal conditions.  

The electrical measurements were conducted in tubular furnaces. Thermocouples 

in the measurement cells were used to control the temperature. These measure with 

an uncertainty of ± 1-2 K. Factors that affect the thermocouples are aging and 

contamination, mostly. The tubular furnaces add to this uncertainty by the 

temperature gradient inside the furnace. This has been counteracted by placing the 

sample in the centre of the furnace, as well as positioning the thermocouple as close 

to the sample as possible.  
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5 Results 

This thesis aimed to characterise an interface between possibly coexistent 

materials, herein La2CuO4 and Nd2CuO4. The following results are obtained to 

determine whether the materials are suitable to create a junction that has rectifying 

or ohmic properties and is stable at elevated temperatures. The results will also 

reveal the properties of the synthesised composites. 

5.1 Sample characterisation 

Crystal structure 

Regrinding the pellets was done to compensate for the lack of an oxygen-

excess environment during growth. The lanthanum cuprate showed a mismatch 

with the indexed spectra, therefore a Si-tracer was used to match the spectra. 

Diffractograms of the sintered NCO, LCO and composite pellets were obtained 

through XRD at room temperature and were analysed by the Rietveld refinement 

method. The Rietveld refinement patterns are presented in the figures below and 

compared in Figure 5.5. The diffractograms show NCO to conform to a tetragonal 

structure and LCO to an orthorhombic structure. L0.43N0.57CO consists mostly of 

one pure tetragonal phase, while L0.57N0.43CO reveals peaks corresponding to two 

major phases, a tetragonal and orthorhombic, in addition to a third phase of 

monoclinic CuO.   

Table 5.1 lists the structural parameters of each sample refined by the Rietveld 

method. The measured and calculated x-ray diffraction patterns correspond well 

with literature, as do the lattice parameters. 
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Table 5.1: Rietveld refined lattice parameters, space groups and phases of 

LCO, NCO, La0.43Nd0.57CuO4-δ and La0.57Nd0.43CuO4-δ composites.  

Sample Space group Lattice parameters [Å] 

La2CuO4-δ Pccn 
a = 5.3616(5), b = 5.4108(5) 

c = 13.159(1) 

Nd2CuO4-δ I4/mmm 
a = 3.9440(4) 

c = 12.1740(2) 

La0.43Nd0.57CuO4-δ 

LaNdCuO4: I4/mmm 
a = 3.97429(9) 

c = 12.3536(3) 

La2CuO4: Cmca 
a = 5.3403(7), b = 5.4123(8) 

c = 13.058(3) 

La0.57Nd0.43CuO4-δ 

LaNdCuO4: I4/mmm 
a = 3.9767(3)   

c = 12.370(1) 

La2CuO4: Cmca 
a = 5.3454(6), b = 13.085(2) 

c = 5.4041(6) 

CuO: C12/c1 
a = 4.6904(2), b = 3.4182(8) 

c = 5.136(2) 

 

 NCO is confirmed by the diffractogram in Figure 5.1: X-ray diffraction 

pattern (grey) for NCO crushed pellet sintered at 900 °C in air. The peaks correspond to 

the tetragonal phase of NCO. The red line corresponds to the calculated pattern from the 

Rietveld pattern analysis and the blue line corresponds to the difference between the 

measured and calculated patterns.Figure 5.1 and the lattice parameters from the 

Rietveld analysis, given in Table 5.1, to conform to the tetragonal T’-phase. The 

structural parameters, a =3.9440(4) and c = 12.1740(2), are slightly higher than 

some reported literature values [57, 58], but agree well with the reported values by 

Kim and Kvam (a = 3.944 Å, c = 12.169 Å) [59] and Wilhelm et al. (a = 3.943(1) 

Å, c = 12.1704(5) Å) [36]. 
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Figure 5.1: X-ray diffraction pattern (grey) for NCO crushed pellet sintered at 900 

°C in air. The peaks correspond to the tetragonal phase of NCO. The red line 

corresponds to the calculated pattern from the Rietveld pattern analysis and the blue 

line corresponds to the difference between the measured and calculated patterns. 

The diffractogram and refined parameters of the LCO sample in Figure 5.2 

and Table 5.1 confirms the synthesis of a phase similar to an orthorhombic 

distortion of the K2NiF4-structure, the T/O-phase. The refined structural parameters 

are in agreement with an earlier study conducted by Longo and Raccah [60] (a = 

5.363 Å, b = 5.409 Å, c = 13.17 Å). They also agree with solid-solution studies 

conducted by Arrouy et al. (of c = 13.150(5) Å) for pure La2CuO4 prepared in air 

at 1000 °C [8].  
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Figure 5.2: X-ray diffraction pattern (grey) for LCO crushed pellet sintered at 1000 

°C in air. The peaks correspond to the orthorhombic phase of LCO. A Si Nist640d 

standard was used, attributing to the marked (*) difference peaks. The red line is the 

corresponds to the calculated pattern from the Rietveld pattern analysis and the blue 

line corresponds to the difference between the measured and calculated patterns.   

 

The refined structural parameters of the L0.43N0.57CO composite and the 

refined diffractogram (Figure 5.3) reveal that the structure is comparable to the 

tetragonal T’-structure of NCO. The structural parameters are a = 3.97429(9) Å and 

c = 12.3536(3) Å. Arrouy et al. reports similar lattice parameters (a = 3.975(5)/ 

3.972(5) Å, c = 12.350(5)/12.320(5) Å)  from the synthesis of a solid solution of 

L0.50N0.50CO/L0.40N0.60CO [8]. The diffractogram also shows the slight addition of 

a second phase, LCO in its orthorhombic phase. The comparison of the 

diffractograms in Figure 5.5 confirms this as well, with a slight peak shift taken into 

account. This leads to the conclusion that L0.43N0.57CO will, in air and sintered at 

800 °C, conform to the T’-phase, a solid solution of LCO in NCO, with an 

additional LCO orthorhombic second phase. The amount of La and Nd used to 

synthesise this particular composite will according to the partial phase diagram in 

Figure 3.4 place the product just to the right of the border between the T/O+T’ and 

T’-phase solid solution. In other words, in the solid solution region of LCO in NCO, 

which is the case.  
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Figure 5.3: X-ray diffraction pattern (grey) for the 42.5% + 57.5% LCO and NCO 

composite pellet, crushed and sintered at 800 °C in air. The peaks correspond to a 

tetragonal phase of LaNdCuO4-δ. Peaks corresponding to an orthorhombic phase of 

La2CuO4 (*) were also identified. The red line corresponds to the calculated pattern 

from the Rietveld pattern analysis and the blue line corresponds to the difference 

between the measured and calculated patterns.  

The L0.57N0.43CO composite contains three distinguishable phases, as seen 

in Figure 5.4. These are a tetragonal LaNdCuO4 (comparable to the T’-phase 

structure of NCO), an orthorhombic distorted phase of La2CuO4 (the T/O-phase), 

and a monoclinic phase of CuO. The lattice parameters of the T’-phase are a = 

3.9767(3) and c = 12.370(1), which are slightly higher than the refined parameters 

of NCO and L0.43N0.57CO. A more recent study of LaNdCuO4 report also similar 

values [61]. The lattice parameters of a solid solution of L0.60N0.40CO by Arrouy et 

al. are slightly higher, a = 3.982(5) and c = 12.398(5) [8], but are shown to decrease 

when increasing the amount of Nd. Which may correspond well to the lower 

parameters of L057N0.43CO. LCO, shown in Figure 5.4 by (*), is the second most 

prominent phase in this sample. The lattice parameters given in Table 5.1 are 

slightly lower than reported literature values [8, 60]. The solid solution synthesised 

here appears to agree with the partial phase diagram in Figure 3.4, placing the 

composite near the centre of the mixed phase at 800 °C. 
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Figure 5.4: X-ray diffraction pattern (grey) for the 57.5% LCO + 42.5% NCO 

composite pellet, crushed and sintered at 800 °C in air. The unmarked peaks 

correspond to a tetragonal phase of LaNdCuO4-δ, Peaks corresponding to CuO (▼) 

and La2CuO4 in its orthorhombic phase (*) were also identified. The red line 

corresponds to the calculated pattern from the Rietveld pattern analysis and the blue 

line corresponds to the difference between the measured and calculated patterns. 

 

 

Figure 5.5: Refined X-ray diffraction patterns of LCO, NCO, L0.43N0.57CO and 

L0.57N0.43CO compared.  
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The table below lists the measured densities of the sample pellets that were 

measured on. The theoretical densities, obtained by the Rietveld refinement 

method, were used to calculate the relative density of each sample. Acquiring a 

denser NCO phase proved to be problematic, therefore all samples exhibit a relative 

density >80%, while the relative density of NCO is >70%. 

Table 5.2: Measured, theoretical and relative density of the LCO, NCO and 

composite samples. The theoretical density was obtained by the Rietveld 

refinement method. 

Sample 
Measured density 

ρm [gcm-3] 

Theoretical 

density ρt [gcm-3] 

Relative 

density ρr [%] 

La2CuO4-δ 5.66(5) 7.044(1) 80.4(7) 

Nd2CuO4-δ 5.27(8) 7.26 72(1) 

La0.43Nd0.57CuO4-δ 5.8(2) 6.99 83(3) 

La0.57Nd0.43CuO4-δ 5.93(4) 6.973(1) 85.1(6) 

 

Microstructure 

SEM micrographs were collected from cross sections of hand-polished 

pellets. Areas revealing the grains in the pellets were used to observe the 

microstructure. 

The true composite, L0.57N0.43CO, was not well conducting in room 

temperature. A cross section of the composite could not reveal relevant, important 

information due to time concerns. 

5.1.1.1 NCO and LCO in the p-n junction 

The microstructures with pore and grain sizes of the NCO and LCO pellets 

used in the p-n junction setup are shown in Figure 5.6 and Figure 5.7.  

The grain size in the NCO pellet varies between 0.6-0.8 µm and the pore size are 

on average between 0.2-0.5 µm. Even smaller particles are observed on the surface 

of the grains, as seen in Figure 5.6. The overall structure of NCO is revealed to be 

quite porous, which is also evident from the lower relative density. The LCO pellet 

contains much larger grains averagely between 4-6 µm with large pores, averagely 

2-6 µm, between them. The higher magnification micrograph in Figure 5.7 shows 

the grain surface to be littered with smaller particles, found to be in the nanometre 



58 

 

range (approximately 200-500 nm). The micrograph reveals LCO to be more fused 

than NCO, attaining to the higher relative density. 

 

Figure 5.6: SEM micrograph from the cross section of the NCO pellet used in the p-

n setup. Large grains and partciles and a porous structure characterise the 

synthesised NCO samples. 

 

Figure 5.7: SEM micrograph  from the cross section of the LCO pellet used in the p-

n setup. The pellets are observed to be denser, but with similar large grains as the 

NCO pellet.  

5.1.1.2 L0.43N0.57CO and L0.57N0.43CO 

Figure 5.8 shows SEM micrographs of the L0.43N0.57CO pellet used in the p-

c-n setup. The average grain size in the composite pellet is varies between 0.1-0.3 

µm. The pore size on and between the grains is approximately 0.1 µm. The 

microstructure displays these grains fused together to larger particles in a denser 

structure than that of NCO and LCO. The average particle size is smaller than what 

is seen in LCO and is more similar in structure to that of NCO.  
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Figure 5.8: SEM micrograph from the cross section of the L0.43N0.57CO composite 

pellet in the p-c-n setup. Left: Grains fused into larger particles and unfused areas. 

Right: Smaller pores on the particles (top right). 

 L0.57N0.43CO is calculated to be the densest sample (see Table 5.2). This is 

also evident in Figure 5.9 where the lower magnification shows an overall more 

fused structure in comparison to the other samples. The grain size varies between 

0.2-0.4 µm with a pore size variation of 0.1-0.3 µm. The amount of space between 

the grains and particles, as well as the number of pores may be observed to be 

significantly less than that of LCO and NCO. 

 

 

Figure 5.9: SEM micrograph from the cross section of the L0.57N0.43CO composite 

pellet. The sample did not conduct well at room temperature at the cost of focusing at 

higher magnifications. Right: More uniform fused structure compared to other 

samples. Left: Grain sizes are similar. 

5.1.1.3 Diffusion and mapping 

The interface between the LCO and the L0.43Nd0.57CO pellets was tightly 

fused and intact after the electrical measurements. A low magnification EDS 

analysis of a fused section of this interface is shown in Figure 5.10. From the signals 

belonging to Nd L and La L an abrupt interface is clearly illustrated. The interface 

was not entirely smooth and fused. Figure 5.11 shows the same interface at a 
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different location. The mapping also reveals Nd to have diffused throughout the 

entire pellets that were used to create both p-n and p-c-n junctions.  

 

 

Figure 5.10: EDS analysis of a fused interface between the LCO and L0.43Nd0.57CO 

pellets. The fused section of the interface is drawn as a line in the first image.  

 

Figure 5.11: The interface between LCO and L0.43N0.57CO shown in Figure 5.10 at a 

lower magnification. The non-uniformity in contact between the pellets is shown here.  
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5.2 Electrical measurements 

Electrical measurements were carried out in ambient conditions as a function 

of temperature, by both DC and AC methods. Attempts to monitor the impedance 

spectra of NCO and the junction setups were conducted to obtain information on 

the various contributions, especially in the junction setups. Due to the Gamry 3000 

not being sensitive enough in certain frequency ranges, the spectra yielded semi-

circles at lower temperatures, while the resistance needed to be checked with a 

multimetre at higher temperatures (beyond 300 °C). The resistance was also 

monitored throughout the temperature ranges at a fixed frequency of 10kHz. The 

resistivity of the single pellets, except NCO, were measured by the van der Pauw 

method. An example of fitting of an impedance spectrum using a simple Randles 

type equivalent circuit is presented in Figure 5.12. 

 

 

Figure 5.12: EIS spectrum resolved with a simple Randles type equivalent circuit. The 

spectrum is assigned to the bulk contribution of the sample. The Nyquist plot was 

obtained by potentiostatic EIS measurement at OCV under ambient conditions at 150 

°C. 
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Temperature dependencies  

5.2.1.1 La2CuO4 

Figure 5.13 shows the temperature dependence of the conductivity of LCO in 

ambient conditions. The structural transition occurs at approximately 350 °C. 

Before this transition the conductivity is mostly linear, and a jump in the 

conductivity occurs during the structural transition. The conductivity is 

approximately 800 S/m at 300 °C, while after the transitional jump  it is about 1070 

S/m at 600 °C. Pillai and George measured a conductivity of 1395 S/m at 600 °C 

[10], with similar values being measured in 1 atm O2 and Ar by Hong and Smyth 

[9].  
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Figure 5.13: Temperature dependence of the conductivity of La2CuO4 in ambient 

conditions. A structural transition occurs around 350 °C. 

5.2.1.2 Nd2CuO4 

The resistance of NCO was first monitored by single frequency impedance 

spectroscopy and later subjected to EIS sweeps. Conductivity values approximately 

6 S/m at 900 °C is measured. The conductivity does not compare to the measured 

values between 200 S/m and 2500 S/m [11], and also of almost 103 S/m [10]. This 

is due to the limits of the 2-point probe measuring capabilities, which will be 

discussed in chapter 0. 
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Figure 5.14: Temperature dependence of the conductivity of Nd2CO4 in ambient 

conditions.  

Scavini et al. [62] argues that the charge carriers have to be identified with small 

polarons, hopping adiabatically. The process may be described by Equation 14. 

Table 5.3 presents the activation energy from the linear fitting of the data from NCO 

fitted to a small polaron hopping mechanism, and the activation energy when fitted 

to a regular Arrhenius plot (log(σ) vs. 1/T).  From the linear fitting to small polaron 

hopping, the activation energy obtained between 150-600 °C is 0.541 ± 0.009 eV. 

This is comparable to the mid-temperature region (400-550 °C) values obtained by 

Scavini et al. through an earlier investigation [11]. The activation energy when 

fitted to a regular Arrhenius plot is 0.486 ± 0.007 eV, which is directly comparable 

to the 0.478 eV [62] calculated from a regular fitting [62]. 
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5.2.1.3 Composite of La2CuO4 and Nd2CuO4 

Figure 5.15 shows the temperature dependence of the conductivity of 

L0.43N0.57CO. Two linear regions are observed in the Arrhenius plots. The highest 

measured conductivity at 800 °C is approximately 7000 S/m, a very high 

conductivity, beating even LCO a metallic conductor. The activation energy in the 

lower temperature region (250-450 °C)  is 0.124 ± 0.003 eV. At higher temperatures 

(600-800 °C) the activation energy rises to 0.65 ± 0.03 eV, but when fitted to 

Equation 14, small polaron hopping, the activation energy rises to 0.68 ± 0.04 eV.  

0.9 1.2 1.5 1.8 2.1

2.4

2.7

3.0

3.3

3.6

3.9
 L0.43N0.57CO

lo
g
 (


) 

[S
m

-1
]

1000/T [K-1]

1000 800 600 400 200

T [°C]

 

Figure 5.15: Temperature dependence of the conductivity of L0.43N0.57CO in ambient 

conditions. A prominent kink is observed around 550 °C. 
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The second composite, L0.57N0.43CO, reaches a conductivity of 1500 S/m at 

600 °C. This is comparable to L0.43N0.57CO at the same temperature. The van der 

Pauw-setup anchors did not hold beyond 600 °C, therefore the conductivity at 

higher temperatures were not measured. The kink observed for L0.43N0.57CO in 

Figure 5.15 is not as prominent in Figure 5.16, rather following a curve, where the 

activation energy was calculated at the bottom and top portion of the curve. In the 

low-temperature region (150-300 °C) the activation energy calculated from the 

linear fitting is 0.21 ± 0.01 eV. The conductivity between 450-600 °C, fitted 

similarly (log(σ) vs. 1/T) gives an activation energy of 0.64 ± 0.03 eV. Following 

Equation 14 for small polaron hopping, this same temperature region gives an 

activation energy of 0.71 ± 0.03 eV.  
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Figure 5.16: Temperature dependence of the conductivity of L0.57N0.43CuO in ambient 

conditions. The slope is not strictly linear, curving instead through the entire 

temperature range. 
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5.2.1.4 p-n junction of La2CuO4 and Nd2CuO4  

The conductivity of the p-n junction increases with increasing temperature, 

as seen in Figure 5.17. Compared to the conductivity of the single NCO sample the 

conductivity is slightly increased, rising from about 0.08 S/m at 200 °C to 36 S/m 

at 800 °C. 
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Figure 5.17: Temperature dependence of the conductivity for the p-n junction 

between LCO and NCO in ambient conditions.  

The p-n junction Arrhenius plot follows a linear trend, where the linear fitting 

between 200-600 °C produces an activation energy of 0.484 ± 0.004 eV. The value 

is directly comparable to that of NCO. NCO is the unit in the p-n junction pair that 

conducts via an activated process, clearly influencing the p-n junction as well.  
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5.2.1.5 p-c-n junctions: p-L0.43N0.57CO-n and p-L0.57N0.43CO-n   

Two p-c-n junctions were established with both composites. The setups were 

of similar thickness and measured in ambient conditions. Figure 5.18 shows the 

temperature dependencies of the conductivity for both setups. The conductivity for 

p-L0.57N0.43CO-n is higher than that of p-L0.43N0.57CO-n, but the limitations of the 

instruments must be taken into account when reading the high-temperature region 

of the plots. A flattening is observed for p-L0.43N0.57CO-n as a result. p-

L0.57N0.43CO-n reaches a value of approximately 276 S/m, while p-L0.43N0.57CO-n 

reaches approximately 79 S/m at 800 °C. 

 

Figure 5.18: Temperature dependency of the conductivity of the p-L0.57N0.43CO-n 

and  p-L0.43N0.57CO-n setups in ambient conditions.  

A linear fitting conducted on the Arrhenius plots of the composites produces 

activation energies that are comparable. p-L0.43N0.57CO-n in the temperature range 

of 100-600 °C has an activation energy of 0.342 ± 0.004 eV. p-L0.57N0.43CO-n 

however, has a slightly higher activation energy of 0.399 ± 0.004 between 200 °C 

and 700 °C. 

Table 5.3Table 5.3: Activation energies at specific temperature regions for NCO, 

composites, p-n junction and p-c-n junctions. lists the calculated activation 

energies referred to earlier in this chapter. LCO shows metallic-like conductivity, 

giving insignificant activation energy values if plotted. A similar trend is seen for 

L0.43N0.57CO, where the activation energy is 0.124 ± 0.003 eV in the 250-450 

temperature range, comparable to what would be calculated for the metallic-like 

LCO. The activation energy at higher temperatures is comparable to that of NCO.  
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Table 5.3: Activation energies at specific temperature regions for NCO, 

composites, p-n junction and p-c-n junctions. 

Sample T (°C) Ea (eV) 

NCO 150-600 
0.486 ± 0.007  

0.541 ± 0.009 (small polaron hopping) 

L0.43N0.57CuO 

250-450 0.124 ± 0.003 

600-800 
0.65 ± 0.03 

0.68 ± 0.04 (small polaron hopping) 

L0.57N0.43CuO 

150-300 0.21 ± 0.01 

450-600 
0.64 ± 0.03 

0.71 ± 0.03 (small polaron hopping) 

p-n junction 200-600 0.484 ± 0.004 

p-L0.43N0.57CO-n 100-600 0.342 ± 0.004 

p-L0.57N0.43CO-n 200-700 0.399 ± 0.004 

 

5.3 I-V measurements 

Current-voltage curves measured from the junction systems are shown in the 

figures below. Most curves show ohmic behaviour, especially at lower and higher 

temperatures, while some curving is observed in the mid-temperature range (300-

600 °C).  

p-n junction of La2CuO4 and Nd2CuO4 

Figure 5.19 shows the I-V characteristics of the p-n system in the temperature 

range of 200-800 °C. In the plot there is observed an ohmic characteristic at both 

low and high temperatures, while a curving effect is seen between 400 and 600 °C.  
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Figure 5.19: I-V plots of the p-n junction between 200 and 800 °C. Ohmic behaviour 

is observed at low and high temperatures, while a curving effect is observed in the 

mid-temperature region.   
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p-c-n junctions: p-L0.43N0.57CO-n and p-L0.57N0.43CO-n 

The I-V curves of the p-L0.43N0.57CO-n and p-L0.57N0.43CO-n setups between 

100 and 800 °C is shown in Figure 5.20. The behaviour observed after heating, 

through the entire temperature range, is ohmic. Slight symmetrical curving is seen 

in the mid-temperature range, but this is likely due to a heating effect from the high 

current passing through the sample. The lower-temperature plots at 100 °C and 200 

°C are further investigated in Figure 5.21 all showing an ohmic behaviour. The p-

L0.43N0.57CO-n setup conducts higher currents compared to the p-L0.57N0.43CO-n 

setup. p-n junction/diode-like behaviour is observed for both p-c-n setups at room 

temperature before subjected to heating. Figure 5.22 presents this behaviour. The 

forward biased curve is exponentially growing, while a sudden drop in current is 

observed at a point during reverse bias for p-L0.43N0.57CO-n, while p-L0.57N0.43CO-

n shows a more symmetrical I-V plot. The built-in potential extracted from the 

rectifying I-V curve of p-L0.43N0.57CO-n is 1.014 ± 0.006 V. p-L0.57N0.43CO-n 

exhibits a built-in potential of 0.972 ± 0.005 V, which is similar to the latter p-c-n 

setup.  

 

Figure 5.20: I-V plots of the p-L0.43N0.57CO-n and the p-L0.57N0.43CO-n setups in the 

temperature range of 100 to 800 °C. Ohmic behaviour is observed at all temperatures. 
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Figure 5.21: The 100 °C and 200 °C I-V plots for the p-L0.43N0.57CO-n and the p-

L0.57N0.43CO-n setups. Ohmic behaviour is still observed at lower temperatures, after 

heat-up. The p-L0.43N0.57CO-n setup is shown to conduct higher currents at these 

temperatures as well. 

 

Figure 5.22: Above: Room temperature I-V plots of the p-L0.43N0.57CO-n setup, where 

a characteristic p-n junction curve is observed. Below: Room temperature I-V plots 

of the p-L0.57N0.43CO-n setup after and before heat-up. An ohmic behaviour is 

observed for the measurement after heat-up, while the measurement before shows a 

diode/p-n junction-like behaviour. 
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6 Discussion 

6.1 Crystal structure and phase analysis 

The X-ray diffractograms show a successful synthesis of NCO and LCO. The 

ideal structure of LCO is the tetragonal K2NiF4-type T-structure, but as stated in the 

literature chapter, a transition to the orthorhombic distorted K2NiF4-structure (T/O-

phase) is to be expected, which is observed here.  

For NCO the parameters fit the tetragonal T’-structure that NCO is known to 

conform to. Due to the precursors being sintered in air, instead of pure O2 

atmosphere, it should be noted that the obtained sample could exhibit oxygen 

understoichiometry. Regrinding the sintered pellets most likely assisted in adding 

more oxygen into the system, as literature regarded sintering in oxygen 

environment to be helpful in obtaining stoichiometric NCO. As mentioned, the 

lattice parameters of NCO are slightly higher than reported values, suggesting that 

the oxygen content in the sample is higher [58]. A lower oxygen content will on the 

other hand according to Equation 5, assist in the n-type conductivity of NCO. 

The synthesised composites appear to be quite different. L0.43N0.57CO is 

prominently a single-phase sample, conforming to the T’-phase of NCO. It is 

determined to be a solid solution of LCO in NCO, and not the mixed-phase 

composite sought after. The slight addition of an orthorhombic La2CuO4-phase may 

suggest that the product is near the border between the mixed-phase and pure T’-

phase. Electrical measurements were nonetheless conducted in case of interesting 

effects and for comparisons sake. 

L0.57N0.43CO on the other hand contains three phases, with the tetragonal 

LaNdCuO4, T’-phase, and orthorhombic La2CuO4, T/O-phase, being prominent. 

The monoclinic CuO-phase is not observed in L0.43N0.57CO in the comparison of 

the diffractograms (Figure 5.5) even if the method of synthesis was similar. This 

mixed-phase composite is near the centre of the T/O+T’-region in the partial phase 

diagram, which is the composite mixture believed to assist the junction properties 

of LCO and NCO. 

Microstructure 

LCO, NCO and the composites were to be stacked or deposited on top of each 

other to create the p-n and p-c-n junctions. Avoiding lattice mismatch and other 

defects at the interface, a smooth transition between each material is preferred. Such 

a transition will avoid creating unwanted electronic states and assist in creating a 

sharper junction at equilibrium. With this in mind, depositing each sample on top 

of each other by pulsed laser deposition, or pressing and sintering the precursor 

powders together in stacked arrangements would have created denser and more 
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tightly knit interfaces. Polishing the pellet surfaces, which was done, is also 

beneficial in securing good contact between the samples. 

 The grain size varied between each sample. The largest grains found to be 

in LCO, followed by NCO. These pure pellets were synthesised by the ceramic 

method, using a horizontal ball mill to crush the powders. In comparison, both 

composites were synthesised by the sol-gel method, also suitable in creating 

nanometre-sized powders. This would explain the porosity and large grain size 

observed in NCO and LCO and the opposite effect in the composites.  

The SEM micrographs and EDS mapping at low magnification reveal the 

diffusion of foreign species into the pure pellets. At most, each setup was left at 

elevated temperatures for a few days and an inspection near the edges of the p-c-n 

setup shows lanthanum in the neodymium cuprate pellet and vice versa. All stacks 

were subjected to temperatures at least up to 800 °C. A p-n or p-c-n junction only 

heated till 200 °C or 300 °C may reveal a different outcome. It is assumed that the 

synthesised systems are not coexistent after being subjected to high temperatures. 

The diffusion of both Nd and La into each pellet might point toward the whole 

system equilibrating toward a composite-like phase, not unlike the synthesised 

composites.  

Due to instrument capabilities and other circumstances EDS mappings of the 

composites at higher magnifications were not able to be recorded. With these, the 

distribution of the specific elements in the microstructure could be examined. It is 

preferred that the composites are an even mixture of the various phases to extend 

the area of the interface throughout the composite. An uneven mixture will also 

decide which phases in the composite are in contact with the pure pellets and to 

what degree.  

6.2 Electrical measurements 

 Single frequency monitoring of the resistance was done during heat-up of 

every sample, and to assess whether the resistance curve needed time to equilibrate 

at fixed temperature points. Since EIS sweeps gave inductive capacitances at higher 

temperatures, the contribution likely from the cables and instrument, a multimeter 

was used to check the resistance of the p-L0.57N0.43CO-n setup. The van der Pauw 

method on the other hand, is more accurate and able to measure the resistivity at 

higher temperatures for the circular pellets. This is necessary as the resistivity 

becomes very low at high temperatures for LCO and the composites. 
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Single measurements  

6.2.1.1 Lanthanum cuprate, La2CuO4 

LCO, as mentioned, was measured by a 4-point probe setup. The conductivity 

is observed in Figure 5.13 to be relatively high and follows a linear behaviour, 

comparable to what is observed in Figure 3.2 and Figure 3.4. The structural 

transition is observed in this plot as an abrupt increase in conductivity by about 300 

S/m. The sample was not measured beyond 800 °C, but it may be assumed that the 

conductivity does not drastically change towards higher temperatures, likely 

dropping due to scattering effects impeding any rise in the conductivity. From this 

measurement and observations by others discussed in chapter 0, the metallic-

behaviour of LCO is being observed. The consequence of creating a junction of 

LCO and NCO is that the junction does not become strictly a p-n semiconductor 

junction, but a p-n metal-semiconductor junction. Ohmic or rectifying behaviour is 

still possible to occur for such a junction, but the bands will align differently. 

6.2.1.2 Neodymium cuprate, Nd2CuO4 

NCO was measured by a 2-point probe setup. Due to the measurement 

method and instrument capabilities, resistances below 1 Ohm are not able to be 

measured as the contribution from contacts, cables and instruments will dominate 

the measurements. This is observed in Figure 5.14 as a flatting effect at higher 

temperatures. The plot may be assumed to follow the slope of the curve at lower 

temperatures. Scavini et al. propose that the conduction mechanism explaining the 

n-type conductivity of NCO is a small polaron hopping mechanism [62]. Fitted to 

a regular model, the activation energy given by them is 0.478 eV, comparable to a 

regular Arrhenius model fitting of the NCO conductivity (0.486 ± 0.007 eV). NCO 

follows the behaviour of a semiconductor. 

6.2.1.3 L0.43N0.57CO and L0.57N0.43CO composites 

 L0.43N0.57CO reaches firstly a staggeringly high conductivity of 7000 S/m, 

at 800 °C. In Figure 6.1 one may observe this sample to conduct better than LCO, 

a metallic conductor. In other words, a mixed-phase composite of Nd2CuO4 (an n-

type semiconductor which conducts poorly at low temperatures) and La2CuO4 (a 

metallic-type conductor relatively temperature independent), conducts even better 

than the pure phases. This particular composite exhibits also the T’-phase and 

contains more Nd than La.  

 The proper composite, L0.57N0.43CO, does not exhibit a linear Arrhenius 

dependence. At 600 °C the conductivity reaches 1500 °C, which is in the range of 

the conductivity of L0.43N0.57CO. As observed in Figure 6.1, the slope of the proper 

composite can be extended to continue further up in temperature, possibly reaching 

as high, or even higher conductivity than L0.43N0.57CO.  
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Both composites with exceptionally high conductivities may be of particular 

interest as ohmic interconnects in for example thermoelectric generators.  

Both composites exhibit two linear regions in their respective Arrhenius plots. 

The transition for L0.43N0.57CO is more visible by a kink approximately at 550 °C. 

L0.57N0.43CO exhibits a slope that curves through the entire temperature range, 

possibly indicating one single overall conduction mechanism. A possible kink in 

the sample might not be as visible in the measurements conducted for this study. 

Linear fitting was performed in the low-temperature and high-temperature region 

for both samples, with the activation energies presented in Table 5.3. Due to the 

conductivity of NCO being discussed to occur by small polaron hopping [62], the 

high-temperature region for each composite was fitted to a small polaron hopping 

model and compared to a regular model.  

For L0.43N0.57CO a large change in the activation energy is observed in Figure 

5.15. The low-temperature region of  the plot is more linear than the high-

temperature region. Comparing the low-temperature behaviour to that of LCO may 

indicate a connection between the two samples. A metallic-like conduction 

mechanism can be proposed in this temperature region,  similar to that of LCO, also 

explaining the high conductivity already at 200 °C. The high-temperature region, 

from about 550 °C and upward, exhibit a steeper slope with an activation energy of 

0.68 ± 0.04 eV, following a small polaron hopping model. Compared to the same 

model used for NCO, the activation energy for the composite is much higher. The 

overall behaviour in the high-temperature region is similar to that of a 

semiconductor.  

L0.57N0.43CO exhibits a less linear plot in the low-temperature region. An 

activation energy of 0.21 ± 0.01 eV is calculated from the linear fitting, almost twice 

as high compared to the calculated activation energy of L0.43N0.57CO in the same 

temperature range. The high-temperature range gives an even higher activation 

energy of 0.64 ± 0.03 eV by regular fitting, and 0.71 ± 0.03 eV fitted to small 

polaron hopping. Due to the Arrhenius plot following a curved behaviour through 

the entire temperature range, there is a possibility that the mechanism involved in 

the conduction of charge carriers in this composite is similar at both low and high 

temperatures. With this in mind, this mechanism is possibly impeded at higher 

temperatures, supported by the significant increase in activation energy. Compared 

to NCO, the activation energies fitted to both models are at least 100 meV higher. 

The composite does in comparison to L0.43N0.57CO act as a semiconductor through 

the entire temperature range. 

6.2.1.4 p-n and p-c-n junctions   

The p-n junction of LCO and NCO exhibits a conductivity depending 

positively on the temperature. At 800 °C the conductivity is measured to be 36 S/m. 

Here again the limitations of the instrument and setup come in the way of properly 

measuring the full resistance of the p-n junction. From the linear portion of the 
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Arrhenius plot the activation energy obtained is 0.484 ± 0.004 eV, comparable to 

that of NCO. The I-V curves measured of this setup also confirm similar activation 

energies, presented in Figure A.0.1. NCO, being the worse conductor in the junction 

sample should dominate the measured resistance of the setup, which is confirmed 

through the calculated activation energies. 

  Both p-c-n setups exhibit similar temperature dependence of the 

conductivities. It is evident that for p-L0.43N0.57CO-n the resistance at higher 

temperatures was not measured properly due to the flattening effect seen in Figure 

5.18. One can assume the linear trend observed at lower temperatures to continue 

at higher temperatures for this setup. The same effect is observed to slightly appear 

near the top portion of the measurement for p-L0.57N0.43CO-n, but there is no 

indication whether the proper composite assists the p-c-n setup better than 

L0.43N0.57CO. The activation energies calculated for L0.43N0.57CO is slightly lower 

than the activation energies of p-L0.57N0.43CO-n compared in Table 5.3 and 

observed in Figure A.0.2 and Figure A.0.3. The slightly lower value may indicate 

the conduction mechanism of the whole stack being further assisted by L0.43N0.57CO 

instead of L0.57N0.43CO. Both activation energies of 0.342 ± 0.004 and 0.399 ± 0.004 

are lowered by, respectively, 0.142 and 0.085 eV, compared to the p-n junction 

setup. This indicates that the insertion of a composite between the two pure phases 

may indeed have assisted the sample conduction. 

6.2.1.5 Comparison of conductivities 

All samples were corrected in terms of their smallest area and total thickness. 

This is used to compare the measured conductivities in Figure 6.1. Noticeable from 

this figure is the superior conductivity of L0.43N0.57CO, followed by L0.57N0.43CO 

and LCO. The composites and LCO were all measured by the van der Pauw method.  

Looking away from them and comparing NCO, the p-n junction setup and the 

p-c-n junctions, reveal another peculiar trend, which probably arises from a 

wrongdoing when setting up the measurements or during measurements. The plot 

shows clearly how the conductivity rises by a factor of almost 10 between NCO, 

the p-n junction and the p-L0.57N0.43CO-n junction. Read differently; the interface 

resistance and other contributions in each junction sample becomes negative, 

negligible or non-existent. In this case, any other contribution would be negative, 

which should not be possible. A direct comparison of the conductivities for the p-n 

and p-c-n setups becomes problematic. 

 



77 

 

 

Figure 6.1: Comparison plot of the log conductivities as a function of temperature for 

all measured samples.   
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6.3 Current-Voltage measurements 

The current-voltage curves from the p-n and p-c-n junctions show an overall 

ohmic characteristic throughout the measured temperature range. The bending 

observed in the mid-temperature range is likely an effect of heating due to high 

currents through the samples. This is evident since the bending occurs after reaching 

± 1 V and is symmetric in forward and reverse bias.  

Investigating the low- temperature I-V curves reveals a similar ohmic 

behaviour for all setups. p-L0.43N0.57CO-n conducts higher currents in ohmic 

behaviour than p-L0.57N0.43CO-n, which may also be a result of the lower activation 

energy exhibited by the same setup. 

It is rather the I-V curves before the setups have undergone any heat-treatment 

that exhibit p-n junction-like behaviours. A room temperature measurement of the 

p-n junction before heat-up was unfortunately not measured, which would have 

been valuable to compare with the p-c-n setups. The built-in potential from both 

rectifying curves are comparable (1.014 ± 0.006 V for p-L0.43N0.57CO-n and 0.972 

± 0.005 V for p-L0.57N0.43CO-n) and most similar. It would appear that subjecting 

the p-c-n setups to high temperatures make them ohmic, which is seen in the before 

and after heat-up comparison in Figure 5.22.  

 

 



79 

 

7 Conclusion 

In the present work the electrical properties of a metal-semiconductor p-n, 

and metal-composite-semiconductor p-c-n junction were investigated. La2CuO4, a 

p-type metallic conductor and Nd2CuO4, an n-type semiconductor, were 

successfully synthesised in air as the p- and n-type pure phases. Two composites, 

La0.43Nd0.57CuO4-δ and La0.57Nd0.43CuO4-δ, were also successfully synthesised. The 

first-mentioned conforms to a single-phased T’-type structure, and the latter is a 

true mixed-phase composite, exhibiting the tetragonal T’-type structure of 

Nd2CuO4 and the orthorhombic T/O-phase of La2CuO4.  

SEM imaging and simple EDS analysis revealed the NCO and LCO samples in 

contact to diffuse into each other. A sharp interface was observed at the interface 

between the pellets, but diffusion of foreign elements through the entire pellets were 

observed leading to the conclusion that LCO and NCO have not realised 

coexistence in the present work. It is believed that the samples in contact will 

undergo interdiffusion until a stable mixed-phase solid solution arises in the entire 

sample. 

The conductivity of LCO exhibits a metallic behaviour reaching a conductivity at 

103 S/m at 600 °C. NCO follows the behaviour of a semiconductor, but the choice 

of measurement setup and instrument limitations hinder the monitoring of the true 

conductivity at high temperatures. At 900 °C the conductivity was measured to 

reach 6 S/m, considerably lower than reported values. The composites exhibit 

similar behaviours in their electrical properties. The highest measured conductivity 

is that of La0.43Nd0.57CuO4-δ, up to 7000 S/m at 800 °C, beating the metallic LCO. 

The mixed-phase La0.57Nd0.43CuO4-δ shows a similar trend, reaching 1500 S/m at 

600 °C, and is believed to follow this trend at higher temperatures. The mixture of 

a metallic p-type conductor and an n-type semiconductor would in this study appear 

to create an even better electrically performing mixed-phase composite. 

Conductivity measurements of the p-n and p-c-n setups were not reliably 

conducted, due to instrument limitations and experimental setup mistakes. 

Comparing the resulting conductivity plots shows the conductivity to rise by a 

factor of 10 from NCO, to the p-n setup, to the p-c-n setups. Calculating on the 

junction setups with this in mind would result in negative contributions from the 

interfaces, due to the low conductivity of NCO. Here is an indication of something 

gone wrong during measurements of the junctions. 

The activation energies for NCO, L0.43N0.57CuO and L0.57N0.43CuO were fitted to a 

small polaron hopping model at high temperatures and compared to the same 

energies acquired through regular Arrhenius-type fitting. NCO is reported to follow 

a small polaron hopping model, which gives an activation energy of 0.541 ± 0.009 

eV. Fitting the high temperature region of L0.43N0.57CuO gives similar values for 

the activation energy by regular fitting and small polaron hopping, 0.65 ± 0.03 eV 

and 0.68 ± 0.04 eV. L0.57N0.43CuO gives an activation energy of 0.64 ± 0.03 eV and 
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jumps to 0.71 ± 0.03 eV in the small polaron hopping model. The low temperature 

region for both composites exhibit significantly lower activation energies, 

comparable with the metallic conduction of LCO. L0.43N0.57CuO is believed to 

follow the conduction mechanism of LCO in the low-temperature region, while 

switching to a mechanism similar to small polaron hopping at higher temperatures. 

L0.57N0.43CuO behaves more like a semiconductor, which may be the case due to 

the mixed-phase nature of the composite. A conduction mechanism requiring 

significantly less energy in the low-temperature region transitions to a small polaron 

hopping mechanism or similar in the high-temperature region.  

The p-c-n junction setups exhibited lower activation energies compared to NCO. 

These were compared to an Arrhenius fitting of the I-V curves. For the p-n junction, 

the activation energy is 0.484 ± 0.004 eV, in the range of NCO. A significant drop 

in the activation energy is observed for both p-c-n setups. p-L0.43N0.57CO-n, with 

the single-phase composite, has an activation energy of 0.342 ± 0.004 eV, while p-

L0.57N0.43CO-n sits at 0.399 ± 0.004 eV. 

Ohmic characteristic is observed for all junctions after heat-up. A slight rise in the 

current through the sample is observed for both p-c-n junction setups compared to 

the p-n junction.  Before heat-up, a rectifying curve is observed for both p-c-n 

setups, with p-L0.43N0.57CO-n exhibiting the most characteristic behaviour. The 

built-in potential from these curves is 1.014 ± 0.006 V for p-L0.43N0.57CO-n and 

0.972 ± 0.005 V for p-L0.57N0.43CO-n.  

The rise in measured current over the junction and decrease in activation energy 

with the addition of a composite between the pure p- and n-type samples indicate 

that even a single-phase and a mixed-phase composite may be added into the p-n 

system of LCO and NCO to further enhance the junction properties. It should be 

noted that this enhancement may also be a result of the p-n system easier and more 

quickly equilibrating toward a composite overall when a composite sample is 

placed between the pure compounds.  
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Appendix A 

Calculation and comparison of activation energies 

The samples synthesised and measured on in this work conduct differently at 

various temperature ranges. Obtaining the correct activation energy for the 

conduction mechanism in each sample also depends on the model used to obtain 

the relevant information. This part of the Appendix shows an example of which 

measurements were used to calculate the activation energy for the different setups, 

in order to compare the data and rule out incorrect models. 

Activation energies from the conductivity and I-V measurements 

of the p-n setup  

The conductivity and I-V curves were measured for the p-n junction setup. 

The Arrhenius equation was employed to calculate the activation energies from 

the temperature dependent conductivity, and the temperature and bias dependent 

current, as shown in Figure A.0.1. 

 

Figure A.0.1: Left: Arrhenius plot of the conductivity as a function of temperature. 

Right: Arrhenius plot of the current at biases of 0.5-3V, as a function of temperature. 

The activation energies were obtained by linear fitting. 
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Activation energies from the conductivity and I-V measurements 

of p-L0.43N0.57CO-n and p-L0.57N0.43CO-n 

Due to the nature of the composites, showing two linear regions in the 

Arrhenius plot in Figure 5.15 and Figure 5.16 , comparable to both LCO and NCO, 

it is problematic to pin down which mechanism dominates the conduction in both 

p-c-n setups. As similar approach used for the p-n junction setup was also employed 

for this p-c-n setup to compare the activation energies. Figure A.0.3 and Figure 

A.0.3 presents the Arrhenius plots of the conductivity as a function of temperature 

and current as a function of both temperature and biases. The activation energies 

were obtained by linear fitting. 

 

Figure A.0.2: Linear fitting on Arrhenius plots of p-L0.43N0.57CO-n. Left: Arrhenius 

plot of the conductivity as a function of temperature. Right: Arrhenius plot of the 

current at biases of 0.5-2V, as a function of temperature. The activation energies were 

obtained by linear fitting. 
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Figure A.0.3: Linear fitting on Arrhenius plots of p-L0.57N0.43CO-n. Left: Arrhenius 

plot of the conductivity as a function of temperature. Right: Arrhenius plot of the 

current at biases of 0.5-2V, as a function of temperature. The activation energies were 

obtained by linear fitting. 


