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Abstract 

This project explores the effect of materials processing on the optical, morphological, and 

electrical properties of ZnO nanorods synthesised using the low-temperature (90˚C) aqueous 

chemical technique. A highly-alkaline (pH 11) growth solution fabricated nanorods that 

exhibit morphological sensitivity to the anneal atmosphere used. This was attributed to 

unreacted precursors trapped throughout the nanorod bulk and near the surface. A significant 

increase in the c-axis peak intensity post-annealing and evidence of nitrogen-doping in all 

annealed nanorods, confirmed the precursors were present prior to the annealing process. In 

addition, intense green photoluminescence was observed under UV excitation and was shown 

to be dependent on the anneal atmosphere. The origin of this emission was related to zinc 

vacancy defects that were energetically favoured during the oxygen-rich synthesis and anneal 

conditions according to first principle calculations.  

 To better study the electrical properties of the ZnO nanorods they were incorporated 

into p-n heterostructures using p-type CuSCN. An alternative spray-coating method was 

developed for depositing CuSCN that was a significant improvement over previous methods 

as demonstrated by the high hole mobility 70 cm
2
/V.s. The current popularity of conductive 

polymers led to the comparison of hybrid inorganic-organic (ZnO-PEDOT:PSS) and purely 

inorganic (ZnO-CuSCN)  devices. These were tested as UV photodetectors and differences in 

device structure were shown to have a significant impact on the device response time and 

responsivity. A rectification ratio of 21500 at ±3 V was achieved for these ZnO-CuSCN 

devices.  

 The inorganic ZnO-CuSCN device exhibited photovoltaic behaviour at zero-bias, 

which highlighted it as a suitable choice for self-powered UV photodetection. The effect of 

processing on the photodetector performance was investigated for two sets of nanorods; pH 6 

and pH 11.  Consequently, a maximum photocurrent response of 30 µA (for 6 mW cm
-2 

irradiance) was achieved for nitrogen-annealed pH 11-nanorods with a rise time of 25 ns. The 

high response was assigned to fewer zinc vacancies acting as electron trap states and the 

introduction of N-related donor defects.  
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1 Introduction 

1.1 Background 

Practical developments in areas involving electronics, mechanics, and architecture among 

others, arise from extensive research conducted in the field of material science. 

‘Nanotechnology’ has become a well-known term outside the field of material science due to 

its incorporation in a wide-range of every-day applications such as mobile/smart phones, self-

cleaning windows/fabrics, cosmetics and light-weight sports equipment. The list continues 

with applications that are less well-known to the general public, for example: drug delivery, 

tissue engineering, filtration, construction, memory storage, quantum computing, catalysis, 

sensors and energy-harvesting devices. Materials on a nano-scale possess a significantly 

increased surface-to-volume ratio that leads to additional properties unseen on the bulk-scale. 

This includes quantum confinement in semiconductors, surface plasmon resonance in certain 

metallic particles, and superparamagnetism in magnetic materials.  

This thesis adopts the benefits provided by nano-scale semiconductors to enhance the 

performance of optoelectronic devices, specifically photodetectors. Photodetectors are used 

in biological and chemical analysis, optical communications, astronomical studies and flame 

detection. The demand for nanoscale devices in these fields requires the removal of the bulky 

power sources used to operate them. A solution to this would be to use the photovoltaic effect 

at zero applied bias to obtain a photocurrent response. The challenge was therefore finding 

materials capable of generating a significant photovoltage at zero-bias. Furthermore, the 

photodetector would benefit from materials that are chemically robust, possess radiation 

hardness, and exhibit long-term stability. For UV photodetectors wide-bandgap materials are 

often used as they provide a natural filter against lower energy photons, which allows them to 

operate at room temperature. Zinc oxide (ZnO) is a wide-bandgap n-type semiconductor 

suitable for UV photodetection. It exhibits good photoconductivity under UV illumination, 

which is enhanced by the nanostructured morphology and the photo-desorption of oxygen 

ions. However, operating at zero-bias relies solely on the induced photovoltage and the drift 

of charge carriers to lower field potentials. The weak drift current does not aid in charge 

separation, and so overcoming charge carrier recombination within ZnO is an important 

factor. Flexible photodetectors would be an added benefit and so the ability to synthesise 
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nanostructures at low-temperatures on is another advantage ZnO has over its competitors. 

The bottom-up growth that occurs with low-temperature processing often means defects are 

unavoidable. Although ZnO has been investigated extensively for more than a century, 

fundamental questions remain surrounding the defects that give rise to unintentional n-type 

behaviour and deep-level photoluminescence. The morphological, optical, and conductive 

properties influenced by the incorporated defects may serve to enhance or diminish the 

device performance. The impact of surface-related defects on performance is especially 

important when considering the high surface-to-volume ratio of nanostructures.  

1.2 Aims and objectives 

Identification of defects present in the ZnO lattice was one of the major challenges faced 

during this project. Although methods exists to identify the presence of elements near the 

surface (e.g. X-ray photoelectron spectroscopy, Raman, Fourier Transform Infra-red 

spectroscopy), as of yet there is no direct method to definitively identify the defect present in 

the lattice. Consequently, defect analysis often involves theoretical first-principle calculations 

of defect formation energies with respect to Fermi level constraints. This is related to indirect 

methods such as photoluminescence, positron annihilation spectroscopy, and extended x-ray 

absorption fine structure (EXAFS) analysis to infer likely defect sources.  

High-quality EXAFS data has not previously been obtained in optically-detected mode (OM), 

which selectively collects structural information surrounding the emission source. 

Consequently, it has not previously been used to identify the atomic structure or bond lengths 

in the ZnO lattice. The challenge of obtaining high-quality data in OM relies on the material 

possessing intense visible spectral emission. In addition, as a surface sensitive technique, the 

EXAFS intensity could be improved by analysing nanostructured morphology.  

In this thesis ZnO nanorods were used as the n-type semiconductor and the effect of aqueous 

chemical processing on the nanorod properties was investigated. To complete the inorganic 

n-p heterostructure, p-type semiconductor copper (I) thiocyanate (CuSCN) was used. The 

main difficulty faced when using this material was that of deposition. The electrical failure of 

initial devices was caused by shorts between the top and bottom electrodes. This was due to 

cracks forming in the CuSCN layer post-deposition and is a common occurrence with this 

material. Hence, it was important to establish an alternative method to deposit CuSCN that 

would improve the p-type layer.  
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Hybrid devices that combine inorganic and organic semiconductors have been used for 

optoelectronic, piezoelectric, and memory writing devices. Here, PEDOT:PSS will be used to 

create a hybrid heterostructure with ZnO and tested as a photodetector. As a polymer, 

PEDOT:PSS will be well suited to flexible devices, but its longevity and stability is 

comparably less than its inorganic counterparts.  

Spectral sensitivity, responsivity, and response times are all critical parameters used to 

analyse photodetector performance. It is typically observed that as one parameter is 

improved, another is negatively affected due to unwarranted side-effects. In particular the 

recovery time of ZnO-based photodetectors is influenced by the adsorbed oxygen; and is 

magnified by the high-surface area of the nanorods. Consequently, the challenge was to 

improve the above parameters whilst minimising negative side-effects. 

The aims of the thesis are as follows: 

 Investigate the influence processing and thermal annealing on the morphological, 

optical, and conductive properties of ZnO nanorods. 

 Perform EXAFS analysis on ZnO nanorods in attempt to obtain high-quality spectra 

in optically-detected mode for defect analysis.  

 Develop an alternative method for the deposition of CuSCN p-type material onto 

nanostructured surfaces.    

 Compare the performance of purely-inorganic and hybrid (inorganic-organic) ZnO-

based photodiodes using p-type CuSCN and PEDOT:PSS. 

 Test the ZnO-CuSCN photodiodes as self-powered photodetectors at zero-applied 

bias, and investigate how ZnO defects incorporated during low-temperature synthesis 

can impact the device performance. 

1.3 Thesis structure 

Chapter 2 of the thesis provides a detailed background of the materials used during this 

project as well as the recent developments in photodetector fabrication. The experimental 

section in Chapter 3 describes the aqueous chemical synthesis of ZnO nanorods, deposition of 

p-type hole collectors, and device completion for electrical testing. In addition, the chapter 

provides a detailed account of the characterisation techniques used to analyse the 

morphology, crystallography, optical properties, and electrical characteristics. Chapter 4 is 

the first of three experimental chapters, and begins the investigation with the processing of 
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ZnO nanorods. The aqueous synthesis procedure was primarily examined for two different 

growth mediums: a weakly-acidic (pH 6) and a high-alkali (pH 11) solution. Post-synthesis, 

the pH 11 grown nanorods were annealed in various atmospheres. The effect of annealing on 

the nanorod morphology, crystallography and optical properties is presented and the analysis 

focuses on the defects present.  Chapter 5 is the second experimental chapter and begins with 

the development of CuSCN deposition. It continues with a comparison between the fully-

inorganic (ZnO-CuSCN) and the hybrid inorganic-organic (ZnO-PEDOT:PSS) devices. The 

final experimental chapter, Chapter 6, applies the knowledge gained from the previous 

chapters to fabricate self-powered ZnO-CuSCN photodetectors. The pH 6 and pH 11 grown 

nanorods are used to demonstrate the effect of processing on device performance using 

photovoltage, current vs. time, responsivity, and photosensitivity measurements. The 

concluding Chapter 7 summaries the major accomplishments achieved over the three 

experimental chapters. Furthermore it highlights areas that would benefit from further work 

and proposes additional experimental procedures that would improve or support the reported 

findings. 
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2 Literature Review  

2.1 Zinc Oxide (ZnO) 

2.1.1 Background and properties 

 

Figure 2.1 The wurtzite crystal structure of ZnO, ref. [1]  

ZnO typically forms a wide band-gap n-type semiconductor, which commonly adopts a 

wurtzite structure. The unit cell of ZnO is indicated by the bold lines in Figure 2.1. Four 

oxygen atoms have a tetrahedral co-ordination to a Zn atom and the bonding between 

atoms is considered to be ionic. The wurtzite structure results in opposing polar surfaces, 

i.e. Zn
2+

 on the (0001) plane and O
2-

 on the (    ̅) plane. This asymmetric structure 

assists in forming temporary polarisation of the surface under stressed conditions, which 

makes it suitable for piezoelectric applications. The ZnO surface is hydrophilic and 

adsorbs water from the atmosphere as well as oxygen. Photo-desorption of oxygen 

molecules from the surface contribute to the photoconductive properties that will be 

discussed later in this section.  

 

ZnO has a high exciton binding energy of 60 meV at room temperature (RT) and optical 

transparency to visible wavelengths. This makes it suitable for exciton-based devices 

operating at RT, such as: solar cells [2], UV laser diodes [3–5], photodetectors [6–8], 
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optical switches [9], and  light emitting diodes [10–12]. ZnO is non-toxic, chemically 

stable and a relatively abundant material, which give the advantages of being 

environmentally friendly and inexpensive. Lastly, ZnO is a popular semiconducting 

material because of the numerous techniques that can be applied to synthesise ZnO, most 

of which can be used to form nanostructured morphologies.  

 

Nanostructures provide a high-surface area that improves photon capture through the 

increased quantity of dye that can be adsorbed onto the surface and additional photon 

scattering. Gas sensors also benefit from the high surface areas due to the significantly 

increased surface interactions that take place [13–16]. This permits the gas sensors to 

operate at RT, whereas thin film ZnO typically requires elevated temperatures [17]. 

Nanowires/nanorods can provide a direct pathway for charge carriers to the contact 

electrode, thus assisting in carrier mobility and charge separation at the junction/interface.  

 

These diverse and numerous properties demonstrate why thousands of publications exist 

on ZnO and why hundreds more continue to be published each year. This short review on 

ZnO does not aim to cover the entire scope but provides a concise overview that focuses 

on ZnO properties relevant to this thesis.  

2.1.2 Growth techniques 

One advantage of ZnO over similar semiconductors such as GaN is the variety of 

techniques available to synthesise nanostructures. This section will focus on techniques 

used to produce nanostructures rather than thin films. The surface of a semiconducting 

material is critical in establishing certain characteristics, such as energy band-bending at 

the surface. This is dependent on dangling-bonds formed at the crystal lattice edge that 

may lead to surface defects, such as adsorption of oxygen or atmospheric water molecules 

in the case of ZnO. Due to the high surface-to-volume ratio provided by the nanostructure 

morphology, ZnO properties are strongly influenced by the surface. Growth techniques 

that use high temperatures, high pressures or vacuums, typically produce fewer defects in 

the ZnO lattice. However, these extreme conditions come with drawbacks: scalability 

limitations, substrate restrictions, and where metal catalysts are used to facilitate growth it 

may lead to unintentional impurity doping. The following techniques are some of the most 

well-known methods of ZnO-nanostructure production. 
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2.1.2.1 Vapour-phase growth 

2.1.2.1.1 Chemical vapour deposition (CVD) 

This is one of the most common and earliest reported routes for creating nanowires, 

nanobelts, nanosprings and nanorings. Zinc and oxygen vapour is guided over a substrate 

surface that has been coated with Au nanoparticles to act as a seed [4,18].  Here the 

vapour-liquid-solid (VLS) method typically applies, whereby the Au particles become 

enriched with the metal vapour until it is saturated and begins to grow outward  from the 

catalyst forming ZnO [19]. In some cases, the gold nanoparticle remains on the nanowire 

tip [20] and in others, gold was detected at the nanowire interface [21]. This leads to 

unintentional defect levels in the energy bandgap of the nanowire. Temperatures up to 

925˚C were used to deposit a 1:1 ZnO and carbon mixture onto the substrate surface under 

an argon atmosphere. The elevated temperature decomposes the water and carbon oxides 

while zinc vapour diffuses into the gold nanoparticle forming a eutectic material. This 

eutectic particle behaves as a liquid phase epitaxy that controls the position and size of the 

nanowires [22]. Large scale arrays have been produced using this method [23,24]. Growth 

parameters were shown to be influenced by the oxygen partial pressure, chamber pressure 

[25,26] and seed layer thickness of the catalyst [18]. 

2.1.2.1.2 Metal Organic Chemical vapour deposition (MOCVD) 

MOCVD of ZnO nanowires is conducted in a similar manner to CVD, but removes the 

need of a metal catalyst. Instead a metal-organic precursor is used containing the required 

elements, such as diethyl zinc and oxygen with argon as a carrier gas [27]. This is a 

significant advantage for device applications as metal impurities are no longer left behind 

in, or on, the nanowires. The low reaction temperatures of 400-500˚C opened the gateway 

for various substrates that were previously unsuited to the synthesis such as GaAs [28] and 

Si/fused silica [29]. Dimensions of the nanowires can be controlled by changing the 

growth time but were also affected by the temperature and pressure. TEM, EDX, and PL 

analysis have shown nanowires grown via MOCVD produce almost perfect defect-free 

single crystals [30,31].  

2.1.2.1.3 Pulsed-laser deposition (PLD) 

This technique employs a laser pulse to form a plasma plume of the base material (Zn) in 

the gas-phase to create ZnO nanowires. For ZnO, oxygen serves as a residual reactor gas. 
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This requires high pressures of up to 5 Torr and temperatures of ~700˚C [32]. Nanowire 

diameters are controlled by varying the distance between the target and the source [33]. 

This technique has the advantage of conducting surface analysis during growth. However, 

a disadvantage of the high energy particles that occur in the plasma plume may affect the 

surface morphology and introduce defects. 

2.1.2.1.4 Thermal evaporation 

Thermal evaporation of ZnO powders mixed with graphite have been used to fabricate 

various nanostructures [34,35]. Temperature was a critical parameter in dictating the 

various nanostructure morphologies that could be fabricated and would range from 500-

1250˚C. Nanocombs for example were grown using this method and the growth time was 

shown to influence the dimensions of the combs and the shape of the nanowire ‘teeth’ 

[36].  

2.1.2.2 Liquid-phase growth 

2.1.2.2.1 Electrodeposition 

This technique can be performed at low temperatures (< 90˚C) to fabricate ZnO columns. 

Varying the electrodeposition parameters such as current density, deposition time, and 

bath temperature are shown to dictate the morphology of the nanowires [37,38]. The 

technique involves using a three-electrode reactor operating at ~80˚C with solutions 

typically consisting of 5 mM ZnCl2 and 0.1 M KCl [39,40]. A potential of -1 V versus 

saturated calomel electrode was applied while oxygen is bubbled through the solution. 

This produces a thin film after 20 minutes. As the concentration of Zn
2+

 ions decreases, the 

nanorods begin to form from the thin film. The band-gap of electrodeposited ZnO was 

found to increase with increasing potential across the electrodes; however, this was 

secondary to the influence of grain size, lattice strain, and defect states [41]. The substrate 

was also shown to influence the nucleation of the nanorods and this was attributed to the 

presence of native surface oxide that would assist growth [42]. Electrodeposition provides 

a solution process that operates at low temperatures with atmospheric pressures, and as 

such it has the potential of epitaxial growth for mass production. 
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2.1.2.2.2 Chemical bath deposition (CBD) 

Aqueous chemical growth was first reported in 1990 by Vergés et al.[43] This was later 

modified by Vayssieres et al. to grow nanorods on TCO-coated glass and Si substrates 

[44]. This method requires a pre-deposited seed layer to initiate ZnO growth. The seed 

layer, as with the catalyst in CVD, can influence the size, density and orientation of the 

nanorods [45,46]. Chemical bath depositions use a zinc salt (e.g Zn(NO3)2, ZnCl2) with an 

alkaline solution (e.g. hexamethylenetetramine [HMT/(CH2)6N4], NaOH or NH3(aq)) 

heated to temperatures <100˚C at atmospheric pressures. 

The chemical reactions for ZnO growth are typically given as follows [47]: 

 

(   )                       (1) 

             
         (2) 

             ( )           (3) 

  (   ) 
                        (4) 

 

Primarily, HMT decomposes into formaldehyde and ammonia and acts as a pH buffer 

(eq.1). Ammonia supplies hydroxyl ions (eq.2), which react with free Zn
2+

 cations to form 

ZnO (eq. 3) [48], or alternatively forms a Zn(II)-amine complex (eq. 4). HMT was also 

reported to act as a capping agent that preferentially attaches to non-polar ZnO faces 

[49,50]. Thus promoting growth in the (0001) c-axis direction by restricting the 

availability of growth sites on the non-polar faces [51]. It has since been established using 

Fourier transform infrared (FTIR) spectroscopy in situ with the growth, that HMT does not 

act as a capping agent [52].  

 

Strom et al. [53] found the rate at which HMT decomposes into its constituents decreases 

with increasing pH. Above pH 7.4 no HMT degradation was detected after 6 h at 35˚C. 

Consequently, for aqueous solutions with pH > 7.4 an elevated temperature is required in 

order to degrade HMT into its constituents. This demonstrates the critical role temperature 

plays in the production of hydroxyl ions and the rate of ZnO growth.  

 

To increase the nanorod length the solutions were refreshed in order to replenish the 

precursors that reacted homogenously and precipitated out. Consequently, CBD can take 

up to 6 h with three repeat synthesis to grow nanorods of 5.5 µm in length [54]. A number 



10 

 

of factors have been investigated in attempt to speed up the process or manipulate the ZnO 

properties. Precursor concentration, pH, doping, temperature, capping agents, and 

synthesis duration have all demonstrated a strong influence on ZnO properties and 

morphology [55–59]. The polar wurtzite-structure of ZnO means that the semiconductor is 

highly anisotropic and gives rise to higher surface energy at the positive polar surface 

(0001). The rate of reactions for the remaining planes is given as: ( ̅   ̅)  ( ̅   )  

( ̅   )  (    ̅). 

 

The term, hydrothermal growth has been applied to these conditions; however this term 

should technically only refer to situations where additional pressure is applied to the 

solution. The CBD fabrication method provides inexpensive, environmentally friendly 

growth at low-temperatures (<100˚C). Consequently, as-grown nanorods typically exhibit 

weak UV photoluminescence and prominent defect concentrations under UV excitation at 

RT [60–63].  

2.1.2.2.3 Rapid microwave synthesis  

Microwave heating has been tested as a replacement for the conventional oven used in 

CBD synthesis methods and was first reported in 1986 by Gedye et al.[64] Since then, its 

usage has increased to fabricate ZnO nanostructures with aqueous solutions consisting of 

the same precursors used in CBD [65,66]. When the precursors are exhausted the solution 

is refreshed so that nanorod growth may continue. Ghafoori-far et al. [67] recently showed 

that by increasing the pH with NH3 and adding a capping agent (polyethylenimine) to 

restrict homogeneous growth, they obtained nanorods 6 µm in length after 12 minutes at 

850 W applied power . Although this may speed up the ZnO growth significantly, it is not 

an easily scalable process. 

2.1.3 ZnO native defects and impurities 

Synthesising high-quality single-crystal ZnO with no impurities or native defects presents 

a significant challenge. This is because impurities are extremely difficult to exclude from 

most synthesis environments, and when the formation energies of native defects are 

favoured their presence is unavoidable. The formation energies of native defects are 

dictated by the environmental conditions during growth and post-processing, often this is 

expressed as oxygen-rich or zinc-rich conditions (see Figure 2.2).  
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Figure 2.2 Formation energies calculated by Van de Walle et al. as a function of Fermi-level position for 

native point defects in ZnO for Zn-rich and O-rich conditions. The zero of Fermi-level corresponds to the 

valence band maximum. Only segments corresponding to the lowest energy states are shown. Kinks in the 

curves indicate transitions between different charge states. Ref. [68] 

The low formation energies of native defects in ZnO contribute to the lack of control over 

their incorporation. Consequently, there is a need to understand how each defect influences 

the various physical, optical and electronic properties of ZnO. The major challenge this 

presents is defect identification, and establishing where the defect charge state is situated 

within the energy bandgap. This is often inferred from experimental techniques such as: 

electron paramagnetic resonance (EPR) [69–71], cathode luminescence (CL) [72,73], 

deep-level transient spectroscopy [74–76], or positron annihilation spectroscopy (PAS) 

[77–80]. Alternatively, theoretical first-principle calculations use density-functional theory 

(DFT) in the local-density approximation (LDA) to find solutions to the Schrodinger 

equation. The lack of systematic corrections for deficiencies in the LDA or generalised 

gradient approximations (GGA) to DFT,  and  spurious energy contributions due to the 

finite-supercell formalism, explain why a large spread in the predictions for ZnO exist 

[81].  
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The concentration of defects in the ZnO sample can be calculated by: 

                  
         ,  

where Nsites is the number of sites the defect can occur, ΔGf is the difference in Gibbs free 

energy and is expressed as: 

                             . 

This is the total change in formation energy minus the vibrational entropy plus the change 

in lattice volume. The main contribution is the formation energy (as the last two terms are 

orders of magnitude smaller) and is defined by the external chemical potential for Zn and 

O, and the Fermi energy (if the defect is charged): 

          (      )                  

The chemical potentials of the O and Zn determine the off stoichiometry of the system and 

depend on the partial pressure/growth conditions [82]. This explains why it is necessary to 

consider two systems for formation energies: O-rich and Zn-rich, when determining the 

most favourable defect states. 

 

The following section focuses on reviewing ZnO native defects and extrinsic impurities 

that are relevant to this thesis. 

2.1.3.1 Native defects 

2.1.3.1.1 Oxygen vacancies (VO) 

For many years it was believed that the VO was the source of the intrinsic n-type 

characteristics of ZnO. It has since been established through first-principle calculations 

that VO are in fact deep level donors with the ɛ(0/2+) level situated 0.5-0.8 eV above the 

VBM [83–85]. In p-type conditions they are predicted to form readily  in the VO
2+

 state 

and so pose a particular challenge in the formation of p-type ZnO due to their role as 

compensating centers [86]. For n-type conditions the VO
0 

defect state is most energetically 

stable, but it has high formation energy for O-rich conditions so it is unlikely to form even 

under high temperatures. The consensus is that VO
+ 

 is an unstable charge state and so 

gives rise to a negative-U centre for the formation energy vs. Fermi-level plot [87]. This 

means that only the ɛ(0/2+) VO transition state is likely to exist in ZnO. 
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2.1.3.1.2 Zinc vacancies (VZn) 

The formation energy of acceptor-type defects is shown to decrease with increasing Fermi 

level (see Figure 2.2). This allows VZn
2-

 to form easily in n-type materials but becomes 

increasingly scarce in p-type materials as the formation energy increases rapidly for both O 

and Zn-rich conditions. The transition levels ɛ(0/1-) and ɛ(1-/2-) for VZn are reported as 

0.1-0.2 and 0.9-1.2 eV above the VBM, respectively [68,82]. In the same article Van de 

Walle et al. predicts the migration barrier of VZn to be 1.4 eV, which suggest the defects 

will be mobile above ~250˚C.  Various experimental techniques have been used to link 

green photoluminescence that is often observed in ZnO with VZn. The controversy 

surrounding this topic and its relevance to this thesis requires a detailed review on the 

photoluminescence properties of ZnO; this will be given in Section 2.1.4.1.  

2.1.3.1.3 Zinc interstitials (Zni) 

Zni have high formation energies in n-type ZnO and a very low migration barrier of 

0.57 eV, which implies Zni are highly mobile even at RT [88]. First-principle calculations 

show that the Zni
 
defect introduces two electrons to the conduction-band states, which 

stabilizes the Zni
2+

 charge state and results in Zni always acting as a shallow donor [68]. 

As such it was previously thought Zni were responsible for n-type behaviour in 

ZnO [84,86], however the high formation energies and instability at RT make it an 

unlikely candidate.  

2.1.3.2 Extrinsic impurities  

2.1.3.2.1 Hydrogen 

Hydrogen impurities are extremely difficult to prevent during the synthesis of ZnO due to 

their small particle size and ubiquitous nature. This allows hydrogen to easily diffuse into 

low-density materials and its strong bond with oxygen serves to enhance its incorporation 

into the ZnO lattice during growth. The first major developments with regard to hydrogen-

doping in ZnO was reported in the 1950s [89,90] and picked up again more recently by 

Van de Walle who found only H
+
 is the stable charge state in ZnO, and so exclusively acts 

as a donor [91,92]. This behaviour was linked to the strong O-H bond that drives the 

formation energy of H
+
 down in ZnO (see Figure 2.3).  
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Figure 2.3 Formation energies of interstitial hydrogen in ZnO, as a function of Fermi level, obtained from 

DFT-LDA calculations and referenced to the energy of a free H2 molecule. (See ref. 
[91]

) 

The often observed n-type conductivity of ZnO has been attributed to the formation of 

hydrogen substituted on oxygen sites (HO) equally bonded to the four 4s-dangling bonds of 

Zn that act as shallow donors [93]. The n-type conductivity was shown to have a relation 

to the oxygen partial pressure during annealing [94] and so was previously thought that 

oxygen vacancies (VO) were the source of n-type conductivity. The formation energy of 

the HO is dependent on the oxygen partial pressure, which determines the concentration 

and was shown to affect the conductivity of ZnO by several orders of magnitude [95,96]. 

Hence, it is now believed that hydrogen-doping plays the major role in dictating the n-type 

behaviour of ZnO.  

 

Hydrogen interstitials (Hi) are unstable at high temperatures, favouring HO as the dominant 

species in annealed samples [97]. These findings were supported by Hall Effect 

measurements, which revealed n-type carrier concentration and conductivity of ZnO films 

decreased as the annealing temperature increased. Resistivity, ρ, of 0.73 Ωcm and electron 

carrier concentration  (n) of 6.66 x 10
17

 cm
-3 

was recorded for the seed layer (pH 8), ρ 

increased to 62.70 Ωcm and n decreased to 1.10 x 10
16

 cm
-3 
after being annealed at 700˚C. 

The ZnO film grown at pH 10.9 had n = 1.79 x 10
19

 cm
-3 
and very low ρ of 

0.025 Ωcm [98].  
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Zhang et al. used Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) to 

bombard the surface of ZnO films with particles to reveal that O-H species are not only a 

surface adsorbed species but are present in the lattice throughout the film thickness. This 

technique was also used to investigate influence of pH on concentration of H incorporated 

in the film; a 66% reduction of H incorporation was reported as the pH decreased from 

10.9 to 8 [98].   

 

Thermal stability of hydrogen shallow donors in ZnO was investigated by Shi et al.[99] 

and shown to follow two stages; firstly, an 80% reduction of free carriers near 150˚C, and 

secondly, the remaining 20% eliminated around 500˚C. The first stage was linked to the 

removal of shallow donors related to O-H bonds. This was evidenced by IR-absorption 

data that showed O-H related peak intensities at local vibrational mode (LVM) lines 

3611 cm
-1 

and 3326 cm
-1 
rapidly decrease at 150˚C. Upon annealing at 150˚C, it was 

predicted that the hydrogen interstitials are not removed from the sample, but diffuse to 

form H2 defects. These act as an electrically inactive species that accounts for the decrease 

in carrier concentration at this stage. As the temperature nears 400˚C, dissociation of H2 

occurs, which allows liberated hydrogen to once again form the electrically active O-H 

species. However, prolonged heating or increased anneal temperatures completely diffuses 

the liberated hydrogen out of the sample. Therefore only by quenching the sample at 

400˚C will the O-H defects be stabilised. The second stage of elimination above 500˚C 

was assigned to the more thermally stable H-species (HO) associated with a bound-exciton 

luminescence line known as I4 [99–101]. Finally, it should be noted that O-H species are 

unstable at room temperature, as shown by an exponential decrease in both carrier 

concentration and IR absorbance peak area over a period of weeks [96].  

2.1.3.2.2 Nitrogen 

Nitrogen-doping (N-doping) of ZnO has been investigated as a possible method for 

converting n-type ZnO to p-type by the introduction of shallow acceptor states [103,104]. 

However, N-doping can exist in many forms, these are determined by the N-source (NH3, 

N2O or N2 plasma) and the technique used. Numerous techniques have been reported for 

N-doping such as: molecular beam epitaxy (MBE) [105],  radio frequency (RF) magnetron 

sputtering [106,107], solution processing [103,108,109], spray pyrolysis [110], annealing 

in nitrogen [111] and N
+
 ion implantation [112,113]. Although these articles report p-type 
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behaviour of ZnO, there remains a lack of evidence of electrically tested p-type ZnO 

devices.  

 

Figure 2.4 Defect formation energies in (a) O-rich and (b) Zn-rich conditions when using N2O as the 

nitrogen source. The kinks in the plot indicate thermal transition levels,  ref. [114]. 

This lack of evidence of p-type behaviour from N-doping has been attributed to the 

compensation mechanisms from other N-defect states [114,115]. Of the many forms of N-

doping: NO, NO
-
, (  ) 

  , (NO - VO)
+

,  (NO - Zni)
+
, (NO - ZnO)

+
, (NO - Oi)

+
 and [NO - (N2)O]

+
, 

only NO
- 

is an acceptor, while the others are donors [116]. Nitrogen interstitials (Ni) 

behaves as an amphoteric impurity such that in p-type ZnO it acts as a donor and n-type 

ZnO it acts as an acceptor, always counteracting the prevailing conductivity [114]. To 

emphasise this point, although Iwata et al. [105] detected high concentrations of N (~10
19

) 

the ZnO exhibited n-type conductivity. The defect formation energies of N-defects in ZnO 

are shown in Figure 2.4 for O-rich and Zn-rich conditions.  
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Figure 2.5 A) Room temperature Raman spectra of five ZnO samples. The nitrogen concentration 

increases from sample A to E. The peak marked by an asterisk originates from the sapphire substrate. B) 

Normalized intensity of the LVMs as function of the nitrogen concentration. The lines represent linear 

fits. Taken from figure 2 and 4 in Ref [117].  

Raman spectroscopy is often used to prove the presence of nitrogen in N-doped ZnO. The 

Raman peaks at 275, 510, 582, 643, and 856 cm
-1 

that do not belong to the first- or second-

order structure of ZnO are assigned to N-related defects [117]. This was proven using 

samples with increasing nitrogen concentrations and observing an increase in the relative 

Raman peak intensities (see Figure 2.5).  

2.1.4 Influence of defects on ZnO properties 

Annealing ZnO has a significant impact on the defects present in the material, which give 

rise to various optical, crystallographic, morphological, and electrical properties. Part of 

this thesis concentrates on the influence of defects on ZnO properties. Therefore, the 

following section provides a background into areas that are well-established and others 

that remain controversial. 

2.1.4.1 Photoluminescence (PL) 

This technique is often used to identify the quality of ZnO as it can easily establish when 

defects are present. PL employs laser illumination greater than the bandgap of ZnO to 

excite electrons from the valence band to the conduction band. When the excitons relax to 

lower energy levels they release photons or phonons depending on the energy difference. 

For ZnO there are two PL regions typically referred to as near band-edge emission (NBE) 
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and deep-level emission (DLE). The first corresponds to the bandgap energy of ZnO in the 

UV region ~3.3 eV and is typically a narrow, intense peak for highly-crystalline samples. 

The latter DLE exists in the visible part of the spectra and corresponds to defect levels 

positioned between the valence and conduction band. Although the transition energy gives 

evidence of the defects presence, the identity of defect-levels remains controversial. Figure 

2.6 in co-ordination with Table 2-1 represents a compilation of predicted defect energy 

levels in the ZnO band structure. 

 

Figure 2.6 ZnO energy band structure showing the calculated defect energy levels obtained from different 

studies. VZn, VZn
−

 and VZn
2−

 denote neutral, singly charged, and doubly charged zinc vacancy respectively. 

Zni
o 

and Zni
t
 indicate neutral octahedral zinc interstitial and neutral tetrahedral zinc interstitial while 

Zni
+
 and Zni

2+
 indicate singly charged and doubly charged zinc interstitial. Vo

0
 and Vo denote neutral 

oxygen vacancy while Vo
+
 and Vo

2+
 denote singly charged and doubly charged oxygen vacancy. Hi and Oi 

represent oxygen and hydrogen interstitial respectively while OZn indicates antisite oxygen and 

VoZni denotes a complex of oxygen vacancy and zinc interstitial. Obtained from ref. [118]. 

  



19 

 

 

Table 2-1 Defect energy levels calculated from the conduction band minimum correspond to the defect 

levels shown in Figure 2.6. 

Defect Energy level (eV) Refs. 

VZn 1.72, 1.93, 2.2, 3.06 [119–122] 

VZn
−
 2.11, 2.6, 2.66, 2.95, 3.14 [121–123] 

VZn
2−

 0.56, 3.05 [121,123] 

Zni
0
 0.05, 0.061, 1.03 [121,123–125] 

Zni
t
 0.031, 0.1, 0.46 [119,120,124,125] 

Zni
+
 0.2, 0.25, 0.5, 0.99 [121–123] 

Zni
2+

 0.08, 0.15 [121,126] 

Vo
o
 0.05 [123] 

Vo 1.62, 2.3, 2.56, 3.0 [119–122,124] 

Vo
+
 0.84, 2.0, 2.36, 3.1 [121–123] 

Vo
2+

 0.25, 0.61, 1.2 [121,124,126] 

Hi 0.03–0.05 [122] 

Oi 0.73, 2.28, 2.96 [119–121] 

Oi
−
 1.83, 3.02 [121] 

Oi
2−

 2.41, 2.61 [121] 

OZn 2.38 [119,120] 

VoZni 2.16 [120] 

 

The source of green PL (~2.4 eV) has been debated for over 30 years [127–129]. Initially 

it was unambiguously linked to Cu impurities [130–134]; however, it was then associated 

with oxygen vacancies (VO) due to an EPR peak at g~1.96. It has since been shown that 

this EPR peak actually belongs to shallow donors [70,135–137]. Oxygen interstitials on 

zinc sites (OZn) [119,138–140] and zinc vacancies  (VZn) [68,141] have also been 

suggested as sources of green PL. Over recent years, there has been a growing consensus 

towards VZn as the most energetically favourable source due to its low energy of formation 

and stability at RT in n-type ZnO [82,142–144]. However, point defects are typically 

annealed out above 600˚C, and yet evidence of green emission exists post-annealing at 

temperatures up to 1200˚C [145]. This suggests a defect-complex involving VZn could be 

the cause, as it would be significantly less mobile than single point defects. A recent 

assessment of ZnO after being annealed in oxygen and zinc atmospheres and analysed 

using EPR, PL, and PAS techniques has shown that Cu impurities can be substituted on 

Zn-sites (CuZn) to form a defect-complex [137,146]. This would fit both the low energy of 

formation as well as the reduced mobility at higher anneal temperatures. In addition, it was 
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reported that VO may act as compensators to the CuZn, quenching the green emission for 

reducing atmospheres.  

Yellow emission (~2.2 eV) has been linked to oxygen interstitials [147,148] but more 

commonly associated with extrinsic Li impurity as observed with GaN [63,149]. Red 

emission (~1.75 eV) is often assigned to surface-related defects such as adsorbed O-H 

groups [150], however it is observed to have several peak positions. This suggests multiple 

defects may be responsible. It has also been reported that red emission intensity is usually 

visible for as-grown ZnO and is often sacrificed during annealing to give rise to green 

emission [151]. This indicates competition between the two different defect states for the 

same charge carriers.  

2.1.4.2 Colouration 

As a thermochromic material, ZnO typically changes from grey-white to yellow at 

temperatures above 300˚C. This behaviour is linked to the removal of minute amounts of 

oxygen from the surface that lowers the Gibbs energy of the system and forms an alternate 

non-stoichiometric Zn1+x O, where X is dependent on the anneal temperature and 

atmosphere. Upon cooling the coloration reverts back to its original state as a result of 

oxygen from the atmosphere re-adsorbing onto the crystal surface.  

 

Figure 2.7 a) Photographs of as-received ZnO (top) and after annealing with or without hydrogen present 

(columns) and in the presence of Ti or Zn (rows). The bottom photograph shows ZnO after two anneals of 

first Ti (no H) followed by annealing in oxygen. The plot in b) shows the transmission spectra of ZnO 

samples in a).  Ref. [152]. 
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Numerous reports however show that ZnO can permanently change colour upon annealing 

[71,78,152]. Weber et al. annealed a ZnO single crystal in Zn vapour at 1100˚C (for 

30 minutes) that resulted in the ZnO sample turning red (see Figure 2.7). Furthermore, 

these authors reported an increase in electrical conductivity [152]. The significance of 

annealing on point defects in the crystal lattice has been investigated using various 

atmospheres. When a previously transparent ZnO sample was annealed in Zn vapour (at 

~1100˚C for 30mins), visible colour transitions had occurred and the sample became 

yellow, orange, red, or brown dependant on specific conditions [153]. This thermochromic 

process was attributed to the formation of VO at the ZnO surface that gradually diffuses 

into the bulk. As oxygen ions migrate to the surface they bond with Zn vapour to form a 

new layer of ZnO on the surface. This altered the proportion of Zn to O in the ZnO crystal 

so that purportedly significant amounts of VO can exist. These act as optical traps and 

gives rise to the visible discolouration. Annealing in the presence of phosphorous or 

titanium rather than Zn vapour resulted in the same red colouration, further supporting the 

presence of VO rather than Zni  [71,80]. However, single point defects would anneal out at 

these elevated temperatures. Instead it was shown that the presence of hydrogen was 

critical to the decolouration of ZnO. The most stable HO defect was used to explain the red 

colouration and red-shift in optical transmission (Figure 2.7b). As discussed previously, 

HO acts as a shallow donor and so the increase in conductivity measured by Hall Effect 

measurements was used to supports this. However, previous studies have shown high 

anneal temperatures or prolonged anneals would remove hydrogen from the ZnO (see 

section 2.1.3.2.1). Hence, the cause of ZnO decolouration remains in question.    

 

The effects of annealing is often discussed for single-crystal ZnO or ZnO films, however 

in the case of nanostructures the diffusion length out of the sample is greatly reduced. It 

would suggest that for nanostructures a lower temperature or shorter duration would be 

sufficient to achieve a similar effect.  

2.1.4.3 Morphology and crystallography 

The crystal structure of ZnO undergoes irreversible morphological changes when it is 

submitted to thermal treatment and a critical temperature is reached. The necessity for 

thermal treatment arises from low-temperature synthesis routes that construct 
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nanostructures from the bottom-up, where intrinsic and extrinsic defects are easily 

incorporated into the crystal lattice.  

 

In these cases, the low Gibbs-free energy of formation prevents diffusion of atoms into the 

more stable energy states and results in unaligned crystalline regions or multiple crystal 

phases. Upon heating in oxidising conditions, the faceted surface is refined due to 

reconstruction and relaxation of surface atoms. ZnO possesses ionic-bonding and so allows 

both the metal and the oxygen atoms to relax inward providing greater degrees of stability 

[154]. However, reducing atmospheres (e.g. forming gas) can lead to surface damage and 

thinning of ZnO nanorods [129]. Degradation of the surface was also found to occur in 

arsenic vapour and was shown to be non-reversible [153]. 

2.1.4.4 Photoconductivity  

Thermal annealing improves ZnO conductivity by refining the crystal structure and 

removing point defects that serve as recombination sites. However, surface defects play a 

major role in influencing the photoconductive behaviour of ZnO. 

 

Figure 2.8 Schematic of ZnO nanowires showing the trapping and photoconduction mechanism. The 

energy band diagrams a) represent the situation in darkness and b) under UV illumination. Ref. [8]. 

Post-processing, atmospheric oxygen and water molecules readily adsorb onto the 

hydrophilic ZnO surface. Oxygen molecules adsorbed on the surface act as trap states that 

capture free electrons in the n-type semiconductor [O2(g) + e
-
 →  O2

-
(ad)]. This gives rise 

to upward band-bending near the surface and corresponds to a depletion region (see Figure 

2.8). Upon illumination (hv > 3.3 eV), photo-excited electron-hole pairs are generated 

[hv → e
-
 + h

+
] in the ZnO nanorod. Due to the upward band-bending near the surface, 
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holes migrate toward the depletion region. Here, the holes discharge negatively-charged 

oxygen ions, which consequently desorb from the surface [O2
-
(ad) + h

+ 
→ O2(g)] (see 

Figure 2.8). The unpaired photoexcited electrons contribute to the charge carrier density 

and migrate to the anode [8]. The photoconductive effect is also influenced by the 

atmospheric conditions, which can determine the rate of photo-

desorption/adsorption  [155]. In the case of nanostructured ZnO the increased surface area 

dramatically enhances the photoconductivity and is a dominant factor behind its use in 

optical applications.  

2.1.5 Extended X-ray absorption fine structure (EXAFS) 

analysis 

 

Figure 2.9 Schematic showing the X-ray excitation of a core-electron from the ZnO K edge and its decay 

pathway that leads to an optically detected photon (XEOL) emission. 

Extended x-ray absorption fine structure (EXAFS) is a technique that obtains local 

structural information surrounding an absorbing element. This is achieved by measuring x-

ray absorption that corresponds to excitation of the core electrons. X-ray excited optical 

luminescence (XEOL) is a variation of EXAFS that utilises visible emission (see Figure 

2.9). This provides local atomic structural information relating to the light emitting region 

around the x-ray absorbing element [156]. This energy is known as the absorption edge, 

and for the Zn K edge it is ~9659 eV. As the electrons relax from the continuum they 

undergo both radiative and non-radiative decay paths. The radiative emissions that are 

optically-detected are referred to as XEOL (and otherwise known as photoluminescence 

yield). The XEOL is typically collected for a specific wavelength range using a photodiode 

detector connected to a spectrometer. 
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Figure 2.10 Atomic structure of wurtzite ZnO adapted from ref. [157] to show the atomic positions 

surrounding the central Zn atom. 

Fourier transforms (FT) of the EXAFS absorption spectra provide a convenient picture of 

inter-atomic distances surrounding the central absorbing atom (Zn) where the emission 

originates. Hence, in optically-detected mode it is believed this technique can uniquely 

identify the structural environment responsible for particular emission wavelengths. As the 

distance from the central Zn atom increases so too does electron scattering and so typically 

limits the range to the first few atomic shells around a central atom. These shells are 

related to the atomic-bonds: Zn-O1, Zn-O2, Zn-Zn1, and Zn-Zn2 with coordination numbers 

(N) 1, 3, 6, and 6, respectively (Figure 2.10). EXAFS collected in transmission mode (TM) 

does not identify specific regions responsible for the emission, but probes the average bulk 

atomic structure of a material.  

 

Fluorescence, transmission, and time-resolved XEOL are EXAFS techniques previously 

used to study doped-ZnO. They successfully showed dopant atoms (Fe [158], N [159], 

Eu [160] and Cu [161]) displacing the oxygen and zinc atoms to fit the wurtzite structure. 

Rosenberg et al. [162] used XEOL analysis at the O K edge to show that orbital 

directionality has a strong influence on the optical luminescence for wurtzite ZnO 

nanostructures. They assigned 2.4 eV emission to surface defects and excluded VO as a 

possible source but did not provide structural information about the lattice. S. Lacheri et 

al. [163] collected XEOL in fluorescence and optically-detected modes for the first time 

from ZnO thin films in 2005 and studied the x-ray absorption near-edge spectra (XANES). 
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They successfully distinguished between the defected electronic structures using the 

XANES intensity and shift in absorption. However, the absence of an EXAFS signal 

indicates the quality of data was not sufficient to provide structural information about the 

shells surrounding the absorbing Zn atom. Hence, until a high-quality EXAFS signal is 

obtained in optically-detected mode, it is in question whether this technique can be used 

for structural analysis.  

2.2 Hole Collectors 

2.2.1 Copper thiocyanate (CuSCN)  

Numerous solid state hole conductors exist such as CuAlO2 [164], NiO [165,166], CuI 

[167,168], and CuSCN [169–172]. Of these mentioned, NiO is poisonous and exhibits low 

open-circuit voltages in TiO2-based DSSCs, whereas CuI initially leads to high efficiencies 

in DSSCs but poor long-term stability due to the photo-oxidation of Cu(I) to Cu(II).  The 

Cu(I) in CuSCN however is stable during illumination and so is of particular interest due 

to its unique chemical robustness associated with its polymeric structure. The multiple 

deposition techniques available to CuSCN provide another advantage, however there 

remains the question of which processing method provides optimal coverage and 

performance for nanostructured surfaces. In addition, researchers have successfully 

improved the conductivity of CuSCN through doping [170,173]. This section reviews the 

CuSCN structure and properties, and deposition techniques currently used. 

2.2.1.1 Properties  

 

Figure 2.11 The hexagonal-CuSCN molecular structure of a 3 x 3 x 1 supercell (left) and the 

corresponding calculated density of states (right). Ref. [174]. 
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Two structures are known for CuSCN, the hexagonal/rhombohedral β-phase [175,176], 

(see Figure 2.11) and the orthorhombic α-phase [177]. Hexagonal β-CuSCN is typically 

used as a hole collector in solid-state devices. The SCN
-
 molecular ion is monovalent, 

accepting only one electron from the Cu cation. This is due to a covalent single bond 

between sulphur and carbon (S−C≡N)
-1

. Hence, there is a shared electron pair that enables 

both S and C to attain closed shells with two fewer transferred electrons required than if 

separated into sulphide and cyanide. The nitrogen forms a triple bond with carbon and also 

has lone pair of electrons that is not shared covalently but forms a weak dipolar bond with 

copper. The intrinsic holes in CuSCN are associated with Cu deficiency. Consequently, p-

type conductivity is predicted to be enhanced through the formation of Cu vacancies, as 

well as the formation of C-N vacancies [174]. 

 

 

Figure 2.12 a) Transmission spectra of thick and thin CuSCN deposited on a fused quartz substrate 

and b) the corresponding Tauc plot with the band-gap values determined by extrapolated linear fits, 

ref. [174]. 

CuSCN is an inorganic wide-bandgap (3.6 eV) p-type semiconductor [178] that exhibits 

good optical transparency to the visible spectrum (see Figure 2.12). This is ideal for optical 

applications that require a visible-blind window as a hole collector. However, as can be 

seen from Figure 2.12, the thickness of the CuSCN can have a significant impact on the 

optical absorption and bandgap energy. The aforementioned chemically stability of 

CuSCN lends itself to long term stability and robustness that is expected of solid-state 

devices. The suitability of CuSCN for device applications is also significantly dependant 

on the electrical properties; the measured hole conductivity of 1.4 Sm
-1 

and hole mobility 

of 1.08 cm
2
/V.s after doping affirm its suitability [179]. However, this is far from ideal. 
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Consequently, the thickness of the CuSCN layer will play a major role in determining the 

series resistance of the material, and so controlling this parameter would be highly 

advantageous.  

2.2.1.2 CuSCN deposition techniques 

The high porosity and fragile nature of nanostructured surfaces make it a challenging task 

to fully saturate the pores without damaging the delicate structure. A number of deposition 

techniques have been performed in attempt to achieve this: electrochemical deposition 

[180–183], impregnation (or drop-coating) [172,184–187], successive ionic layer 

adsorption and reaction (SILAR) [188], and CBD [189].  

 

The aforementioned CuSCN thickness is an important parameter in the device fabrication 

for the conductivity as well as the visible-transparency. Ideally the CuSCN layer should 

fully saturate the nanostructured surface and leave a thin layer (100-300 nm thick) on top 

of the nanostructured surface. This would facilitate hole mobility to the top electrode 

without significantly increasing the series resistance. The effectiveness of the coating can 

often be determined by electrical analysis using the rectification ratio of the device; 

alternatively observations can be made using optical analysis techniques such as SEM 

imaging. Table 2-2 offers a comparison of various devices using different CuSCN 

deposition techniques.  

Table 2-2 A list of solar cells and photodiodes that reported using CuSCN as a p-type material. 

Deposition 

method 
Structure Rectification 

VOC 

(V) 

JSC 

(mA/cm2) 

CuSCN thickness 

(µm) 
Ref. 

Electrochemical TiO2/CuSCN 33 (1.5 V)  - 1 [183] 

Electrochemical ZnO/CuSCN 19 (0.5 V)  - - [181] 

Electrochemical ITO/ZnO/CuSCN/Ag 154 (2 V)  - - [190] 

Electrochemical ITO/ZnO/CuSCN/Au 3 (4 V)  - - [182] 

Impregnation TiO2/N719/CuSCN - 0.6 10.5 - [170] 

Impregnation FTO/ZnO/In2S3/CuSCN/Au - 0.6 11 3 [184] 

Impregnation ITO/ZnO/N719/CuSCN/(Ti/Au) - 0.3 0.3 0.6 [191] 
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Figure 2.13 SEM images of cross-sectional and top views of electrodeposited CuSCN on ZnO rod arrays 

with different deposition time (a) and (b) 5 min, (c) and (d) 15 min, (e) and (f) 1 h, at the potential of 

−500 mV and temperature 0°C. (g) and (h) were prepared at −500 mV and 20°C for 1 h deposition. Ref. 

[181]. 

Electrochemical deposition is a popular choice for CuSCN coating; it offers reasonable 

pore-filling capabilities but is limited by the large grain-size (see Figure 2.13). This leads 

to a rough top layer that firstly, increases the contact resistance between the top electrode 

and the CuSCN, and secondly, gaps in the CuSCN layer may give rise to shorts when the 

top electrode is deposited. Furthermore, this method may not be suitable for pre-coated 

nanostructures (e.g. dyes/ nanoparticles/polymers) as it requires immersion in a chemical 

solution that may react or remove the previously deposited coatings during the 

electrochemical process.  
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Selk et al. compared three CuSCN depositions methods: electrodeposition, SILAR and 

impregnation on DSSCs [192]. The impregnation technique penetrated the porous ZnO 

layer the most effectively and yielded the highest performance of the three methods with a 

quantum efficiency of 0.46%. The large grain-size of CuSCN produced by 

electrodeposition prevented penetration through the ~20 nm sized pores in the ZnO layer, 

and reduced the efficiency to 0.017%. Poor pore-filling using the SILAR technique was 

assigned to the blockage of ZnO pores at the surface; this led to a build-up of CuSCN on 

top of the porous structure and prevented further penetration. This resulted in the lowest 

efficiency of the three DSSCs of 0.011%.   

 

 

Figure 2.14 SEM images of the ZnO nanowire array after CuSCN impregnation deposition. (a) Cross-

sectional image, scale bar 2 µm. (b) Top-view image, scale bar 10 µm. Ref. [193].  

Impregnation is the commonly implemented method for depositing CuSCN due to its 

simplistic procedure that yields reasonable pore-filling (Figure 2.14a). This typically 

involves dissolving CuSCN powder in n-propyl sulphide (n-PS), where the concentration 

is reported to vary from 0.05 M [187] to an excess of CuSCN and removing the surfactant 

after centrifuging [185]. The clear solution is drop-coated using a glass pipette and spread 

onto the desired surface while it is heated on a hotplate between 65-100°C. The heat is 

required to remove the n-PS from the CuSCN, however this is a slow process and it is 

reported that devices are left in vacuum for days to completely remove the residual 

solvent [172,194]. A side-effect of the slow-evaporating solvent is the formation of cracks 

on the CuSCN surface (see Figure 2.14b). Hairline-cracks throughout the CuSCN layer 

leads to shorts and can significantly increase the series resistance of the CuSCN by 

limiting the hole-mobility [191,193].  
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2.2.2 Poly(3,4-ethylenedioxythiophene) /(PEDOT) 

As well as inorganic hole collectors, there exist a number of conductive polymers that may 

be used as hole collectors: poly[2,5-dimethoxy-,1,4-phenylene-1,2-ethenylene-2-methoxy-

5-(2-ethylhexyloxy)-1,4-phenylene-1,2-ethenylene] more commonly known as M3EH-

PPV [195,196], poly(3-thiophene) [197], and  poly(3,4-ethylenedioxythiophene)  known 

as PEDOT/PEDT [198–201]. PEDOT was selected for this project due to its well-

established background with regard to material properties and its use in optoelectronic 

devices. A background into PEDOT properties and its use in nanostructured devices will 

be given here.  

2.2.2.1 Properties of PEDOT:PSS 

 

Figure 2.15 Synthesis, primary, secondary and tertiary structure of aqueous soluble 

PEDOT:PSS. Ref. [198].  

PEDOT is an insoluble polymer with a high conductivity of 300 S/cm. To resolve the issue 

of insolubility a water-soluble polyelectrolyte was employed, poly(styrene sulfonic acid) 

(PSS) to form PEDOT:PSS (see Figure 2.15). The PEDOT:PSS dispersion appears dark 

blue and exhibits good film-forming properties, high conductivity (10 S/cm), good 

transmission to visible wavelengths and excellent stability [202–204].  
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Figure 2.16 Relationship particle size/resistivity with constant PEDOT:PSS ratio. Ref. [198]. 

PEDOT:PSS films are reported to be highly stable, with no change in conductivity after 

being treated  for up to 1000 h at 100˚C [205]. The particle size of PEDOT however, was 

shown to play a significant role in the conductivity and was dependent on the ratio of PSS 

to PEDOT. It was reported that smaller particles sizes significantly reduce the conductivity 

as well as the viscosity (see Figure 2.16) [198]. This is due to the PSS acting as an 

electrical insulator, restricting the transport of holes within the PEDOT polymer 

network [206].  

 

 

Figure 2.17 Energy level diagrams of 40 nm-thick PEDOT:PSS in the oxidized (upper panel) and neutral 

(lower panel) states, along with the electrode arrangement. Ref. [206]. 
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The band-gap energy of PEDOT can range from 1.4 – 2.5 eV; this is controlled by adding 

substituents and co-repeat units that adjust the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) [198]. However Mӧller et al. 

[206] reported that the energy levels of PEDOT:PSS are responsible for the charge 

transport properties in the device (see upper panel Figure 2.17). The upper panel shows 

that in the positively charged state (PEDOT
+
), the HOMO and LUMO are separated by 

0.6 eV, and holes can be injected to the HOMO (at 5.0 eV) from either the ITO or Au 

electrodes. When a bias is applied that injects an electron, this results in the chemical 

reduction of PEDOT
+
 to PEDOT

0
, and is reported to change the energy levels  so that the 

optical band-gap is now ~1.5 eV (lower panel Figure 2.17). Therefore, while there is an 

applied bias there is a rapid continuous oxidation and reduction taking place with the 

transfer of holes and electrons into the polymer. 

2.2.2.2 PEDOT:PSS applications  

The simple deposition process of PEDOT:PSS , good conductivity, and optical 

transparency to visible light have benefited the fabrication of solar cells [207–209] and 

LEDs [210–213]. A PEDOT:PSS layer on top of a Si p-i-n diode or ZnO was used to 

fabricate write-once read-many-times memory (WORM) devices that are used for radio 

frequency identification [206,214]. Piezoelectric energy-harvesting devices have taken 

advantage of the flexibility that conductive polymers offer and incorporate PEDOT:PSS 

either as electrode or as a hole collector [215,216]. PEDOT:PSS does not effectively 

penetrate pores in nanostructured devices due to its grain-size and polymeric structure. 

However this serves as a convenient hole collector in gas sensors that require the surface 

area used for sensing to remain exposed [217–219].  

 

Although there exists a wide-range of applications for PEDOT:PSS, these few examples 

are given to highlight the versatile nature of this conductive polymer and demonstrate its 

well-established properties in device performance. 

2.3 Ultra-violet photodetectors 

As discussed in section 2.1.1, a large number of optoelectronic, energy-harvesting, and 

sensing devices can be fabricated using ZnO-nanorods. The final experimental chapter of 

this thesis is focused on UV photodetectors. Here, a background on photodetector 
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applications and commonly-used materials will be presented, with special attention given 

to ZnO-based devices. 

2.3.1Background and theory 

UV light is the electromagnetic radiation that occupies the spectral region λ = 400-10 nm. 

This highly ionising radiation is capable of activating many chemical processes and so 

detection of UV light is important for a wide range of applications. These include chemical 

and biological analysis (ozone, pollutants and organic compounds produce absorption lines 

in the UV region), flame detection (fire alarms, missile warning or combustion 

monitoring), optical communications (inter-satellite communications at λ < 280 nm), 

emitter calibration (instrumentation, UV lithography), and astronomical studies [7]. 

 

 

Figure 2.18 Schematic structure of different semiconductor photodetectors. Ref.[7]. 

A wide range of structures can perform the task of photodetection, for example: 

photoconductors, Schottky barrier photodiodes, metal-semiconductor-metal (MSM) 

photodiodes, metal-insulator-semiconductor (MIS) structures, p-n and p-i-n photodiodes, 

and field-effect and bi-polar phototransistors (see Figure 2.18). These fundamentally 

operate on the principle of photoconductivity/photovoltaic behaviour where the absorption 

of a photon results in the excitation of an electron from the valence band to the conduction 

band of the semiconductor. Hence, incident photons are directly converted into an 

electrical signal that can be collected by an external circuit. The main advantages of these 
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semiconductor photodetectors over other photodetectors are their small and lightweight 

structure, their insensitivity to magnetic fields, and their capability for high-speed 

operation.  

 

Critical parameters used to describe the essential properties of semiconductor 

photodetectors are: 

 Responsivity (Rλ), photoconductive gain (g) and quantum efficiency (η). 

Responsivity is defined as the photocurrent per unit of incident optical power. This 

is found using the quantum efficiency (number of electron-hole pairs generated per 

incident photon) and gain (number of carriers detected per photogenerated 

electron-hole pair) in the following expression: 

          
  

  
       (1) 

where λ is the radiation wavelength, h is the Planck constant, c is the speed of light 

and q is the electron charge [7].   

 Response times for detection and recovery are important factors when considering 

semiconductor photodiodes as these can vary significantly. These are referred to as 

the rise time, τr (or decay time, τd) and typically defined as the time in which the 

photocurrent increases from 10% to 90% (or decreases from 90% to 10%) of its 

maximum value when excited by high energy monochromatic laser pulses.  

 Spectral photosensitivity, Iλ, is the ratio of photocurrent for a specific wavelength 

vs. the dark current, expressed as: 

        
             

     
      (2) 

2.3.2 Semiconductors for UV photodetection 

Semiconductors that satisfy the following conditions would be suitable for UV 

photodetection: 

i. insensitivity to light in the visible spectral region (often referred to as visible-blind 

photodetectors), 

ii. a high quantum efficiency, 

iii. a high dynamic range of operation, 

iv. and low background noise, i.e. high photosensitivity to low irradiances. 
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A few of the well-established semiconductors that fall into this category will be briefly 

discussed here. 

2.3.2.1 Si-based photodetectors 

Silicon-based photodetectors were initially designed for use in the visible spectral range 

due to silicon’s relatively narrow indirect-bandgap of 1.1 eV. However it has also been 

applied to UV photodetection through the use of either p-n junctions or charge-inversion 

photodiodes. A thin layer of SiO2 (~60 nm) typically coats the surface of the Si and is 

reported to play a dual role of surface passivation as well as act as an anti-reflection 

coating [220,221]. In the case of charge-inversion photodiodes, the presence of an electric 

field at the Si/SiO2 interface drives the photodetection for high-energy radiation that is 

absorbed close to the surface. However, a number of drawbacks exist for these devices; the 

performance was shown to degrade over time as a result of UV light damaging the thin 

SiO2 layer [220], sensitivity of Si to visible/infra-red wavelengths meant filters are 

required to block out unwanted spectral regions thus reducing the effective area of the 

device, and finally to reduce noise for high-sensitivity detection the active area must be 

cooled- this behaves as a cold trap for contaminants leading to lower photosensitivity 

[222].    

2.3.2.2 Wide-bandgap photodetectors 

Wide-bandgap semiconductors prevent the absorption of lower energy wavelengths, and so 

acts as a natural filter against the visible/IR spectrum. This advantage allows 

photodetectors to operate at RT. Furthermore, the strength of semiconductor chemical 

bonds provides photodetectors with radiation hardness and enhanced stability.  

 

With these benefits there are also limitations; the most critical of these is the crystal 

quality. The difficulties in fabricating defect-free semiconductors results in most 

semiconductors possessing a significant quantity of dislocations, grain boundaries or 

point-defects. These act as optically active absorption centres that increase the detection of 

visible wavelengths, and also as recombination centres that contribute to the leakage 

current. Secondly, with most semiconductors it is necessary to increase the impurity 

dopant to achieve reasonable carrier concentrations. This however results in a reduction of 

carrier mobility.   
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Currently the most well-known photodetector materials include SiC [223], diamond [224–

226], III-nitrides (AlN, GaN, InN) [227–229] and II-VI (ZnS, ZnSe, ZnO and other related 

compound semiconductors) [221] in a number of arrangements as shown in Figure 2.18. 

Because the focus of this thesis is on ZnO-based UV photodetectors, the next section will 

be dedicated to reviewing these devices in further detail.  

2.3.2.3 ZnO-based photodetectors 

As a wide-bandgap material ZnO has all the benefits that are associated with 

semiconductor photodiodes such as: radiation hardness, chemical stability, RT operation, 

and suitability for high-temperature and high-power applications. ZnO in particular is also 

a low-cost material that is easily fabricated by numerous techniques, some of which are 

low-temperature processes that allow flexible polymer substrates to be used. 

 

Fabricius et al. [230] was the first to report a ZnO-based Schottky barrier type UV 

photodiode, using Au on a thin sputtered layer of polycrystalline ZnO. The device 

exhibited a τr of ~20 µs, a τd of ~30 µs and low quantum efficiency (1%) attributed to a 

large quantity of recombination centers in the polycrystalline ZnO layers. Since then, a 

multitude of MSM, p-n and p-i-n junction photodiodes involving ZnO have been 

fabricated and tested.  

 

Liang et al.[6] reported a 1.5 A/W responsivity for an Ag-ZnO-Ag device under 368 nm, 

0.1 µW illumination (at 5 V). The spectral photoresponse dropped by three orders of 

magnitude as the wavelength increased from 370 nm to above 390 nm, which corresponds 

to the ZnO band-gap energy of 3.35 eV. The τr and τd were reported as 12 ns and 5 ms, 

respectively. This rapid rise time is associated with the transit time of photo-generated 

electrons, whereas the prolonged recovery time has been linked to the re-adsorption of 

oxygen at the ZnO surface and grain boundaries [231,232]. ZnO is relatively unique in this 

sense in that it does not require impurity doping to enhance charge carrier concentration, 

instead it benefits from the photoconductivity provided by adsorbed oxygen (see section 

2.1.4.4). This however, couples with the eventual re-adsorption of oxygen that can lead to 

prolonged photoconductivity (PPC).  
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A single ZnO nanowire laid across Au electrodes was the first ZnO-nanostructure tested as 

a UV photodetector [9]. Prior to this, only thin films had been used in ZnO photodetectors. 

Nanostructured ZnO maximises the photocurrent due to the additional surface-adsorbed 

oxygen contributing to the photoconductivity, furthermore, the scattering of photons may 

increase photon-capture. Kind et al. [9] presented a photocurrent of 10 nA (under 365 nm, 

0.3 mW/cm
2 

illumination) and a dark current of 0.01 nA at 1V. Although the rise and fall 

time appear to be relatively quick, this was not measured and was quoted as <1 s.  

 

 

Figure 2.19 Photoresponse of the nanowire film to UV illumination in various oxygen pressures: 1.9×10
2
, 

2.0×10
4
, and 1.0×10

5
 Pa from left to right. [155]. 

The effect of atmospheric conditions on the UV photoresponse was also investigated. 

Wang et al. [155] found the response times of ZnO-nanowires (dispersed on Si-O-N 

substrate patterned with Pt electrodes) were faster in air than in vacuum, and the rate 

continued to improve with increasing oxygen partial pressure (p.p.). At 5 V the device was 

exposed to a 254 nm, 8W illumination source. In air, the current rose from 8 µA (dark) to 

138 µA (UV) with τr ~50 s and τd ~710 s. In vacuum, the current increased from 14 µA 

(dark) to 5 mA (UV) and failed to saturate after 3300 s of exposure. The current failed to 

recover to its initial dark current even after a one-day period in the dark. For increasing 

oxygen p.p., the maximum photocurrent and dark current were shown to decrease (see 

Figure 2.19). The photosensitivity was quoted as 75, 65, and 30 for oxygen p.p. of 1.9x10
2
, 

2.0x10
4
, and 1x10

5
 Pa, respectively. The authors assign the differences in response times 

and photosensitivity to the rate at which oxygen physisorbs on to the ZnO surface. This 

has been supported by multiple groups since that have demonstrated similar behaviour 

under different atmospheres [233–235]. 
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Figure 2.20 (a) I−V characteristics of a single-NW photodetector as a function of light intensity; from top 

to bottom, the curves were measured at the following intensities:  4 × 10
-2

 W/cm
2
 (black), 4 × 10

-

3
 W/cm

2
 (red), 4×10

-4
 W/cm

2
 (green), 1.3×10

-4 
W/cm

2
 (blue), 4×10

-5
 W/cm

2
 (cyan), 1.3×10

-

5
 W/cm

2
 (magenta), 6.3×10

-6 
W/cm

2
 (yellow), and in dark (brown). Inset is the SEM image of a typical 

ZnO NW device (obtained at 45° tilt angle); the spacing between the electrodes is 2 μm. (b) 

The I−V curves presented in Figure 2.20a are re-plotted on a natural logarithmic scale. Ref. [8]. 

Varying the UV irradiance was tested on a single CVD-grown ZnO nanowire deposited 

onto a Si substrate with Ti/Au electrodes patterned on top (see inset Figure 2.20a). A high 

photoconductive gain (>10
8
) was reported as the 390 nm irradiance rose from 6.8 µW/cm

2
 

to 40 mW/cm
2
, which corresponds to a maximum photocurrent of 0.4 mA at 5 V (see 

Figure 2.20b). At lower light intensities the photocurrent followed a linear relation with 

light intensity, while at higher light intensities it deviated from this relation. The saturation 

of the photoresponse was explained by the number of available hole-traps at the ZnO 

surface decreasing at the higher intensities. τr and τd were reported as 23 s and 33 s, 

respectively, with a spectral photosensitivity of ~100. Fast transient photocurrent 

waveforms of ZnO nanowires in air show a rapid response of ~1 ns and a decay time of ~ 

100 ns (at 1 V). 

 

The difficulties in producing p-type ZnO has meant few ZnO p-n homojunctions exist. 

However, Lee et al. [236] reports a successful attempt in fabricating a UV photodetector 

using n-type ZnO nanowires (grown by CBD) and p-type Al, N co-doped ZnO film 

(grown by sol-gel). Upon 380 nm 55 µW/cm
2
 illumination, a photocurrent of 175 µA was 

measured with a leakage current of 5 µA at -3 V. This corresponds to a photosensitivity of 

35 and a responsivity of 4 A/W.  



39 

 

 

Multiple methods have been tested in attempt to increase the photocurrent response from 

ZnO-based diodes; these include surface functionalization [237], impurity doping 

[238,239], increased surface-to-volume ratio using nanostructured morphology [240], and 

nanowire arrays connected in parallel [241]. Each of these demonstrated positive results in 

increased photocurrent; however, the drawbacks of costly fabrication, prolonged response 

times or reduced photosensitivity/visible-blindness are common side-effects.  

 

Table 2-3 summarises the critical parameters of the ZnO-based photodetectors.  

Table 2-3 A comparison of ZnO-based photodetector performance. 

Type Structure 
Growth 

method 

Dark 

current 

Responsivity/ 

Photocurrent 

Response 

time τr/τd 
Ref. 

MSM Ag-ZnO-Ag MOCVD 1nA (5V) 
1.5 A/W 

(5V, 368 nm) 
12ns/5ms [6] 

MSM Cr-Mn-ZnO-Au RF-Sputtering - 3 mA/W (365 nm) 20µs /30µs [230] 

MSM Au-ZnO-Au Vapour-phase - 
10 nA 

(1V, 365 nm, 0.3 mW/cm2) 
<1s/- [9] 

MSM Al-ZnO MOCVD 
450 nA 

(5 V) 

400 A/W 

(5V, 373 nm) 
1 µs /1.5 µs [242] 

MSM ITO-ZnO-Au RF-Sputtering 
640 µA 

(5V) 
1616 A/W (5V) 71 ns/377 µs [243] 

MSM Al-ZnO-Ti P-MBE 
10 mA 

(5 V) 
1.68 A/W (20 V, 374 nm) 95 s/2068 s [244] 

MSM Al-ZnO-Al RF-Sputtering 
6.7 µA 

(10V) 

2.6 A/W 

(10V, 370 nm, 1.7 mW/cm2) 
10 ns/960 ns [245] 

p-n Si-ZnO RF-Sputtering - 
0.29 A/W 

(-5V 670 nm, 22mW/cm2) 
35ns/- [246] 

p-n Si-O-N/ZnO/Pt Thermal evap. 
7.8 µA 

(-5 V) 

152 µA 

(-5V, 254nm, 8W) 
64 s/710 s [155] 

p-n 
ITO/ZnO/NiO:Li/

Au 
PLD - 

0.3 A/W 

(-6V, 360 nm, 0.3W/cm2) 
- [247] 

p-n Ni/ZnO/Si 
DC Magnetron 

sputtering 

1 µA 

(-8 V) 

210 A/W 

(-5V, 390 nm) 
0.1 µs/- [248] 

p-n p-ZnO/n-ZnO CBD/Sol-gel 
5 µA 

(-3 V) 

4 A/W (-3V, 380 nm, 

55 µW/cm2) 
- [236] 

MOS MgZnO-Al 
DC Magnetron 

sputtering 
- 0.055A/W (5V, 366nm) - [249] 

2.3.2.4 Self-powered photodetectors 

Nanotechnology has become ever-present in our everyday lives, whether it is used in 

medical applications, communication devices, storage facilities, sensors or energy-

harvesting. In order for these applications to completely function on the nano-scale they 

required to be self-sustaining, or, for the power source to function on a nano-scale. As the 

vast majority of previous photodetectors operate at reasonably high applied biases (> 5 V), 

they require bulky power supplies. This limits the functionality of these photodetectors, for 
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example in space applications, where mass and long-term sustainability are essential 

factors. This has led to a recent surge of publications surrounding self-powered 

photodetectors. The majority of photodetectors that operate at zero-bias use the 

photovoltaic effect, although a few examples are powered by a nano-scale fuel cell. This 

section examines some of these devices in more detail and a summary is presented in 

Table 2-4. 

 

Figure 2.21 a) SEM image of the fabricated n-type ZnO nanowire/p-type GaN film heterojunction. b) I–V 

curves of the ZnO/GaN heterojunction under dark (square plot) and UV (circular plot) conditions. c) 

Short circuit current–time curves of the ZnO/GaN heterojunction. Ref. [250]. 

Bie et al. [250] first reported a ‘self-powered, ultra-fast, visible-blind UV detection’ using 

ZnO/GaN nano-scale p-n junctions (Figure 2.21a). This was based on the photovoltaic 

performance of n-type ZnO nanowires on a GaN film, which acted as a photodetector with 

no applied bias. The photocurrent was ~2 µA under a 325 nm laser irradiance of 

100 W/cm
2
, which corresponds to a responsivity of 0.5 A/W for the device area shown 

(Figure 2.21b). The response times of the device were given as τr = 20 µs and τd = 219 µs. 

One of the advantages quoted for this nano-scale device is that it required no passivation of 

the surface in order to stabilise it for an atmosphere environment. In addition, they 

demonstrated that by integrating the ZnO/GaN junction with a CdSe nanowire (bandgap 

1.75 eV), they could produce a selective multi-wavelength photodetector for sensing 

wavelengths in the region of 650 nm as well as in the UV.   

 

A photovoltaic response at 0 V was measured for a ZnO p-n homojunction using a single 

n-type ZnO nanowire and As-doped ZnO film [251]. A 325 nm laser irradiance of 

50 mW/cm
2
 was used to obtain a response of ~1.1 µA. The response times were reported 

as τr = 30 ms and τd = 50 ms.  
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Zhan et al. [252] demonstrated that by decorating the ZnO surface with thermally reduced 

graphene oxide (rGO) nanoparticles, ZnO could also function as a visible-photodetector. 

However, the performance of the photodetector remained relatively low with the 

photocurrent in the nA-range under 80 mW/cm
2
 irradiance, and response times of 0.2 s.  

 

One of the recent advances in improving photodetector performance is based on the 

functionality of the interface between an inorganic semiconductor and a quasi-liquid (gel) 

heterostructure [253]. A ZnO nanorod-agarose gel heterojunction sensitive to both UV and 

visible wavelengths exhibited an increase of three orders of magnitude in photoresponse as 

compared to the ZnO-nanorod array only coated with Pt. Although not specified as a self-

powered photodetector the generated photovoltaic effect gives a short circuit current 

density of 5 µA/cm
2
 under 100 W/cm

2
 AM 1.5 irradiance, indicating its potential as a self-

sustaining device. Response times for τr and τd were 250 ms and 100ms, respectively.    

 

To provide a broader view of where ZnO-based diodes stand on the scale of self-powered 

photodetector performance, a comparison will be made with other semiconductors. For 

example a CdSe nanobelt was shown to exhibit photosensitivity of ~10
5
, responsivity of 

10.2 A/W and gain of 28 under 633 nm, 2.7 mW/cm
2
 irradiance [254]. This responsivity is 

approximately two orders of magnitude greater than those reported for ZnO, however the 

response times follow a similar time-scale of τr = 82 µs and τd = 179 µs.  

 

An alternative to the photovoltaic effect for self-powered photodetectors was presented by 

Yang et al. who integrated a single-fibre hybrid-structured microbial fuel cell to power a 

CdS nanowire photodetector [255]. This allowed a self-powered multicolour photodetector 

to obtain a responsivity of 300 A/W; this is up to 10
3
 times higher than those achieved 

with MSM devices or p-n heterostructures.  
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Table 2-4 A comparison of self-powered photodetectors. 

 

Type 

 

Structure 

Growth 

method 

Responsivity/ 

Photocurrent at 0V 

Response 

times τr/τd 
Ref. 

Schottky GaN/Ti VPE 0.09 A/W (362 nm, 80 mW/cm2) - [256] 

Schottky CdS:Ga/Au Thermal evap. 8A/W (510 nm, 0.27 mW/cm2) 95 µs/290 µs [257] 

p-n ZnO/GaN/Au MBE 1µA/W (370 nm) - [258] 

n-p-n ZnO/PANI/ZnO CBD 14 µA (365 nm, 8 W) - [259] 

Schottky 
CdSe/ 

Graphene/Au/In 
Thermal evap. 10.2 A/W (633 nm, 2.7 mW/cm2) 82  µs/179  µs [254] 

p-n n-ZnO/p-ZnO CVD 1.1 µA (30 W/cm2) 30 ms/50 ms [251] 

2.4  Summary 

This chapter provided a detailed background into areas that were relevant to this thesis. An 

introduction was given to each of the materials used: ZnO, CuSCN, and PEDOT:PSS, 

detailing their properties, growth methods, and applications. The second part of the chapter 

reviewed applications for UV photodetectors and the structures currently used as self-

powered devices.  

ZnO is a wide-bandgap semiconductor (3.3 eV) that typically exhibits n-type behaviour. 

Multiple growth methods exist for ZnO-nanostructures: thermal evaporation, CVD, MOCVD, 

PLD, and low-temperature CBD growth (<100˚C), which allows flexible/polymer substrates 

to be used. The high surface-to-volume ratio of nanostructured ZnO results in surface-related 

defects having a greater impact on material properties than for thin films. For example, the 

enhanced photoconductivity exhibited by ZnO nanowires is related to the increased quantity 

of adsorbed oxygen on the ZnO surface. Furthermore, defects incorporated into the ZnO 

lattice during low-temperature growth are shown to significantly influence the optical, 

morphological, and conductive properties of the material. These properties can cause 

unwanted side-effects in device performance. For instance DLE, caused by defects situated 

between the ZnO conduction and valence band act as recombination sites for charge carriers; 

firstly reducing the photoconductivity, and secondly, increase the spectral sensitivity to the 

visible-spectral region. However, donor-like defects may benefit device performance, 

increasing the photoconductivity and consequently improve the photocurrent response.  

As of yet there are no direct methods to definitively identify defects present in the crystal 

lattice. EXAFS analysis however, has been used to obtain structural information about the 

ZnO crystal lattice. In optically-detected mode only information relating to specific 
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wavelength emissions will be captured. This would provide detailed information regarding 

the crystal structure surrounding specific emission centers, and may assist in identifying the 

defect present.  

CuSCN is an inorganic wide-bandgap (3.6 eV) p-type semiconductor that can be deposited 

using impregnation, electrochemical deposition, or SILAR techniques. Difficulties arise with 

pore-filling of nanostructures due to the large grain-size of electrochemically and SILAR 

deposited CuSCN. ‘Mud-cracking’ of CuSCN is common in the case of impregnation, and is 

due to the slow evaporation of solvent from the CuSCN grains. Although CuSCN 

demonstrates chemical stability, reasonable hole conductivity, radiation hardness, and optical 

transparency to the visible spectra, the difficulties in effective deposition and thickness 

control has often caused this material to be dismissed in favour of an alternative.  

PEDOT:PSS is an aqueous soluble conductive polymer used as a hole collector in electronic 

devices. The PEDOT:PSS HOMO and LUMO are separated by 0.6 eV at equilibrium, and 

1.5 eV under applied bias. This is due to the rapid redox reaction taking place at the metal-

polymer interface causing a chemical reaction that is reported to increase the optical bandgap. 

The ease of deposition, good hole conductivity and transparency to wavelengths >450 nm, 

has led to PEDOT:PSS being used to fabricate various hybrid inorganic/organic 

heterostructures for piezoelectric energy-harvesting, optoelectronics, and chemical sensors. 

Multiple device structures exist for UV photodetectors (MSM, MIS, Schottky, 

photoconductor, p-i-n, p-n etc.). Employing wide-bandgap semiconductors as part of the 

structure provides a natural filter to visible wavelengths and allows the device to operate at 

RT. This makes UV photodetectors suitable for high-temperature and high-power 

applications. However, photodetectors that require a high bias to achieve reasonable 

photocurrent response are not capable of functioning on the nano-scale; this is due to the large 

components associated with providing the necessary output. Instead, self-sufficient 

photodetectors would be advantageous to applications that are limited by mass, size, energy 

storage, or portability. Important parameters in determining the effectiveness of self-powered 

photodetectors are: spectral sensitivity, responsivity, and rise/decay times.  
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3 Experimental  

 Synthesis and device fabrication 3.1

3.1.1 ZnO seed layer deposition 

Transparent conductive oxide-coated (TCO) glass was supplied pre-coated with either 

indium-doped tin oxide (ITO) or fluorine-doped tin oxide (FTO) (15 Ω/square). These were 

used as substrates for the seed layer and eventual nanorod array. These substrates were cut to 

size using diamond-tipped glass cutters on the non-conductive side. They were then cleaned 

thoroughly to ensure the removal of any contaminants from the surface. This was done by 

placing them in beaker with acetone and sonicating them in an ultrasonic bath for 15 minutes. 

They were removed from the acetone and rinsed with isopropanol (IPA) before being placed 

in a beaker with IPA and sonicating again for 15 minutes. The substrates were removed and 

dried with nitrogen.  

The substrates were then placed TCO-side up and rinsed with GPR-grade ethanol and dried 

with nitrogen. This was found to assist wetting of the surface with the seed solution. All the 

reagents involved in this experiment were of analytical grade and used as received without 

further purification. A 0.005 M solution of zinc acetate dihydrate (Sigma Aldrich ≥ 98%) in 

absolute ethanol (purity > 99.7%) was used for the seed solution. The solution was sonicated 

for 20 minutes to assist dissolution and then kept for 1 h before being deposited. The solution 

was deposited drop-wise on the TCO and left for 10 seconds before being rinsed generously 

with GPR-grade ethanol and dried with nitrogen. This was repeated five times to ensure 

enough zinc acetate adhered to the surface. The substrates were then placed in the centre of 

the hotplate and annealed at 350°C for 25 minutes. Once the substrates cooled to room 

temperature (RT) the process of seed deposition and annealing was repeated two more times. 

This ensured a good coverage of ZnO particles were adhered to the TCO surface and ready to 

act as nucleation sites for nanorod growth.   

3.1.2 ZnO aqueous chemical synthesis  

A chemical aqueous solution was used to grow ZnO nanorods onto the TCO substrates. The 

pre-seeded substrates were suspended TCO face-down in the aqueous solution using a 
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polytetrafluorine (PTFE) stand and secured in place with a glass slide and PTFE-coated 

wires. The aqueous-chemical synthesis was performed in a sealed glass vessel placed in a 

(Town and Mercer) conventional oven set to 90˚C (see Figure 3.1). When placing the 

substrates into the chemical solution it was essential to ensure there were no air pockets 

trapped beneath the stand. This would inhibit the solution from contacting the substrate and 

consequently prevent heterogeneous ZnO growth from the seed layer.  The temperature of the 

solution was monitored using a Type-K thermocouple and the pH was measured using an YSI 

pH Metre Kit (pH Range 0 to 14.4 M). 

 

 

Figure 3.1 Photograph of the set-up used for ZnO nanorod growth using an aqueous chemical solution. 

Factors that influence the material properties were investigated and are outlined below: 

 Growth on FTO, ITO, and glass substrates. 

 The effect of a pre-seeded substrate as opposed to non-seeded. 

 The influence of precursor concentration on ZnO growth. 

 Substrate stands (made of PTFE and acrylonitrile butadiene styrene (ABS)) was 

shown not to influence the growth.   

Experimenting with precursor concentrations of alkaline reagents [hexamethylenetetramine 

(HMT/ (CH2)N4) and/or ammonia hydroxide] and zinc nitrate hexahydrate (Zn(NO3)2).6H2O) 

led to nanorods with varying diameters, lengths and densities. One particular solution 

presented nanorods with interesting material properties that warranted further investigation. 
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Consequently, the project focus was altered to accommodate this and further analysis was 

then performed on nanorods synthesised using this (pH 11) solution. 

 

The majority of the project focuses on ZnO nanorods grown using two synthesis solutions 

and are distinguished by their pH: pH 6 and pH 11.  

 

The pH 6 synthesis consisted of an equimolar 0.0025 M solution of zinc nitrate hexahydrate 

and HMT, with a total volume of 250 mL. Synthesis solutions were made using de-ionised 

water with purity of 18.2 MΩ.  The solution was placed in a pre-heated oven at 90˚C for 

2.5 h. The synthesis was repeated six times using a fresh solution each time to acquire the 

desired nanorod length.  

 

The pH 11 synthesis comprised of 15 mL of 0.2 M zinc nitrate hexahydrate (Sigma Aldrich 

99+%) solution (18 mM), 15 mL of 0.8 M hexamethylenetetramine (HMT) (Sigma Aldrich 

98%)  solution (73mM) and 135 mL of 0.2 M ammonia hydroxide solution (0.163 M)  and 

resulted in a final solution pH of 10.9. This solution was placed in the pre-heated 90˚C oven 

for 4 h and the process was repeated up to eight times with fresh solutions.  

 

In both cases, the stands and substrates were thoroughly rinsed with de-ionised water to 

remove any adhered precipitate after each synthesis. This minimised the precipitate 

transferred to the next solution and removed any large agglomerates attached to the top of the 

nanorod array. When the final synthesis was completed, the substrates were carefully 

removed from the stand, rinsed with deionised water, and dried with nitrogen gas. 

 

Before the glass vessels were re-used they were thoroughly cleaned with hydrochloric or 

nitric acid and rinsed with de-ionised water. The same process was followed for the stands 

and glass slides.   

3.1.3 Thermal annealing of ZnO 

 Annealing of the nanorods took place in a tube furnace (Lenton Type 3216CC) that allowed 

selected gases (air, nitrogen or oxygen) to flow over the substrate surface at a flow rate of 

0.5 L/min. The selected gas was allowed to flow through the tube furnace for up to 

15 minutes before starting the anneal process. The duration and temperature of the anneal 
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process was varied as required and the ramp rate was set to 3˚C/min. Samples were left to 

cool unassisted in the furnace until they reached RT before being removed.  

3.1.4 P-type deposition 

Prior to depositing any p-type materials an intermediate-step was required to insulate the 

TCO-exposed sides of the substrate. A glass pipette was used to deposit a 10 wt.% solution 

consisting of Mw 120000 poly(methyl methacrylate) (PMMA) in anisole along the FTO-

exposed substrate edges. The samples were then placed on a hotplate at 50˚C to dry for 

2 minutes. A multi-meter was used to ensure the TCO-edges were properly insulted, 

otherwise the process was repeated. This was performed instead of etching the TCO from the 

glass as it proved more effect when preventing shorts from occurring in the device. 

3.1.4.1 Copper (I) thiocyanate (CuSCN) 

During this project attempts were made to improve the CuSCN layer. This consisted of 

developing a new deposition technique, and optimising the process in terms of drying 

periods, different concentrations (0.1-0.2 M), and quantity deposited after each drying 

interval. This required testing numerous devices and in order to reduce inconsistencies across 

the range of samples, it was ensured that comparisons were made with simultaneously 

synthesised nanorods.   

 

Two new deposition techniques were developed and tested: the spray deposition and the spin-

coat method. The experimental methods are detailed below: 

 

Spray-deposition technique 
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Figure 3.2 Schematic showing the spray-deposition of CuSCN using a pneumatic IWATA Custom-

Micron C spray gun. 

This deposition of CuSCN involved using a (IWATA Custom-Micron C) pneumatic spray 

gun with a narrow 0.2 µm nozzle. The nozzle opening could be varied to control the spread of 

the spray; in this case it was set to 2 on the first turning. The attached air-compressor was 

used to determine the pressure applied to the spray gun. A saturated solution of CuSCN was 

produced using 0.200g dissolved in 10ml n-propyl sulphide. The solution was stirred for up 

to 24 hours at RT before leaving the needle-like crystal precipitate to settle for a further 24 

hours. Substrates coated with the ZnO nanorods were placed on a hotplate at 85-95˚C and 

maintained at this temperature throughout the deposition (see Figure 3.2).   

 

Approximately 1 mL of CuSCN solution was placed into the cup of the spray gun and a 

micro-fine mist was deposited at a pressure of 0.1 MPa for 10-20 second intervals using a 

sweeping side-to-side motion. The n-propyl sulphide solvent can be harmful if inhaled and so 

for safety measures the experiment was conducted in a fume hood. This ensured an even 

coverage over the entire surface. The solution was given 1-3 minutes to fully evaporate until 

the propyl-sulfide solvent was not detected olfactorily. The process was repeated until a 

smooth, shiny layer was observed over the entire area, or when the sample was completely 

transparent to the naked eye. This is dependent on the porous volume that requires filling, but 

on average 2 µm long nanorods requires approximately 5-10 coatings (and takes between 10-

15 minutes). 

 

The morphology of 25, 50, 75, 100, 125, and 150 spray-deposited CuSCN layers was 

analysed to obtain the optimal thickness.  
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To ensure no bare ZnO nanorods were exposed between the PMMA and CuSCN when the 

electrode was deposited, the edges were re-coated with PMMA. 

 

Spin-coating technique  

For this method the ZnO nanorod coated substrate was attached to the rotational disc in the 

(TC100 MTI corporation) spin-coater using double-sided sticky tape. A heat lamp positions 

~20 cm above the sample was used to maintain sample temperature at ~80˚C. The 0.2 M 

CuSCN solution was deposited drop-wise onto the sample that was rotating at speed of 

1000 rpm. Up to 20 drops were placed at 20 s intervals to completely coat the ZnO array.  

 

Impregnation technique 

This is a popular technique used for the deposition of CuSCN and was used in this project as 

a comparison for the new methods that were developed.  

 

Figure 3.3 Schematic of the two methods used to deposit of CuSCN via impregnation, a) using the pipette-

tip and b) using the pipette-edge. (Supplied by Joe Briscoe PhD) 

The concentration of CuSCN solution remained identical to that used in the micro-spray 

method (i.e. fully saturated). The sample was placed on a hotplate between 80-90˚C. 

Impregnation was performed by suspending a droplet of CuSCN solution either on the edge 

or tip of a glass pipette. It was positioned so that the droplet was barely in contact with the 

surface and then moved across the surface to coat the sample as shown in Figure 3.3. After 

the first coating the sample was left for up to 5 minutes to evaporate the solvent before the 

next layer was deposited. Additional heating stages were introduced to improve the 

deposition: after every 5 layers the sample temperature was increased to 150˚C for 10 

minutes before returning to the deposition temperature. 
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3.1.4.2 PEDOT:PSS 

Aqueous PEDOT:PSS solution was deposited onto the ZnO nanorods using a TC100 MTI 

corporation spin-coater. The samples are secured in place with double-sided sticky tape. The 

rotational speed was varied from 500-3000 rpm and it was found to give a smooth even 

coating at 2000 rpm. Hence, the speed was maintained at 2000 rpm for 1 minute while 

~0.5 mL PEDOT solution was deposited in a steady stream above the centre of the substrate. 

The sample continued to spin for up to 30 s after deposition; this allowed any excess PEDOT 

solution to spin-off from the edges and assisted in the drying process before handling. After 

coating the sample it was placed on a hotplate at 120°C for 2 minutes to remove any residual 

solvent from the conductive polymer and improved adherence to the nanorod structure. One-

coating was usually sufficient, however occasionally a second coating was deposited if the 

film thickness appeared too thin. 

 

In attempt to improve the PEDOT:PSS penetration into the nanorod array, it was thought this 

could be achieved by simply diluting the aqueous PEDOT:PSS. Therefore, dilutions of 

PEDOT:PSS in acetone (1:5 and 1:10 volume ratios) were used to investigate the effect on 

PEDOT:PSS penetration.  

3.1.5 Electrode deposition 

 

Figure 3.4 Schematics of the final devices a) ZnO-CuSCN and b) ZnO/PEDOT:PSS. 

A steel template created a mask during the sputtering process and determined the electrode 

size. When the Agar Auto Sputter Coater reached a chamber pressure of < 0.1 mbar, gold was 

sputtered for 30 s onto the surface. The process was repeated twice to obtain a suitable 
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thickness of ~100nm. Schematics of the completed ZnO-CuSCN and ZnO-PEDOT:PSS  

devices are shown in Figure 3.4. 

 Characterization 3.2

3.2.1 Scanning electron microscope  

Morphological analysis was conducted using an FEI Inspect-F scanning electron microscope 

(SEM) operating at 20 kV. Samples were mounted onto steel stubs and carbon tape was used 

to secure the sample in place as well as provide a good conductive pathway to prevent 

charging of the sample surface. Images were obtained either top-down, or by tilting the stage 

45˚ for cross-sections. 

3.2.2 Transmission Electron microscopy  

A JOEL 2010F transmission electron microscope (TEM) operating at 200 kV was used to 

study the ZnO nanorod morphology using bright- and dark-field imaging. Selected area 

electron diffraction (SAED) patterns were obtained to examine the crystallography of the 

ZnO. This analysis was performed on nanorods that had been scraped from the TCO substrate 

into a vial of GPR-grade ethanol (supplier VWR). This was sonicated for 5 minutes before 

depositing 1-2 drops of the suspension onto a Cu TEM grid. 

3.2.3 X-ray diffraction & Glancing incidence XRD  

 

The X-ray diffraction (XRD) analysis was performed with an X’Pert PRO MPD θ-2θ System 

in θ-2θ Bragg-Brentano configuration with a diffracted beam monochromator. Glancing 

incidence XRD (GIXRD) was performed with a Siemens D500 using CuKα radiation (λ = 

0.1540 nm) under a glancing angle configuration of 3˚ with 2-D sample rotation. Samples 

were examined as a thin-film on the substrate surface without any special treatment. 

3.2.4 Optical absorption 

The UV-Vis absorption spectra of samples were collected using an integrating sphere in 

connection with a Perkin Elmer Lamba 950 spectrometer. Samples were mounted with the 

ZnO-CuSCN surface facing the light source to minimise the reflection that would otherwise 

occur from the smooth glass surface.  
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3.2.5 Photoluminescence  

Photoluminescence (PL) spectroscopy was performed at RT using a micro-Raman system in 

co-ordination with a He:Cd CW laser Triax 320 (325 nm excitation, 1200/1 mm grating, 

30 mW output power). Samples were laid flat ~1 cm beneath an emitter-detector bundle optic 

cable. The experiment was performed in a darkened laboratory to minimise the influence of 

external light sources. The laser-bulb was left to warm-up for up to an hour to ensure the 

illumination intensity would remain stable during the experiment. Scan rates were performed 

at 1 nm/s for the wavelength range 350-800 nm.  

3.2.6 Photovoltage measurements 

 

Figure 3.5 Photographs of the mounting used when electrically testing the devices. 

Photo-voltage measurements were conducted using an Nd-YAG 325/532 nm 5 ns pulsed 

laser with a 1 MΩ resistance connected in series with the device. The samples were mounted 

face-down in a clamp-style set-up that was used for all electrical measurements (see Figure 

3.5). This required the laser pulse to first penetrate the FTO-coated glass before reaching the 

p-n- heterostructure. The intensity of the 4 Hz 325 nm and 532 nm pulse was measured as 

0.3 µJ/pulse and 0.1 mJ/pulse, respectively.  

3.2.7 Raman spectroscopy 

Raman scattering measurements were performed using a Renishaw inVia monochromator 

equipped with CCD detector and an Nd-YAG 473 nm excitation source. The data for each 
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sample was averaged over 30 acquisitions, each with an exposure time of 10 s. Long-range 

and short-range scans were performed. 

3.2.8 Hall Effect measurements 

Hall measurements were conducted to determine the carrier mobility, charge concentration, 

and establish the majority carrier. Hall Effect measurements were conducted using the Van 

der Pauw method. Square glass substrates were cut to 1 cm
2
 pieces and clean thoroughly 

using isopropanol and acetone in an ultrasonic bath. ZnO-nanorods were grown onto the glass 

substrates using a seed layer. Only the bulk ZnO layer at the base of the nanorod contributes 

to this measurement as the charge carriers cannot traverse across the porous array. The 

CuSCN layer was also measured to investigate how the resistivity varies for across 

thicknesses (700nm – 6 µm). 

 

Four (right-angle triangle) gold contacts measuring 0.02 cm
2
 were sputtered onto each corner 

using a mask as a template. The sample was then mounted using silver paint onto a printed 

circuit board that had been etched using FeCl3 to create four Cu electrodes. Hall mobility was 

calculated from an average of five measurements with the compliance voltage set to 5 V, a 

measuring current of 1.6 µA and magnetic field of 0.5 T. 

3.2.9 Electrical measurements 

Current-voltage (I-V) characteristics of the devices were obtained via a Keithley 2400 source 

meter controlled using Labview 8.2 software. The I-V sweep was conducted at RT under 

dark, UV illumination, or solar simulated (Newport) conditions using an A.M 1.5 filter. UV 

illumination consisted of a 380 nm wavelength light emitting diode (LED) positioned ~1 cm 

directly above the sample. The output power for the 380 nm UV LED was measured using an 

International Light Technologies ILT14000-A Radiometer Photometer. The intensity of the 

solar simulator was maintained at a constant power source of 200 W, which corresponds to an 

irradiance of ~1 sun (100 mW/cm
2
). 

 

I-V tests were repeated over time to examine the stability of PEDOT:PSS and CuSCN 

devices. Multiple contacts were deposited on the active area and each was tested to ensure 

consistency across the device.   
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For self-powered photocurrent measurements, the Keithley 2400 applied bias was set to equal 

zero. The LEDs were sourced from RS Components (640 nm, 588 nm, 525 nm, 470 nm) and 

Thorlabs (405 nm and 380 nm). The visible LEDs irradiances were measured and calibrated 

using an Ocean optics spectrometer. A range of intensities between 0.8-6.0 mWcm
-2

 were 

used to obtain the photocurrent measurements. The LEDs were positioned ~1 cm directly 

above the device in an enclosed chamber and powered by Rapid DC power supply 

HY3003D. 

3.2.10 Extended x-ray absorption fine structure (EXAFS)/ 

X-ray excited optical luminescence (XEOL) 

 

 

Figure 3.6 Schematic of the experimental set-up for detecting EXAFS emission in transmission and 

fluorescence (XEOL) modes. 

The schematic of the experimental set-up (Figure 3.6) demonstrates the two modes used in 

our experiments: standard transmission mode (TM) and optically-detected mode (OM).  

 

EXAFS experiments at the Zn K-edge were conducted at the Diamond Light Source (DLS) 

B18 beam-line. An ion-chamber positioned behind the specimen detected X-rays transmitted 

through the specimen and provided the EXAFS for TM. The optically detected signal was 

collected using an optic fibre offset at angle in front of the specimen to capture photons for 
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OM. The detection system consisted of a Triax 180 spectrometer equipped with Synapse 

CCD and a Newport VIS Femtowatt photoreceiver. Liquid nitrogen was used to maintain a 

specimen temperature of 100 K. Two deep-level emissions were analysed in OM: 500 nm 

and 660 nm. For transmission mode the X-rays were not able to penetrate the ITO-coated 

glass and so the ZnO nanorod film was peeled from the substrate using Kapton tape and 

examined thus. In OM the ZnO samples were examined on the ITO-coated glass.  

 

ATHENA software (part of the SIXPACK software package) was used to perform the 

preliminary analysis and subtract background (Rbgd = 1.0) from the collected EXAFS data. 

The EXAFS data in the k range or 2.0 to 11.6 Å
-1

 were used for analysis.  In order to  

visualise the atomic structure and relative bond-lengths from the absorbing atom, the EXAFS 

data was Fourier transformed (FT) to r space [260]. The ARTEMIS software package used 

FEFF calculations to provide theoretical fits in r space for range r = 1.0-3.2 Å. The a number 

of parameters were used in adjusting the fit to obtain the atomic bond lengths, these included: 

the amplitude factor (S0
2
), which was varied to determine information on the local occupation 

numbers (N) and the Debye-Waller factor (σ
2
), which represents the thermal vibrations and 

static disorder in the lattice. 
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4 ZnO nanorod synthesis and 

characterisation  

 

 

Reviews on aqueous chemical growth solution have demonstrated that a number of factors 

influence ZnO growth, as discussed in Chapter 2. This project required the successful 

fabrication of ZnO nanorod arrays before further experimentation could take place. 

Therefore, a well-established method first reported by Vayssieres et al. [44] was chosen to 

demonstrate the aqueous solution process could be performed successfully with repeatability. 

This process was labelled the pH 6 synthesis (so-named for the initial pH of the solution) and 

is detailed in the experimental 3.1.2. Once it was established that the aqueous method could 

be performed successfully, the alkaline solutions (HMT and ammonia hydroxide) and zinc 

nitrate hexahydrate concentrations were varied to monitor the effects on morphology. During 

this project, ZnO nanorods prepared using a pH 11 solution (see section 3.1.2) presented 

interesting photoluminescence properties and warranted further investigation. Consequently, 

the effect of processing on the ZnO properties was primarily focused on these unusual 

pH 11 grown nanorods. A detailed analysis of the ZnO morphology, crystallography, and 

optical properties was performed, with special attention given to the effect of anneal 

atmosphere.  

 

The pH 11 grown nanorods were shown to exhibit green photoluminescence, which provided 

the opportunity to collect high-quality EXAFS spectra in optically-detected mode (see section 

3.2.10). Primarily the aim of using this technique was to prove it could distinguish between 

different regions in the crystal lattice, and secondly, to gain further understanding regarding 

the origin of defect emissions.   
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 Aqueous chemical growth  4.1

4.1.1 Initial growth analysis 

 

Figure 4.1 SEM top-down view of ZnO nanorod arrays showing A) agglomeration of large nanorod 

clusters on the array and B) a ZnO nanorod surface free from nanorod clusters. 

Initial attempts to grow ZnO nanorod arrays often led to inconsistencies on the substrate 

surfaces that were visible to the naked eye. On closer inspection using SEM analysis, it was 

found that large agglomerations of nanorods formed clusters on the array and areas exist 

where little or no growth occurred (Figure 4.1A). It was proposed that these larger nanorods 

form homogeneously in solution and agglomerate to create clusters. These clusters attach to 

the surfaces of the stand and substrate when removed from the solution. This occurs each 

time the stand was removed and placed into a fresh solution. This was resolved by thoroughly 

rinsing the stand and substrate surface with de-ionised water after each synthesis to minimise 

the nanorod clusters on the surface. The areas with minimal growth observed on the right of 

Figure 4.1A could be linked to multiple factors; damaged or unclean TCO surface, ineffective 

seed-layer deposition, or air-pockets trapped beneath the stand during growth. These factors 

were addressed in turn by carefully monitoring that each processing step was performed with 

care and precision. This eventually resulted in the fabrication of a consistent, clean nanorod 

array as shown in Figure 4.1B.   

4.1.2 Precursor concentrations  

Precursor concentration, pH, and capping agents are reported to affect the morphology of the 

ZnO and create various nanostructures [57,261]. The ability to influence the ZnO 
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morphology is highly beneficial for applications that require high surface-to-volume ratios, or 

particular mechanical attributes, e.g. flexibility. The initial aim was to synthesise long, thin 

nanowires using zinc nitrate, HMT and/or ammonia hydroxide. A number of different 

solutions were used and examples of these are given here: solution A (0.02 M zinc nitrate in 

0.18 M ammonia hydroxide), solution B (0.01 M zinc nitrate, 0.07 M HMT in 0.16 M 

ammonia hydroxide), solution C (0.02 M zinc nitrate, 0.05 M HMT in 0.16 M ammonia 

hydroxide) and solution D (0.02 M zinc nitrate, 0.07 M HMT in 0.16 M ammonia hydroxide, 

the pH 11 synthesis).  

 

Figure 4.2 SEM images (obtained at a 45˚ tilt) of ZnO nanorods prepared using various precursor 

concentrations solutions: A) A, B) B, C) C, and D) D (scale bars - 3 µm). 

The morphology of the nanorods grown using solutions A-D was analysed using the SEM 

(Figure 4.2A-D). The absence of HMT in solution A resulted in a dense array of stubby 

nanorods with rounded tips (Figure 4.2A). Solution B generated an array with a lower 

nanorod density causing increased misalignment (Figure 4.2B). This behaviour was assigned 

to the partial dissolution of the seed layer prior to reaching the growth temperature. Solution 

C and D produced arrays with similar density, alignment, and aspect ratios. However, only 

solution D resulted in the unusual photoluminescence characteristics that led to further 
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analysis being performed. Although a number of samples were produced using concentrations 

of 28-32% ammonia, only the high purity 32% ammonia would result in the unusual nanorod 

properties presented here. Hence, it was shown that the purity of ammonia hydroxide was 

critical to the synthesis process. 

4.1.3 Substrate and seed-layer analysis 

Glass, ITO, and FTO substrates both seeded and non-seeded, were used to demonstrate the 

effect on nanorod density and alignment. Eight four-hour pH 11-syntheses were used for each 

sample set.   

 

Figure 4.3 SEM images of ZnO nanorods on non-seeded A) ITO-coated glass, B) plain glass, C) FTO-

coated glass, and pre-seeded D) ITO-coated glass, E) plain glass, F) FTO-coated glass.  Inset scales bars 

are 1 µm. 

Comparing the non-seeded (Figure 4.3A-C) and seeded substrates (Figure 4.3D-F), confirms 

the seed layer is necessary for improved alignment and consistent nanorod diameter. Non-

seeded substrates typically display nanorods with larger diameters and growth along the twin 

planes (see inset Figure 4.3A). The seeded glass, ITO, and FTO substrates do not appear to 

exhibit significant differences between their morphology. This suggests the seed layer has 

stronger influence on ZnO growth than the surface-roughness of the substrate.  
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 Growth mechanisms and experimental 4.2

observations of aqueous-grown nanorods  

In this section, HMT and/or ammonia hydroxide, and zinc nitrate (Zn(NO)3) were used to 

create an alkaline pH 11 solution and a weakly acidic pH 6 solution. HMT is reported to act 

as a pH buffer that gradually decomposes to supply ammonia and hydroxyl ions to the 

reaction (eq. 1 & 2) [47,50,52]. Production of ZnO occurs via the equilibrium reactions 

shown in eq. 3 & 4 for pH 6 solutions and eq. 5 & 6 for pH 11 solutions [262]. This indicates 

that once the Zn-precursors are exhausted, dissolution of ZnO will initiate. The chemical 

reactions for the aqueous synthesis at 90˚C are given as [47]:  

(   )         
 
                  (1) 

             
              (2) 

                           (3) 

  (   )
                           (4) 

  (  ) 
                          (5) 

  (   ) 
                            (6) 

The reaction for the pH 11 synthesis takes significantly longer than the equimolar pH 6 

syntheses. This was inferred from the duration of solution turbidity that indicates the 

homogeneous formation of ZnO in the solution. The reaction nears completion when the 

solution becomes transparent again. This leaves behind white powdered precipitate at the 

bottom of the reaction vessel as a result of the homogeneous reactions taking place. In the 

case of pH 11 syntheses, only a thin well-adhered film remained on the side of the glass 

vessel, with minimal precipitate present. This is in contrast to the equimolar pH 6 synthesis, 

which left significant amounts of precipitate at the base of the vessel. This observational 

difference indicates homogeneous growth was restricted for high pH, whereas homogeneous 

growth was favoured for the lower pH 6 synthesis.  

 

The rate of reaction for this synthesis can be expressed as: 

   [   ][  (    ) ]          (7) 

For pH 6 aqueous solution:   r = [0.025][0.025] = 0.0063 

For pH11 aqueous solution: r = [0.073][0.018] = 0.0013 
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This shows the rate of reaction was five times quicker during the pH 6 syntheses than during 

the pH 11 synthesis. However, reaction rate does not determine the growth rate of the 

nanorods, simply the rate at which ZnO was formed in the solution. The growth mechanism 

i.e. homogeneous/heterogeneous growth is what governs the nanorod growth from the pre-

seeded TCO-substrate. The increased HMT concentration in the pH 11 solution acts as a pH 

buffer and ensures the solution maintains its high pH throughout the synthesis. This restricts 

homogeneous growth of ZnO particles in solution and conserves the Zn-precursors for 

heterogeneous nanorod growth.  

 Morphology 4.3

The positive polar face (0001) preferentially adsorbs OH
-
/Zn(OH)4

2- 
ions to the surface 

before they dehydrate and enter the crystal lattice. As the non-polar faces of the wurtzite 

structure have a significantly lower surface energy than the positive (0001) plane, this gives 

rise to the anisotropic growth of ZnO in the c-axis direction. Rapid preferential growth on 

(0001) plane is indicated by tapering of the edges and the formation of needle-like tips [59]; 

furthermore, this plane also dissolves fastest under reverse equilibrium, forming ZnO 

nanotubes [47,263]. If the synthesis is incomplete, remnant Zn-precursors exist both in the 

solution and on the nanorod surface. 

In the following section, SEM analysis was used to examine the morphology at different 

stages of growth, and post-annealing in various atmospheric conditions.    

4.3.1 Synthesis analysis  

 

Figure 4.4 SEM micrograph of ZnO-nanorods synthesised using six 2.5 h repeats in aqueous pH 6 

solution, inset shows enlarged top-down view of the nanorods. 
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The pH 6 synthesis results in hexagonal columns 1.5-2 µm in length and 50-80 nm in 

diameter, giving a minimum aspect ratio of 1:20. The nanorod length was estimated due to 

the difficulty in obtaining clean-cut cross sections of the substrate without damaging the 

nanorods. The nanorod tips are flat with a hexagonal-shape (Figure 4.4 inset). This indicates 

the heterogeneous growth rate was slow enough to allow well-structured crystals to form. 

Figure 4.4 shows a relatively high-density of unaligned/disordered nanorods with a good 

coverage across the substrate surface.  

 

Figure 4.5 SEM micrographs of ZnO-nanorods synthesised using eight 4 h repeats in aqueous pH 11 

solution. A) A 45˚ tilted view of the nanorod array, with the inset showing a magnified view of the 

nanorod tips. B) A cross-section of the nanorods array showing a fused ZnO layer at the base. 

The pH 11 synthesis resulted in a high density of well-aligned nanorods (see Figure 4.5a). 

The inset of Figure 4.5a highlights the difference in tip morphology; where the pH 6 tips 

were flat and hexagonal, the pH 11 nanorod tips are tapered. This indicates an incomplete 

synthesis reaction and rapid growth along the c-axis. The improved alignment of the nanorod 

array is explained using the cross-sectional SEM micrograph (Figure 4.5b). At the base of the 

array there exists a bulk layer of fused ZnO nanorods of all orientations.  Only nanorods 

orientated along the c-axis are able to grow with minimal obstruction, resulting in the ordered 

array. Nanorod lengths range between 12-15 µm including the fused ZnO layer at the base, 

diameters range from 100-300 nm due to the long tapering tips. This gives a minimum aspect 

ratio of 1:40.  

 

The initial stages of growth were studied to assess whether the difference in morphologies 

could be linked to the growth rate.  
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Figure 4.6 The SEM micrographs show the initial stages of A) pH 11 B) pH 6 ZnO growth at 1) 30 

minutes and 2) 45 minute intervals. 

For both pH 6 and 11 solutions, virtually no growth was observed for the initial 30 minutes 

into the synthesis (Figure 4.6 – A1, B1). However, 15 minutes later, ZnO growth was clearly 

observed for both solutions (Figure 4.6 – A2, B2). It was during this 15 minute time interval 

that the minimum temperature required to initiate growth was reached; this supports the 

observed turbidity occurring during this time. Even at these early stages of growth, a 

significant difference in the ZnO morphology can be observed between the two solutions. 

Gherkin-shaped structures, some up to 200-400 nm long, were produced in the pH 11 

solution and possess tapered tips with grooved edges (Figure 4.6-A2). The pH 6 solution 

exhibited a lower density of small (<100 nm), angular ZnO structures (Figure 4.6-B2). This 

provides further evidence that different rates of heterogeneous growth occurred in the two 

solutions, and would explain the morphological differences observed for the completed 

nanorod arrays.    
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Figure 4.7 SEM micrographs of ammonia-etched (pH 11) ZnO-nanorods, A) a top-down view showing an 

inner core and an outer shell and B) a 45° tilted-view showing the rounded nanorod tips. 

The pH 11 ZnO nanorods were chemically etched to reveal further detail about their internal 

structure. Different etch-rates were observed for what appears to be an outer-shell and a core 

structure of the nanorod (Figure 4.7A). This structure can be assigned to the rapid growth rate 

that favours small polycrystalline grain structures. However, during the multiple syntheses, 

the crystal structure at the core and base of nanorod would have had a longer growth period. 

This encourages the formation of larger crystal grains, which increases the chemical stability 

for these regions. Newly-formed polycrystalline ZnO layers (outer-shell) however, were 

easily etched away leaving behind the core-structures with rounded tips (Figure 4.7B). 

Incomplete syntheses lead to unreacted Zn-precursors remaining on the nanorod surface post-

synthesis. These precursors gradually become trapped in the build-up of polycrystalline 

layers during the rapid growth rate.  

 

 

Figure 4.8 SEM micrographs showing the cross-section of pH -11 grown ZnO-nanorods, A) before and B) 

after annealing. 
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The nanorod cross-section was examined by removing the top of the ZnO array using a 

cotton tip. For as-grown nanorods the cross-section appears solid and smooth (Figure 4.8A), 

whereas the annealed sample revealed a pitted surface indicating the nanorod structure has 

numerous pores in its core structure (Figure 4.8B). The formation of these pits may be 

attributed to the metal-organic precursors trapped in the nanorod bulk, which decompose 

during the anneal process. The release of gaseous by-products (e.g. H2, NH3, CO2, or N2) 

accumulating at grain boundaries form pockets of gas enclosed in crystalline material before 

gradually diffusing out of the nanorods. This would result in the porous nanorod structure 

observed in Figure 4.8B. 

4.3.2 Effect of annealing 

As mentioned in the introduction to this section, the pH 6 synthesis is a well-established 

method and the well-formed crystal structure typically remains stable post-annealing. This 

was confirmed when the pH 6 ZnO nanorods were annealed in air for 1 h at 400˚C and no 

change in morphology was observed. The following discussion therefore concentrates on the 

morphological sensitivity observed for pH 11-nanorods post-annealing in oxygen, air, and 

nitrogen atmospheres.  

 

Figure 4.9 SEM image showing a film of ZnO nanorods peeling from the substrate surface. 

Annealing the pH 11 grown ZnO would occasionally result in the film peeling away from the 

substrate surface, exposing the bare TCO beneath (Figure 4.9). This was attributed to the 

different thermal expansion coefficients and cooling rates of the ZnO bulk layer (at the 
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nanorod base) and TCO material, which caused the film to crack and buckle during the 

anneal process. Although this proved beneficial for imaging cross-sections of the array, it did 

not aid further development of the device. The gas flow rate and ramp rate of the anneal 

temperature were adjusted to minimise the thermal differences between the two materials. 

Maintaining a slow ramp rate of 3˚C/min and gas flow of 0.5 L/min was found to reduce the 

occurrence of peeling. 

 

Figure 4.10 SEM micrographs (top-down view) of pH 11 grown ZnO-nanorods A) as-grown, and  

annealed in B) oxygen and C) nitrogen atmospheres at 400˚C for 1 hour. 

As-grown nanorods were shown to have narrow tapered tips with a rough-appearing surface 

(Figure 4.10A). Upon annealing in oxygen and air atmospheres, the nanorod tips became 

more hexagonal and flater (Figure 4.10B). Nitrogen-annealed nanorods however, possess 

jagged, uneven peaks that appear to have degraded during the anneal process (Figure 4.10C). 

The chemical etching and thermal anneal process, establish that the nanorod surface was 

energetically unstable. Due to improved hexagonal morphology exhibited by the oxygen- and 

air-anneal (see Figure 4.10B), it suggests that oxygen was necessary for the crystallisation 

process. The degraded nanorods formed in the reducing nitrogen atmosphere (Figure 4.10C), 

serve to support this statement. 

In order to determine whether the ZnO crytal structure was truely dependent on the presence 

of oxygen, different characterisation techniques were used to analyse the crystal structure.    

 Crystallography  4.4

Glancing incidence XRD (GIXRD) is typically used for analysing thin films. Here, it 

provides crystallographic information relating to the nanorods tips. The linear attenuation 

coefficient ( ̅) measures how strongly ZnO absorbs or scatter light. This can be calculated by 

the expression below: 



67 

 

 ̅    ̅ ∑ (
 

 
)
 
  ,          (8) 

where   ̅ is the density of ZnO (5.675 g·cm
-3

), (
 

 
) is the mass attenuation coefficient of Zn ~ 

56.60 (cm
2
·g

-1
) and O ~11.16 (cm

2
·g

-1
) (for 8 keV X-rays), and gi is the mass fraction 

(Zn ~0.80 and O ~0.20) [264]. Appling these values for ZnO gives  ̅ = 269.6 cm
-1

. The 

penetration depth (l) of the X-rays used in the GIXRD analysis can be determined using:   

    
    

 ̅
            (9) 

For the glancing angle (α) of 3˚ this gives a penetration depth of 1.94 µm. 

4.4.1 pH 6-synethsised ZnO-nanorods 

 

Figure 4.11 Glancing incidence XRD plot of pH 6 grown ZnO nanorods, at room temperature and post-

annealing for 1 hour at 400˚C in air. 

GIXRD analysis confirmed the wurtzite crystal structure of ZnO pH 6 nanorods with peaks 

indexed according to the JCPDS 36-1451. Figure 4.11 shows the nanorods are primarily 

orientated in the c-axis as expected from the SEM Figure 4.4. No difference in the crystal 

structure or orientation was shown to occur post-annealing in air. This is further evidence to 

support the stability of the crystal structure formed during the pH 6 synthesis process, with no 

morphological changes observed.   
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4.4.2 pH 11-synethsised ZnO-nanorods 

 

Figure 4.12 GIXRD of pH 11 synthesised ZnO-nanorods in various annealing atmospheres of A) nitrogen, 

B) oxygen and C) air. D) Theta-2Theta XRD of all ZnO nanorods on a logarithmic scale.  

GIXRD analysis of pH 11 nanorods revealed significant changes in crystal structure for the 

different anneal-atmospheres. Firstly, as-grown ZnO shows a dominent orientation in the 

[103] direction, which intensifies upon annealing in nitrogen (Figure 4.12A). However, in the 

presence of oxygen (air/oxygen anneal atmospheres), a significant rise in (002) peak intensity 

was observed (Figure 4.12B and C). The (002) peak continued to increase with anneal 

duration and becomes the dominent orientation after annealing for 12 h (Figure 4.12B). This 

change in peak intesnity was either due to smaller particles agglomerating to form larger 

crystal grains in the [002] orientation, or alternatively, the formation of new ZnO from Zn-

precursors trapped in the crystal lattice. The evidence in Figure 4.12 points towards the latter, 

as the aglomeration of smaller particles would occur for all anneal atomospheres, but the 

latter only occurs in the presence of oxygen, which in this case it does. Theta-2theta XRD 

analyses the entire nanorod array from a fixed position perpendicular to the substrate and 
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obtains the spectra in Figure 4.12D. This supports the SEM analysis (Figure 4.5B) that 

displays well-aligned crystalline nanorods orientated in the c-axis direction.  

 

Figure 4.13 TEM micrographs of pH 11 grown ZnO nanorods A) as-grown and B) post-annealing in air 

(1 h), insets show the selected-area electron diffraction pattern for the areas indicated by the dashed 

circle. 

Transmission electron microscopy (TEM) was used to analyse the structure of single ZnO 

nanorods. Bright-field TEM micrographs show the nanorod before (Figure 4.13A) and after 

annealing (Figure 4.13B). The inconsistent contrast across the nanorod length in both Figure 

4.13 A and B indicates areas of different densities, dislocations, or other morphological 

defects. The mottled contrast in Figure 4.13B is evidence that defects remain in the lattice 

after annealing for 1 h at 400˚C. SAED patterns were used to obtain information regarding 

the crystal lattice. The inset of Figure 4.13A shows a well-defined wurtzite pattern for the as-

grown ZnO nanorods. However, multiple diffraction patterns were detected for the annealed 

sample (Figure 4.13B inset). The additional crystal lattices would be further evidence of new 

crystalline material formed during the anneal process. 

 HRTEM imaging provides improved resolution of the nanorod structure and shows 

numerous brighter spots approximately 10-20 nm in diameter patterning the nanorod 

structure (Figure 4.14A). This is evidence of the porous structure left behind post-annealing 

as indicated by Figure 4.8B. In Figure 4.14B the crystal lattice of the ZnO nanorod was 

observed, the c-axis direction is indicated perpendicular to the lattice planes (white arrow). 
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The average lattice separation was measured as 0.518 nm and is in good agreement with the 

expected 0.520 nm reported for ZnO [265].   

 

Figure 4.14 HRTEM images of A) an annealed ZnO nanorod and B) showing the lattice separation and c-

axis direction (white arrow). 

 Optical Analysis 4.5

4.5.1 Colouration  

ZnO is thermochromic; typically ZnO is grey at room temperature but becomes yellow when 

heated above 300˚C due to desorption of oxygen from the surface. Upon cooling the re-

adsorption of oxygen returns ZnO back to its original colour. 

 

Figure 4.15 Colouration of ZnO nanorods: A) nitrogen-annealed B) as-grown C) oxygen-annealed and D) 

air-annealed. 

However, in the case of pH 11 grown ZnO nanorods, a permanent colour change was 

observed. The original grey ZnO (Figure 4.15B) turned brown, creamy-yellow, and pink 

post-annealing in nitrogen, oxygen, and air, respectively (Figure 4.15 A, C, and D). This 

permanent colour change in ZnO was previously reported for ZnO annealed in temperature 
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exceeding 1000˚C and assigned to the introduction of intrinsic defects during the anneal 

process [71]. However, as discussed in section 2.1.4.2, the cause of the colouration remains in 

question and further analysis would be required to determine the source.  

4.5.2 UV-Vis absorption 

Absorption spectra were used to analyse the optical transparency of the ZnO nanorods grown 

here. This enabled the use of Tauc plots that can approximate the optical band-gap of the 

material. 

 

Figure 4.16 Absorption spectra of pH 6 grown ZnO nanorods, before and after annealing in air at 400˚C. 

Inset displays the Tauc plot and the dotted-lines represent the optical band-gap approximations. 

The absorption spectra of pH 6 grown nanorods shown in Figure 4.16, demonstrates the high 

optical transparency associated with ZnO. The absorption onset at ~380 nm corresponds to 

the wide band-gap (~3.3 eV) of ZnO. The Tauc plot shows a slight increase in the optical 

band-gap from 3.22 to 3.24 eV for as-grown to annealed ZnO, respectively. This can be 

assigned to an improved crystal lattice or the removal of point defects during the anneal 

process, both of which reduce recombination centres related to the visible region of the 

spectra and therefore improves UV emission. 
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Figure 4.17 Absorption spectra of pH 11 grown ZnO nanorods, before and after annealing in various 

atmospheres. Inset displays the corresponding Tauc plot; the solid-lines represent the optical band-gap 

approximations. 

As with the pH 6 nanorods, the absorption spectra of pH 11 nanorods show good optical 

transparency to the visible region. However, an earlier absorption onset was observed around 

390-400 nm (Figure 4.17). This becomes clearer when studying the Tauc plot (inset Figure 

4.17), which shows the optical bandgap is lower by ~0.1 eV when compared to that of the 

pH 6 ZnO (Figure 4.16 inset). The difference was attributed to the significant quantity of 

defects present in the pH 11 nanorods as evidenced by the permanent discoloration and 

morphological changes. These defects act as recombination centres that influence the optical 

properties by trapping electrons that would otherwise transition to the valence band and 

contribute to the UV emission. Thermal annealing was used to improve the crystal lattice by 

energising point defects to migrate through the lattice into lower energy states or diffuse out 

of the nanorod. The removal of these defects from the lattice serves to improve the 

crystallinity and hence increase the optical band-gap, as shown by the inset of Figure 4.17. 

The optical bandgap of the 12 h oxygen anneal was lower than that of the oxygen 1 h anneal. 

This suggests that prolonging the anneal time at 400˚C is insufficient for the removal of these 

defects.   
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4.5.3 Raman spectroscopy 

Long-range Raman spectroscopy was employed to determine whether any unreacted 

precursor materials from the synthesis process were present near the surface of ZnO nanorods 

before and after annealing. 

 

Figure 4.18 A long-range Raman spectra of (pH 11) ZnO nanorods as-grown and annealed in air. 

Aliphatic carbon, N-Hx species and atmospheric nitrogen were detected prior to annealing, 

which confirmed the presence of unreacted precursor material on the nanorod surface (Figure 

4.18). Post-annealing these peaks are removed, which implies the anneal process has 

removed or converted the precursors into another form. The increasing slope of the air-

annealed sample is evidence of photoluminescence behaviour under the 473 nm laser 

excitation. The earlier peaks (<1500 cm
-1

) are not labelled in Figure 4.18, but a more detailed 

view of this region is presented in Figure 4.19. 
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Figure 4.19 A Raman spectra (offset in the y-axis) of (pH 11) ZnO nanorods as-grown, and annealed in 

various atmospheres. 

The intense E2H mode for all samples is further evidence of the high crystallinity of these 

nanorods. The second-order Raman spectral peak (2-E2M) at 329 cm
-1

,
 
the first-order (A1L-

E1L) mode at 579 cm
-1 

and second-order (2-(A1L-E1L)) mode at 1158 cm
-1

 are all associated 

with ZnO. However, additional peaks at 273 cm
-1 

and 508 cm
-1

 were observed for annealed 

samples (Figure 4.19) and have previously been reported as nitrogen-related peaks [117] (see 

section 2.1.3.2.2). The N-related peak present for all annealed samples implies the source of 

N-doping originates from the synthesis process rather than the anneal atmosphere. This gives 

evidence to suggest the N-Hx species detected in long-range Raman analysis has not been 

entirely removed but converted to form separate N-related species, resulting in the 

unintentional N-doping of pH 11 nanorods. 

4.5.4 Photoluminescence  

Photoluminescence (PL) measurements were undertaken in order to probe the energy 

transitions within the ZnO and determine a relationship between material colour and defect 

structure. 
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Figure 4.20 Normalised photoluminescence spectra to the UV emission peak of pH 11 ZnO nanorods, as-

grown and annealed in various atmospheres at 400˚C. Inset photograph shows the green luminescence 

visible to the naked eye. 

The strong Raman E2H mode, dominant (002) XRD peak, and wurtzite SAED pattern 

observed for all samples indicate the high ZnO crystallinity. Consequently, this would be 

expected to generate strong near band-edge emission (NBE). However, the normalised PL in 

Figure 4.20 shows a weak NBE emission at ~377 nm (3.3 eV) for all samples. The reduced 

emission suggests a rapid recombination at defect states that give rise to the deep-level 

emission (DLE) observed here. Yellow DLE at ~570 nm (2.2 eV) was observed for the as-

grown sample and has previously been linked to Zn(OH)2 on the surface [150]. However, in 

this case the O-H stretching mode was not detected by Raman at 3200-3600 cm
-1

 suggesting 

another source for yellow emission. As discussed previously, the Raman analysis shows N-Hx 

species present near the surface and this may account for the yellow PL emission. This is 

supported by the Raman stretching mode of N-H present prior to annealing at 3300-3600 cm
-1 

and its disappearance post-annealing, consequently when the yellow PL emission is also 

removed. 

Annealing of the ZnO nanorods resulted in the development of an intense broad green DLE 

peak at ~505 nm (2.4 eV), with a shoulder in the blue region at ~460 nm (see Figure 4.20 and 

inset). The weak NBE and strong DLE is further evidence that interactions at the surface can 
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alter the measured PL spectra as nanorods that exhibit a well ordered structure are expected 

to produce a strong NBE. PL analysis showed the green (2.4 eV) emission was highest when 

annealed in oxygen, followed by air and nitrogen. Blue emission was previously linked to the 

presence of zinc interstitials (Zni) [138], although numerous theoretical calculations shows 

these defects are relatively unstable and would easily anneal out at 400˚C [68,84,86,266]. 

Look et al.[267] however proposed that complexes of Zni and nitrogen impurities could be 

stable and act as shallow donors.  

In order to give a guide whether acceptors or donors are the majority carriers in ZnO, Hall 

measurements were performed on the air-annealed sample. A bulk donor concentration of n = 

8.5x10
16

 cm
-3

 confirmed ZnO was n-type, with a carrier mobility of µe = 1.63 cm
2
 V.s

-1
. Due 

to the porous nature of the array only the bulk region of the ZnO array, consisting of fused 

nanorods at the base, was subject to the electric field. Hence the thickness of this region 

(~4 µm – see Figure 4.5B) was used to calculate the bulk concentration. The conductivity 

was calculated to be 1.2 S.m
-1

.  

The assignment of the green emission to a particular defect structure is a complex task, as a 

number of defects have previously been assigned to this emission [127–129]. Correlations 

between the green luminescence and oxygen vacancies (VO) are frequently cited, which were 

based on VO being assigned to the g~1.96 line in EPR measurements [268]. This has since 

been shown to be due to shallow donors or conduction band electrons [71]. Furthermore the 

VO electronic transition state (2+/0) is reported to be 0.5 eV [84] or 0.4 eV [86] above the 

VBM or 3.0 eV [269] below the CBM, which makes VO an unlikely contributor to green 

emission. A growing body of evidence indicates that VZn
2-

 may be a significant contributor to 

green luminescence. VZn
2-

 has a transition between the (1-/2-) charge states 0.9 eV above the 

valence band maximum (VBM). The transition from the conduction band to the (-1/-2) state 

would give rise to the green (2.4 eV) emission observed here. However, it must be considered 

whether it is possible to form VZn using the synthesis and processing used here.  

First-principle studies by Van de Walle et al. and numerous authors since [68,84,86,266] 

have used local-density-function approximations (LDA) to calculate the formation energies 

of various defects in ZnO. These latest studies are finding that VZn
2-

 have the lowest 

formation energy in O-rich conditions for n-type ZnO. The high pH synthesis environment 

arises from the high quantity of available hydroxyl ions (see reaction schemes), which 
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provides an excess of oxygen for the reaction. Hence, under the O-rich synthesis conditions, 

VZn
2-

 are the most energetically favourable and stable defects to form in the ZnO-nanorods. 

The absence of green emission prior to annealing is attributed to H
+
 defects, which are 

present from various sources in the aqueous synthesis and considered to be shallow donors in 

ZnO. Van de Walle [91] suggested H-doping was the cause of ZnO n-type behaviour, and as 

a donor-defect it would effectively passivate acceptor-states such as VZn
2-

.  

During the oxygen/air-anneal, any N-Hx on the nanorod surface is oxidised and ZnO is 

formed from the unreacted Zn-precursor material. Simultaneously, N-Hx trapped in the 

nanorod bulk dissociates to form N- and H-related species. This leads to the N-doping of the 

nanorods, while the liberated H
+
 gradually diffuses out of the nanorods, or substitutes on 

available VO sites (HO) forming shallow donors [95]. As a result, H
+
 passivation of the VZn

2-
 

defects and associated PL quenching is significantly reduced [270]. Due to the nanorod 

morphology and low H2 partial pressure of all anneal atmospheres, it is predicted that the 

outward diffusion rate of H2 is similar for all atmospheres; hence the appearance of green 

DLE post-annealing in all cases.  

To account for the dependence of green emission intensity on the anneal atmosphere, it is 

proposed that two processes occur during the thermal anneal: firstly, the oxidation of remnant 

Zn-precursors to form new ZnO (oxygen/air-anneal only), and secondly, once the Zn-

precursors are exhausted, newly formed ZnO at the nanorod surface is subject to the 

formation of additional VZn
2-

 under high oxygen partial pressure conditions (oxygen-anneal 

only). Neither of these processes occurs during the reducing nitrogen-anneal. Instead, the Zn-

precursors decompose forming an amorphous region at the surface that quenches emission 

from the bulk, or alternatively compensators (e.g. VO, NZn, (NZn-2VZn), or (Zni-NO)) are 

formed that passivate VZn
2-

 sites and quench the emission. This explains the observed trend of 

DLE intensity in Figure 4.20: oxygen > air > nitrogen. The prolonged 12 h oxygen-anneal 

indicates the defect responsible for the green emission is relatively stable at temperatures of 

~400˚C (Figure 4.20). 

Tam et al. [129] used positron annihilation spectroscopy (PAS) to link acceptor-like VZn 

defects to the green emission. It was pointed out that single-point defects are relatively 

mobile at high temperatures and would easily anneal out below 600˚C. This argument gives 

rise to the alternative belief that a more stable VZn-defect complex is responsible for green 

emission [271]. Recently Kuznetsov et al. [146] conducted PAS, PL and Hall measurements 



78 

 

on ZnO and related them to previous findings to ascertain the origins of green luminescence. 

It was concluded that an extrinsic acceptor-like impurity such as CuZn was most likely 

responsible, and that these defect states could be readily passivated by VO. As the formation 

energy of VO is lower in reducing atmospheres, this alternative hypothesis could also explain 

the DLE trend observed here. 

Despite these attempts to assign the green emission to particular defects, as of yet a direct 

method for detecting specific defects in ZnO does not currently exist. Therefore, it cannot be 

demonstrated conclusively that VZn
2-

 are solely responsible for green emission. However, a 

large body of evidence supports the preferential formation of VZn
2-

 in O-rich conditions, as is 

proposed here, which also accounts for the highest green emission intensity for oxygen 

annealed ZnO. Therefore the green emission for these ZnO-nanorods is assigned to the 

presence of zinc vacancies. 

 Extended X-ray absorption fine structure 4.6

(EXAFS) analysis 

EXAFS analysis was obtained for the absorbing Zn atom with a K edge of 9659 eV using 

both transmission mode (TM) and optically-detected mode (OM) (see experimental section 

3.2.10). The pre-requisite for EXAFS in OM is strong emission in the visible region; it was 

therefore only satisfied by the annealed pH 11 grown nanorods.  

 

Figure 4.21 A) EXAFS obtained in transmission mode for ZnO nanorods annealed in various 

atmospheres and B) their corresponding k-space spectra. 

The EXAFS absorption spectra and corresponding k-space for TM was given in Figure 4.21A 

and B. As-grown ZnO nanorods did not exhibit the intensity of emission required to generate 
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a reasonable EXAFS signal and so was omitted from this study. A clear onset of the 

absorption edge was observed for the Zn atom at ~9659 eV (Figure 4.21A) and the k-space 

spectra corresponds to the scattering and absorption of electrons within the atomic structure 

surrounding the central Zn atom (Figure 4.21B).  

 

Figure 4.22 EXAFS (offset in y-axis) of ZnO obtained in optically-detected mode showing a) absorption 

spectra of the annealed specimens and b) the corresponding k-space data. 

Figure 4.22A and B demonstrates high-quality XEOL was obtained in OM up to 12.0 Å
-1

. 

This data presents a unique opportunity to examine the local structure surrounding the 

absorbing Zn atom relating to specific wavelength emissions.  

 

Figure 4.23 EXAFS obtained in transmission mode for ZnO-nanorods annealed in air, nitrogen and 

oxygen. The plots are offset in the y-axis and the theoretical fit is represented by the red dashed-line.  

The k
2
-weighted EXAFS in TM and their corresponding fits are shown in Figure 4.23. The 

bond lengths extrapolated from the fits are presented in Table 4-1. 
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Table 4-1 Bond length (d), Debye-Waller factor (σ
2
) for ZnO nanorods extrapolated from TM EXAFS 

data in Figure 4.23. Model obtained corresponds to a fully occupied wurtzite structure (space group: 

p63m) with lattice parameters a and b = 3.245 Å, c = 5.205 Å and the crystalline symmetry of oxygen 

(u) = 0.345.   
  of 0.95(5) was used in the data fits 

[272]
. 

 Zn-O1 Zn-O2 Zn-Zn1 Zn-Zn2 

Specimen N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) 

Model 1 1.9526  3 1.9858  6 3.2090  6 3.2495  

Nitrogen (1 h) 1 2.0131 0.0041 3 1.9772 0.0046 6 3.1913 0.0021 6 3.3114 0.0021 

Air (1 h) 1 2.0020 0.0044 3 1.9817 0.0049 6 3.1900 0.0023 6 3.3079 0.0023 

Oxygen (1 h) 1 1.9058 0.0049 3 1.9930 0.0054 6 3.1944 0.0025 6 3.3211 0.0025 

Oxygen (12 h) 1 1.9642 0.0054 3 1.9832 0.0060 6 3.1870 0.0028 6 3.3074 0.0028 

 

The bond lengths are shown to be within 0.07 Å of the wurtzite ZnO model. The low-

temperature environment used for this experiment (100 K) means the Debye-Waller factor 

(σ
2
) is primarily dependent on the static disorder of lattice, as the thermal vibration of the 

atomic pairs will be minimal. The first shell (Zn-O) shows a σ
2 

of ~0.005, which is relatively 

high when compared to similar values previously reported by Han et al. at RT [273]. In 

addition, the σ
2 

values are significantly reduced for the second shell, indicating that the 

average crystal structure has low Zn-Zn disorder when compared to Zn-O. A correlation was 

observed in Table 4-1 between the increasing disorder (σ
2
) and the oxygen partial pressure. 

This suggests the defects responsible for the disorder play a major role in the overall 

emission.  

 

Figure 4.24 A representation of the XEOL emission spectra for air-annealed nanorods at RT, indicating 

the 500 nm and 660 nm deep-level emission regions used for EXAFS data analysis. 
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XEOL was obtained in OM for spectral regions that possessed high DLE intensity under X-

ray excitation i.e. 500 nm and 660 nm as shown in Figure 4.24. Fourier transforms (FT) were 

plotted for the two spectral regions (Figure 4.25) with the extrapolated site-specific 

information shown in Table 4-2. 

 

Figure 4.25 Fourier transformed EXAFS (offset in the y-axis) for 500 nm and 660 nm XEOL emission 

from ZnO-nanorods annealed in air, oxygen, and nitrogen (solid-line) and their theoretical fit (red 

dashed-line).  

Table 4-2 Bond length (d), degeneracy (N), and Debye-Waller factor (σ
2
) obtained using specific XEOL 

wavelengths detected from ZnO nanorods annealed in various atmospheres. 

 Zn-O(1) Zn-O(2) Zn-Zn(1) Zn-Zn(2) 

Specimen N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) N d (Å) σ2 (Å2) 

Model 1 1.9526  3 1.9858  6 3.2090  6 3.2495  

Nitrogen (1 h) 500nm 0.8 1.9915 0.0034 2.4 1.9685 0.0035 4.5 3.1798 0.0019 4.5 3.2961 0.0019 

Air (1 h) 500nm 0.7 1.9905 0.0028 2.1 1.9709 0.0029 3.9 3.1814 0.0016 3.9 3.2962 0.0016 

Oxygen (1 h) 500nm 0.9 1.8836 0.0030 2.7 1.9778 0.0030 5.0 3.1776 0.0034 5.0 3.2716 0.0034 

Oxygen (12 h) 500nm 0.8 1.9899 0.0032 2.4 1.9702 0.0033 5.4 3.1793 0.0044 5.4 3.2767 0.0044 

Nitrogen (1 h) 660nm 0.5 1.9904 0.0034 1.5 1.9565 0.0035 3.2 3.1899 0.0017 3.2 3.3063 0.0017 

Air (1 h) 660nm 0.6 1.9913 0.0035 1.8 1.9660 0.0036 3.6 3.1724 0.0017 3.6 3.2880 0.0017 

Oxygen (12 h) 660nm 0.6 1.9510 0.0060 1.8 1.9737 0.0062 3.4 3.1855 0.0035 3.4 3.2691 0.0035 

 

The sensitivity of this technique was highlighted by variances between the two wavelength 

emissions that show changes in both peak position and width. This demonstrates the ability to 
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detect subtle changes in the atomic structure related to the different emission centres. It 

should be noted that OM is a surface sensitive technique and so emissions are influenced by 

photon scattering, re-absorption, and surface defects. These bond lengths relate to the specific 

regions where the DLE originates. Consequently, due to the different anneal atmospheres the 

defects may form in different regions of the nanorods i.e. the surface, bulk, or grain 

boundaries. This is evidenced by the varying values of σ
2
 and degeneracy for the specimens.  

The data obtained for 500 nm emission reveal the disorder in the Zn-Zn shell (σ
2
) was  

significantly lower for nitrogen- and air-annealed specimens than for oxygen annealed 

ZnO (Table 4-2). This corresponds closely to the DLE intensities observed in Figure 4.20, 

and indicates the green (500 nm) emission is linked to disorder at Zn-sites in the lattice.  

First and second shells both show diminished degeneracy (N) with respect to the model; this 

is accounted for by the XEOL strongly relying on surface emissions. The degeneracy has 

previously been used to analyse the displacement of atoms, deduce vacancies in the 

lattice [274], or differences in grain size [275]. The volume-to-surface ratio of the nanorods is 

calculated to be 1:25 (for nanorods dimensions: 10 µm long, 200 nm diameter and 1 nm 

surface depth). Hence, significant contribution to the lattice disorder arises from the surface 

as the theoretical fit solely relies on the bulk wurtzite model.  

The variances in degeneracy were used to identify the regions emitting the specified 

wavelengths, i.e. bulk, grain boundaries, or surfaces. It is worth noting that the XEOL 

obtained is an average of data from all regions contributing to this wavelength emission. It is 

therefore not possible to pin-point the origins of emission. However, as the 660 nm emission 

shows higher disorder for the Zn-O shell for all specimens and is approximately half the 

expected degeneracy for both Zn-O and Zn-Zn shells, it can be inferred that the 660 nm 

emission originates from the nanorod surface for all specimens.  

For 500 nm and 600 nm emission the oxygen (12h) annealed nanorods show significantly 

increased disorder than the other samples. This demonstrates that even after annealing at 

400˚C for 12h, the defects responsible for these emissions were not removed and instead 

continue to increase in density. This corresponds to the increased PL observed for the 12 h 

oxygen anneal (Figure 4.20). As the XEOL is strongly linked to surface emissions it was 

deduced that the disorder corresponds to this region. Therefore, the increased disorder in this 

region is linked to the increasing quantity of VZn
2-

 forming on the nanorod surface during the 

prolonged anneal in the high oxygen partial pressure environment.   
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The final observation for the data collected was the bond lengths for each orbital obtained in 

TM and OM, are shown to be within 0.01 Å of each other with minor exceptions. This 

consistency and the closeness of the fit to the wurtzite model, strengthen the reliability of this 

technique.  

 Summary 4.7

A thorough characterisation and detailed analysis was conducted on ZnO nanorods 

synthesised using two aqueous chemical solutions: a very weakly acidic pH 6 solution and a 

high ammonia-based pH 11 solution. The main difference between the growth solutions was 

shown to be the heterogeneous growth rate; this had a significant impact on almost all the 

ZnO material properties due to unreacted precursors on the surface and encapsulated 

throughout the nanorod bulk. This was demonstrated by the morphological and 

crystallographic changes during the anneal process. The presence on precursor material was 

further supported by Raman spectroscopy, which also revealed that the ZnO nanorods were 

doped with nitrogen-related defects during the anneal process. Upon UV excitation the 

nanorods exhibited strong green PL emission that was dependent on the annealing 

atmosphere. After reviewing the available theoretical and experimental analysis on this 

subject and relating it to the obtained results, it was inferred that VZn-related defects are most 

likely responsible for the observed green luminescence.  

Finally, the pH 11 ZnO nanorods were used to successfully demonstrate for the first time the 

effectiveness of EXAFS analysis in optically-detected mode to distinguish between different 

structural regions. Red (660 nm) emission was confirmed to originate from surface defects, 

while the green (500 nm) emission was linked to defects on Zn sites.  
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5 Influence of p-type material on 

device performance 

One of the main challenges faced by those using copper (I) thiocyanate (CuSCN) is that of 

deposition (see section 2.2.1.2). This chapter demonstrates the development and analysis of a 

technique used to resolve this issue. A direct comparison was performed between the widely-

used impregnation technique, and the spray-deposition technique developed here. 

Morphological, crystallographic, and optical properties were investigated using SEM, 

GIXRD, and optical absorption measurements. To demonstrate the effectiveness of the spray-

method, purely inorganic heterostructured ZnO nanorod-CuSCN diodes were fabricated to 

assess the pore-filling ability, electrical stability, and performance.  

Inorganic CuSCN was compared with a hole collecting polymer, PEDOT:PSS in order to 

analyse the variances and effect of p-type material on performance. The purely inorganic 

(ZnO-CuSCN) and hybrid (ZnO-PEDOT) devices were tested as photodiodes, and the 

photocurrent and response times to UV illumination were examined.  

 Copper (I) thiocyanate deposition 5.1

 

Figure 5.1 Photograph of a) no sample present, b) FTO-ZnO nanorods, c) ZnO nanorods-CuSCN-Au 

impregnaion coated, and d) ZnO nanorods-CuSCN-Au spray-coated with Au electrode. 

The above photograph shows the development of ZnO-CuSCN devices with uncoated ZnO 

nanorods (Figure 5.1b) and after CuSCN deposition using impregnation (Figure 5.1c) and 

spray-coating (Figure 5.1d). A visible difference in the sample transparency is observed 

between the two techniques, where the letter ‘S’ is visible after spray-coating but not after 
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impregnation. The reasons for this and its impact on device performance are discussed in the 

following section.  

5.1.1 Impregnation deposition 

The impregnation technique is one of the most widely-used deposition methods for CuSCN 

and is detailed in section 3.1.4.1. As discussed in section 2.2.1.2, it was often reported that 

cracks form in the p-type layer due to the slow evaporation of solvent. Initial attempts at 

depositing the CuSCN using this method are shown here.   

 

Figure 5.2 SEM micrographs of CuSCN deposited onto ZnO nanorods via the impregnation technique, A) 

10 layers, B) 24 layers, and C) 48 layers. 

Large clusters of CuSCN particles, 100-300nm in diameter, were observed to adhere to the 

nanorod surface after 10 layers (Figure 5.2A). Additional layers resulted in disconnected 

CuSCN islands in close formation rather than a smooth film (Figure 5.2B). After 48 layers a 

smoother film appears, but crevices 100-500 nm wide form a network across the entire 

surface (Figure 5.2C). These cracks would often cause the completed devices to short as the 

sputtered Au electrodes would penetrate between the gaps and contact the ZnO-FTO surface. 

Optimizing the process using longer intervals between depositions and periods of higher 

temperatures (150˚C) for 10-15 minutes resulted in fewer cracks from forming. However, 

unless the impregnation deposition is performed by an automated robot it involves a number 

of limiting factors. For example, the delicate nanostructured surface is at risk of being 

damaged by the glass pipette during the deposition and requires the pipette to be controlled 

with precision. Control over the droplet is limited to the pressure applied to the nipple and 

movement of the pipette. This often results in excess solution being deposited causing white 

precipitate to form. This forms an opaque sample as shown in Figure 5.1c, due to the 
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scattering of photons. In this case it indicates either a rough CuSCN surface and/or 

unsaturated pores in the nanorod-array.  

Consequently, it was decided that for the project to move forward the number of device 

failures needed to be minimised. This required an improved method for CuSCN deposition 

and led to two methods being tested: spin-coating and spray-coating.  

5.1.2 Spin-coating 

The spin-coating method used for this process is detailed in section 3.1.4.1. The 0.2 M 

CuSCN solution was deposited drop-wise using a pipette onto the rotating ZnO sample.  The 

sample was heated to ~80˚C using a heat lamp.   

 

Figure 5.3 SEM micrographs of CuSCN deposited onto ZnO nanorods using the spin-coat method A) top-

down and B) cross -section view. 

After the CuSCN solution saturated the array, the sample rotation led to thin layers of CuSCN 

accumulating on top. The ripple effect of the CuSCN layer shown in Figure 5.3A was linked 

to the n-propyl sulfide (n-PS) partially re-dissolving the CuSCN before evaporating. The 

sample rotation leads to the CuSCN solution producing peaks and troughs that lead to the 

appearance observed in Figure 5.3A. In this case, 20 drops of CuSCN solution resulted in a 

layer 5-7 µm thick that would likely cause increased series resistance (Figure 5.3B). This 

process may be optimised by reducing the total quantity of CuSCN deposited and 

investigating the ideal spin-rate. However, the unevenness of the top surface and presence of 

cavities up to 2 µm in size suggest this process is not suited to device processing. 

Furthermore, it does not have the benefit of scalability.   
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5.1.3 Spray-deposition  

An alternative approach of using a fine-mist of CuSCN solution to coat the nanorod array 

was considered. Initially this was performed using a commercial aerosol bottle, but when the 

first tests proved promising a pneumatic spray-gun was used. This allowed the adjustment of 

the nozzle size that controlled the mist dispersion and an air compressor was used to regulate 

the pressure with which the spray was generated. The spray-deposition was conducted in a 

fume-hood due to the pungent n-PS smell. However, the strong ventilation caused the spray 

to be misdirected. To overcome this, a shield was erected between the hotplate and the air-

vent. Furthermore, the initial sputter was not directed onto the sample as this often consisted 

of larger droplets. The side-to-side sweeping motion allows multiple samples to be coated at 

once, and gives time for the n-PS to evaporate from the deposited droplets. A detailed 

account of the deposition process is given in section 3.1.4.1. 

When performed correctly, the CuSCN spray deposition shows no visible differences in the 

sample appearance until the final stages. The deposition is complete when the ZnO sample 

changes from grey and opaque (Figure 5.1b) to a transparent/reflective surface (Figure 5.1d). 

This is representative of the CuSCN solution penetrating into the nanorod array and filling 

the pores that give rise to photon scattering.  

 

Figure 5.4 SEM micrograph of CuSCN deposited via spray-coating top-down view of A) shorter spray 

intervals, B) excess CuSCN deposition, and C) cross-section view. 

When refining this technique, it was found that if insufficient time is given for the n-PS to 

evaporate thin cracks will form in the CuSCN layer (Figure 5.4A). In addition, if too much 

CuSCN is deposited during one spray interval, a white precipitate will form on the surface. 

This is indicative of large CuSCN particles up to 1-2 µm in diameter forming clusters on the 

surface and prevents the CuSCN-spray from penetrating deeper into the array (Figure 5.4B). 

This results in an uneven surface that does not provide optimal coverage and increases the 
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contact resistance. Therefore, for the spray-coat method to be effective, depositing excess 

CuSCN solution must be prevented and the drying intervals between sprays maintained.  

The thickness of the CuSCN layer is not known unless an SEM cross-section is taken. The 

amount of CuSCN to be deposited is dependent on the porosity of the array and the 

concentration of CuSCN solution used. It was found that non-saturated CuSCN solutions 

required additional layers, for example a 0.1 M solution would take twice as many sprays to 

complete than a saturated 0.2 M solution. This was linked to less CuSCN present in each 

spray-deposition, and the increased quantity of n-PS solvent required longer intervals 

between sprays. Therefore, the optimal processing conditions required a saturated CuSCN 

solution. 

5.1.4 Morphological, crystallographic, and optical analysis  

Morphological differences between the spray-coating and impregnation techniques were 

assessed using SEM analysis. CuSCN is not highly conductive, which means the electron 

beam would distort the material if a high voltage is applied. Hence, a lower accelerating 

voltage of 10 keV was chosen for the SEM analysis. Section 2.2.1 described the problems 

non-ideal CuSCN morphology can cause, for example increased series and contact resistance 

of the CuSCN layer, and more critically complete device failure due to shorts. Here, the 

significant impact morphology and pore-filling has on the device performance is established.  

The spray-deposition was shown to produce a high density of evenly distributed 40 nm 

CuSCN grains on the nanorod surface (Figure 5.5-B1); while impregnation generated 

sporadic coverage of 120 nm grains (Figure 5.5-A1). It would be expected that larger grains 

of CuSCN would offer a lower series resistance due to the lower number of grain boundaries. 

However, because the evaporation of n-PS is a slow process 
[276]

 this leads to voids between 

CuSCN grains, which increases the series resistance of the material. The spray-gun used here 

generates a 0.2 µm fine-mist of the saturated CuSCN solution. This allows evaporation of n-

PS to occur prior to contacting the ZnO surface. Consequently, the mist consists of small 

supersaturated droplets of CuSCN solution that nucleate on contact with the heated surface. 

Once nucleated, rapid evaporation of the remaining n-PS will occur and leave behind 

crystalline CuSCN. This drastically minimises the amount of n-PS trapped in the grains and 

leads to a compact, uniform coverage of CuSCN over the ZnO nanorods as evidenced by 

Figure 5.5-B2. 
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Figure 5.5 SEM micrographs of the CuSCN layer at the initial, intermediate and final stages of deposition 

for A1-3) impregnation and B1-3) spray-coating. 

ZnO-CuSCN diodes fabricated using the CuSCN impregnation technique, show a change in 

performance over time. This was assigned to the slow evaporation of n-PS that typically 

requires the sample to be stored in vacuum for up to two days [172,194]. In the case of spray-

deposition the device performance did not change significantly over the time, i.e. a device 

tested within minutes of the CuSCN coating performed in a similar manner to a nine-month 

old device. This demonstrates that very little n-PS was trapped in the CuSCN grains during 

the spray-deposition.  
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Figure 5.6 SEM micrograph showing the cross-section of CuSCN coated ZnO nanorods and inset of the 

top-down view after 150 sprays. 

Deposition is complete when a smooth top-surface was observed by eye, and appeared 

reflective under light. For Figure 5.5-B3 this required 150 spray steps; it was however 

dependent on the volume of pores in the nanostructure. SEM analysis shows no observable 

mud-cracks in the CuSCN layer (Figure 5.6 inset). Furthermore, the removal of drying steps 

during the processing and the storage time typically required to generate acceptable device 

performance, has significantly simplified and increased the speed of device production. For 

comparison, bare nanorod surfaces and cavities between CuSCN grains were observed for 

impregnation-deposition (Figure 5.5- A2). The irregular grain-sizes and sporadic coverage 

led to a rough top-surface, which would contribute to the opaqueness observed in Figure 5.1c. 

Spray-deposition produced good pore-filling of the ZnO nanorods, maximising contact at the 

ZnO-CuSCN interface (Figure 5.6). However, high density and irregular alignment of the 

nanorod array prevents the CuSCN mist from penetrating to very base of the nanorods; this is 

evidenced by the unsaturated pores at the base of the array (Figure 5.6). 
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Figure 5.7 Glancing incidence XRD (off-set in y-axis) for ZnO nanorods coated with CuSCN using the 

spray-coating and impregnation techniques. Where 
+ 

represent CuSCN peaks and * are assigned to ZnO 

peaks.  

GIXRD analysis of the ZnO-nanorod/CuSCN heterostructure confirms the peaks match those 

of β-phase CuSCN (JCPDS 29-581) and the wurtzite structure of ZnO (JCPDS 79-0207) 

(Figure 5.7). The full-width half-maximum (FWHM) of the XRD peaks provides information 

regarding the grain-size at specific orientations. These are presented in Table 5-1. 

Table 5-1 Full-width half-maximum (FWHM) values from the GIXRD data shown in Figure 5.7. 

XRD Peak (˚) FWHM (˚) 
 Impregnation Spray 

003 (16.16)  CuSCN 0.165 0.218 

006 (32.69)  CuSCN 0.180 0.255 

002 (34.46)       ZnO 0.166 0.169 

103 (62.90)       ZnO 0.267 0.271 

 

Table 5-1 confirms there is minimal difference between the ZnO-nanorods coated in each 

sample. This supports the proposal that variations in device performance primarily arise from 

the CuSCN layer. The FWHM of the spray-deposited XRD peaks are 24-30% wider than that 

the impregnation peaks. This is consistent with the significantly smaller grain-sizes observed 

in the SEM analysis for spray-deposited CuSCN (Figure 5.5-B1).  
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Figure 5.8 A Tauc plot of thin-film CuSCN after 5, 10 and 25 spray-depositions, with inset highlighting 

interference fringes. Dotted-line represents the optical band-gap associated with each deposition. 

CuSCN was spray-deposited onto cleaned glass substrates with a range of film thicknesses 

(100 - 700 nm). The control over the deposition rate/thickness was demonstrated by the 

incremental decrease in optical band-gap from 3.87 eV to 3.79 eV, gradually approaching the 

bulk bandgap of CuSCN 3.6 eV (Figure 5.8). Thin-film interference fringes were observed to 

occur prior to the absorption onset (inset Figure 5.8) and confirms the uniformity and 

evenness of films deposited onto the glass substrate. 

5.1.5 Electrical testing 

Hall Effect measurements were performed to assess the conductivity of spray-deposited 

CuSCN films (see experimental section 3.2.8). CuSCN film-thickness was determined using 

an SEM cross-section view of the sample. For a 6 µm-thick film, Hall mobility was measured 

to be 70 cm
2
/V.s, the highest reported to date, with a hole carrier density of 1.6x10

13 
cm

-3
. 

Conductivity was calculated to be 0.02 S.m
-1

. This value is comparable to those previously 

reported for undoped CuSCN [185,277]. The high mobility reported here, substantiates the 

impact morphology has on the material properties. Although the CuSCN grain-size is smaller 

than that of impregnation, this is counteracted by the dense and compact nature of the film.  

A direct comparison of the Hall Effect measurement was not possible for the impregnation 

technique. The inability of the CuSCN solution to readily wet the heated glass surface led to a 

streaky residue instead of a thin-film. In addition, any further applications of the solution re-
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dissolved the CuSCN present on the surface. This renders the impregnation process 

unsuitable for depositing thin-films on surfaces with a low roughness factor.  

Spray-deposited films were therefore compared to literature values for previous CuSCN 

films. The fact that the CuSCN spray readily coated the glass surface is further evidence that 

a supersaturated droplet of n-PS/CuSCN is being produced. The interfacial reaction of the 

supersaturated droplet is not governed simply by the n-PS but a combination of the surface 

interactions of the CuSCN and n-PS. The ability to uniformly coat and adhere to surfaces 

with a low roughness factor is another advantage of the spray-coat technique. 

The electrical testing was performed as described in the experimental section 3.2.9. The ZnO-

CuSCN diodes were tested on the day fabrication was completed, i.e. after the CuSCN 

deposition and Au electrode was sputtered.  

 

Figure 5.9 Semi-log J-V curve of a ZnO-nanorod/CuSCN diode, deposited via spray-coating (solid-line) or 

impregnation (dashed-line). 

A semi-log J-V plot obtained under the same conditions for both impregnation and spray-

deposition is shown in Figure 5.9. Rectifications of 1240 and 3550 at ±3 V were exhibited for 

impregnation and spray-coating, respectively. The spray-deposition achieved approximately 

three times the rectification than the alternative method of impregnation. Furthermore the 

spray-deposition has a dark current-density of 7 µA/cm
2
 at -3 V, which is an order of 

magnitude less than the impregnation technique. This was linked to significantly fewer shorts 

in the device that contribute to the leakage current.  
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The enhanced performance is primarily attributed to the improved pore-filling that results in 

increased interfacial contact with the ZnO-nanorods and assists in charge carrier separation. 

Secondly, the reduced contact resistance between the top Au-electrode and the smooth 

CuSCN layer improves the mobility of carriers into the top electrode. Lastly, the high carrier 

mobility (70 cm
2
/V.s) demonstrated by Hall Effect analysis is assigned to the absence of 

insulating gaps in the CuSCN layer caused by the slow evaporation of n-PS solvent. These 

rectifications are approximately ten times better than those previously reported for ZnO-

CuSCN diodes [180], and the same order of magnitude as recent NiO-ZnO p-n-

heterojunctions at an applied bias of 1 V [278]. 

 Hybrid ZnO-photodiodes using PEDOT:PSS 5.2

PEDOT:PSS is a conductive polymer (1 S.cm
-1

) with a bandgap of 1.6 eV and good optical 

transparency to the visible region, which makes it a suitable hole collector for optoelectronic 

devices. ZnO-nanorods synthesised using the pH 6 method was spin-coated with 

PEDOT:PSS to fabricate a hybrid photodiode. In attempt to improve penetration of the 

polymer into the nanorod array, three PEDOT:PSS solutions were tested: undiluted in its 

aqueous form, and diluted in acetone using 1:5 and 1:10 volume ratios. 

5.2.1 Device fabrication  

 

Figure 5.10 SEM cross-section micrographs taken at a 45˚ tilt showing ZnO-nanorods coated with 

PEDOT:PSS that  was A) undiluted, B) diluted in 1:5 acetone, and C) diluted with 1:10 acetone. 

Both ZnO and PEDOT:PSS are hydrophilic in nature and so it would be expected that they 

would easily bond. However, the network of PEDOT:PSS polymer chains form large grains 

of ~1 µm, which prevents the polymer from penetrating below the nanorod tips into the 

narrow pores. Therefore the PEDOT:PSS layer ‘floats’ on top of the nanorod array, which 

reduces the interfacial contact between the ZnO and PEDOT:PSS layer (see Figure 5.10A). 
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The PEDOT:PSS was diluted (1:5 and 1:10) in acetone  in attempt to improve the penetration 

depth. Instead this was found to achieve to opposite effect and reduced the penetration further 

(Figure 5.10B and C). This was attributed to the acetone dissolving the PSS coating, which 

led to an increase in PEDOT grain size.    

5.2.2 Electrical testing 

 

Figure 5.11 J-V plot of ZnO-PEDOT:PSS photodiodes in A) dark and B) AM 1.5 conditions. 

Table 5-2 Rectification ratios of ZnO-PEDOT:PSS diodes extrapolated from Figure 5.11. 

Rectification @ ± 0.3V Undiluted PEDOT 1:5 PEDOT-Acetone 1:10 PEDOT-Acetone 

Dark 7 17 12 

AM 1.5 9 16 4 

The hybrid photodiode was tested under dark and AM 1.5 conditions. Increased forward 

current density was observed for the acetone diluted 1:5 and 1:10 samples (Figure 5.11A). 

This gives evidence to support the removal of insulating PSS from the conductive polymer. 

The 1:5 and undiluted PEDOT:PSS show similar rectifications under dark and AM 1.5 

conditions (Table 5-2) and indicates poor charge separation at the interface. The 1:10 diluted 

sample exhibits the greatest difference in rectification between the dark and illuminated 

conditions, this is attributed to the improved hole mobility caused by fewer insulating PSS 

boundaries in the PEDOT layer. ZnO nanorods used to fabricate these devices were 

synthesised simultaneously to ensure the observed variances primarily originate from the 

PEDOT:PSS. 
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 A performance comparison of hybrid and 5.3

purely-inorganic photodiodes 

A direct comparison was performed in this section between four devices; ZnO grown using 

pH 6 and 11 solutions (annealed in air), and the two p-type materials CuSCN and 

PEDOT:PSS. The device performance will be investigated and related to the differences in 

the device structure and properties of the ZnO nanorods.    

SEM cross-sections present a significant morphological difference between the hybrid and 

purely-inorganic devices. Inorganic CuSCN was shown to saturate the porous array (Figure 

5.6), whereas organic PEDOT:PSS was suspended on the nanorod tips above the array  

(Figure 5.10). As a result, the ZnO-CuSCN device has high interfacial contact between the p-

and n- type materials, and the ZnO-PEDOT hybrid device has a high surface area of exposed 

nanorods.  

 

Figure 5.12 An energy-band diagram of the materials used to fabricate the purely-inorganic and hybrid 

photodiodes, red dashed-lines indicate the EF. 

CuSCN and PEDOT:PSS were chosen for this experiment as their EV and HOMO level have 

similar off-sets to the ZnO EV (Figure 5.12). Under equilibrium the energy-bands will not 

shift significantly due to the pre-existing alignment of the EF. Hence, under a small reverse-

bias it would be possible for electrons to tunnel from the p-type EV/HOMO into the ZnO EC, 

leading to an increase in leakage current. 
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Figure 5.13 Normalised UV-Vis absorption spectra of plain (pH 11) ZnO nanorods, and nanorods coated 

with CuSCN or PEDOT:PSS. 

Analysing the devices using UV-Vis absorption confirms they both function as UV 

photodiodes, absorbing wavelengths < 400 nm (Figure 5.13). In addition, ZnO-CuSCN was 

shown to exhibit partial absorption in the visible region up to 600 nm. This can be attributed 

to interactions at the ZnO-CuSCN interface as both the ZnO and CuSCN separately show the 

absorption onset in the UV region. This would result in the photodiode exhibiting a weak 

photoresponse to photos in this energy range. The ZnO-PEDOT diode demonstrates good 

visible-blindness up to 600 nm where it begins to increase.  

5.3.1 Hybrid ZnO-PEDOT:PSS diode 

 

Figure 5.14 Semi-log I-V plot of ZnO-nanorods A) pH 6 and B) pH 11 coated with PEDOT:PSS 

(undiluted) in dark (solid-line) and AM 1.5 (dashed-line) conditions. 
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The semi-log I-V plots in Figure 5.14 show the forward and reverse current at ±1 V to be 

near identical in both dark and illumination conditions. Hence, the pH 6/11 nanorods do not 

play a significant role in determining the current obtained by this device. This is explained in 

terms of the conduction pathway through the device structure.   

 

Figure 5.15 Schematic of the electron (green dashed-line) and hole (red dashed-line) pathway through a 

pH 6/pH 11 ZnO nanorod-PEDOT:PSS diode. 

In both devices, the photoexcited electrons transition through the ZnO nanorod to the FTO 

electrode and the holes to the Au electrode (Figure 5.15). However, holes generated in the 

ZnO nanorod migrate to the surface due to the upward band bending (see section 2.1.4.4). 

Here they assist in the release of adsorbed O2
- 
ions, or recombine with mobile electrons in the 

ZnO bulk. It is therefore only photoexcited carriers generated close to the ZnO-PEDOT 

interface that contribute to the photocurrent generated by the device.  

 

Figure 5.16 Photocurrent measurements of A) pH 6 and B) pH 11 synthesised ZnO nanorods coated with 

PEDOT:PSS operating at ~0 V and illuminated under 15 mW cm
-2

 380 nm irradiance for ~ 7.5 h under 

various gas atmospheres. 
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The photocurrent exhibited by the hybrid devices was unstable for all atmospheres and failed 

to reach equilibrium even after several hours of UV illumination (Figure 5.16). Two stages 

were shown for the photocurrent, firstly a rapid switch-on (~0.1 ms) when the device was 

first illuminated, and secondly a gradual increase for the duration of illumination. The 

continual increase in photocurrent was attributed to the exposed nanorod surface that allowed 

the oxygen adsorbed on the surface to continually photo-desorb and re-adsorb. The current 

slowly decays once the UV is switched-off; but even after a one-day period in the dark the 

device did not reach an equilibrium state. Figure 5.16A shows a maximum variance in 

photocurrent of ~0.1µA, and this is after 7.5 h of illumination. This small difference was 

linked to the gases having to diffuse through the PEDOT:PSS to access the nanorod surface, 

and explains the prolonged recovery time which requires oxygen to diffuse through the 

PEDOT to reabsorb onto the ZnO surface. This is evidenced by the highest photocurrent 

arising from measurements obtained in vacuum.  Similarly with the pH 11 photodiode shown 

in Figure 5.16B, significant differences between atmospheric conditions was not observed 

until hours later. A photocurrent of 0.7 µA was reached under nitrogen gas, followed by 

0.3 µA in oxygen. This difference in diode behaviours must be related to the exposed pH 11 

nanorod surface. Firstly, the pH 11 nanorods are ~8 µm longer than pH 6 rods presenting a 

larger surface area for gas reactions. Secondly, Chapter 4 demonstrated these nanorods have a 

large number of surface defects present that may react differently compared to pH 6 rods.  

Lastly, it should be noted that these devices did not perform consistently during the 

experiment. This may be due to redox-reactions in the PEDOT:PSS affecting the material 

properties over time (see section 2.2.2.1), or prolonged testing under UV illumination causing 

photo-degradation.  
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5.3.2 Purely-inorganic ZnO-CuSCN diode 

 

Figure 5.17 Semi-log I-V plot of ZnO-nanorods A) pH 6 and B) pH 11 coated with CuSCN in dark (solid-

line) and AM 1.5 (dashed-line) conditions. 

The pH 6 photodiode exhibited a minimal response when compared to the pH 11 photodiode, 

which showed a photosensitivity >10
4
 at -1 V (Figure 5.17). This indicates the nanorods play 

a major role in determining the photocurrent response. The high leakage current of the pH 6 

diode is attributed to the CuSCN penetrating to the base of the nanorod array and contacting 

the FTO electrode. Consequently, the conduction pathway effectively by-passes the nanorod 

and so the current has little dependence on the nanorod resistivity resulting in a low UV 

response (Figure 5.18). This is avoided in the case of the pH 11 diode due to the fused ZnO 

layer at the base of the array, forcing carriers to conduct through the ZnO resulting in the 

lower leakage current of ~1 µA (Figure 5.17B). 

 

Figure 5.18 A schematic showing the electron (green dashed-line) and hole (red dashed-line) conduction 

pathway through a pH 6/pH 11 ZnO nanorod-CuSCN diode. 
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The schematics in Figure 5.18 illustrate the CuSCN coating the entire nanorod. It was 

expected that this would reduce the atmospheric effect on the photoconductivity since oxygen 

only photo-desorbs from exposed ZnO surfaces. Figure 5.19 however shows some variance in 

photocurrent still remains relating to the atmosphere. This may be linked to areas at the base 

of the ZnO array that have not been coated by the CuSCN and so remain exposed to the 

atmosphere.  

 

Figure 5.19 Photocurrent measurements of A) pH 6 and B) pH 11 synthesised ZnO nanorods coated with 

CuSCN, operating at ~0 V and illuminated under 15 mW cm
-2

 380 nm irradiance for ~100 minutes under 

various gas atmospheres. 

The pH 6 and pH 11 ZnO-CuSCN devices are shown to possess relatively stable 

photocurrents that exhibit switch-on/off response times < 0.1 ms. The photocurrents are close 

together for the pH 6 photodiode confirming the atmosphere plays a minimal role in the 

photocurrent. However, for the pH 11 photodiode where ZnO nanorods remain exposed at the 

base result in a more discrete response between the atmospheres. Generally the photocurrent 

was highest in the presence of oxygen, which is expected due to the influence oxygen 

desorption has on ZnO photoconductivity (Figure 5.19B). With the exception of oxygen in 

Figure 5.19B, the photocurrent was shown to gradually decrease over time. This is related to 

excited carriers reaching equilibrium between photoexcited carriers being generated and 

carrier recombination. Photocurrent of the pH 11 diode is approximately half that of the pH 6 

diode and is linked to the increased number of recombination sites at the p-n interface. 
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 Summary  5.4

Chapter 5 demonstrated the difficulties faced with typical impregnation of CuSCN. 

Alternative routes were proposed, namely spin-coating and spray-coating and these were 

explored as possible means to improve the process. Of the two processes spray-coating was 

selected for further analysis due to its reduction in crack formation and smooth surface. SEM 

analysis shows the spray-deposited CuSCN grain-size was ~40 nm and the particles coated 

the ZnO nanorod uniformly. The typical problem of ‘mud-cracking’ in the CuSCN layer was 

resolved by reducing the quantity of n-PS deposited and facilitating rapid evaporation of the 

remaining solvent. Optical analysis showed spray-coating provides enhanced controllability 

to the user allowing (100-700 nm) thin-films of CuSCN to be deposited on substrates with a 

low roughness factor.  

A 6 µm-thick CuSCN film exhibited a conductivity of 0.02 S.m
-1

 and the highest reported 

hole mobility of 70 cm
2
/V.s. The ZnO-CuSCN diode (fabricated by the spray-coat technique) 

had a rectification of 3550 at ±3 V. This is up to ten times greater than those previously 

reported with a similar structure.  By removing the long drying stages used in impregnation 

and the typical storage time required post-processing, the spray-coat method has reduced the 

processing time and made it possible to rapidly fabricate effective devices.  

Although this technique has numerous advantages, there are also limitations. For example the 

pore-filling capability requires a direct pathway for the spray; this is because supersaturated 

CuSCN droplets nucleate on contact with the surface. Therefore, it may be unsuitable for 

sponge-like porous nanostructures.  

Hybrid devices fabricated from spin-coating PEDOT:PSS onto ZnO-nanorods, resulted in the 

p-type material being suspended above the array, leaving the rods below exposed. This 

resulted in poor rectifications that were assigned to low interfacial contact and hence poor 

charge carrier separation.  

Both PEDOT:PSS and CuSCN exhibited good absorption in the UV. When combined with n-

type ZnO, the hybrid and inorganic heterostructures functioned as a UV photodiodes. The 

difference in performance was linked to both the device structure and nanorod properties. The 

hybrid photodiode exhibited photocurrent response in the range of 50-600 nA at 0 V, and the 

recovery times were dependent on the atmospheric condition. The ZnO-CuSCN photodiode 

exhibited higher photocurrent (0.4-1.3 µA) as a result of the increased interfacial contact at 
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the p-n junction. The recovery time of the inorganic diode was <0.1 ms, which is 10
5
 times 

faster than the hybrid device.  

In conclusion, the inorganic ZnO-CuSCN heterostructure represents the most promising 

option for further development in terms of stability, photocurrent intensity, and response 

times.  
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6 ZnO-nanorod based photodetectors 

 

This chapter demonstrates the fabrication and performance of self-powered photodetectors 

using the ZnO nanorods characterised in Chapter 4. Employing ZnO nanorods in 

optoelectronic devices has the advantages of high surface-to-volume ratio, increased photon 

scattering, and a direct conductive pathway to the base electrode. Low-temperature aqueous 

processing was shown to play a significant role in determining the ZnO material properties, 

which directly affects the overall device performance. Here, the difference between pH 6 and 

pH 11 grown nanorods was investigated as part of a ZnO-CuSCN heterostructure. This 

heterostructure exhibits a small photovoltaic effect that allows it to operate as a self-powered 

UV photodetector near zero-bias. Furthermore, the ability to create photodetectors without 

high temperature processing will pave the way for flexible photodetectors. These devices 

were analysed in terms of stability, responsivity, spectral sensitivity, and compared to the 

best-performing photodetectors in this field  

 

 Self-powered pH 6 ZnO-nanorod/CuSCN 6.1

photodetector 

ZnO nanorods (pH 6) were spray-coated with CuSCN as detailed in experimental section 

3.1.4.1. Chapter 5 demonstrated the improved pore-filling, morphology and hole-mobility of 

the CuSCN layer. The ZnO-CuSCN heterostructure has not previously been highlighted as a 

potential photodetector, but instead used to sandwich a dye or extremely thin absorber to 

fabricate DSSCs or PVs [193,276,279]. The importance of self-powered detectors was 

discussed previously in section 2.3.2.4, and it is shown here that this simple heterostructure 

that requires no encapsulation or additional processing to compete with those currently 

leading in this field.  
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6.1.1 Device structure 

 

Figure 6.1 Energy band structure of the ZnO-CuSCN device shows the Fermi level alignment of this 

heterostructure, where EC, EV and EF are the conduction band, valence band and Fermi level, 

respectively. The schematic opposite shows the complete device structure used for electrical testing. 

Device performance is determined by the energy-band structure of the semiconducting 

materials. The offset between the ZnO EF and work function of the FTO electrode (φFTO) 

dictates the open-circuit voltage (VOC) and short-circuit current density (JSC) under UV 

illumination. At equilibrium the energy-bands shift to accommodate the EF pinning, however 

the pre-existing EF alignment results in a minimal shift. The large EC offset between the p-

type and n-type materials (~2.5 eV) serves as an effective charge carrier separation at zero-

bias (Figure 6.1). The wide-bandgap of ZnO and CuSCN demonstrates the suitability of this 

heterostructure as a UV visible-blind photodetector. The schematic in Figure 6.1 illustrates 

the completed device structure represented in the energy band diagram.  

 

Figure 6.2 SEM micrograph cross-section of pH 6 ZnO-nanorods spray-coated with CuSCN. 
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The pH 6 nanorods are shown to be 2.5-3 µm long, with the CuSCN layer penetrating 

through the nanorod array and forming a bulk layer above the nanorods ~500 nm thick 

(Figure 6.2). The smooth, crack-free CuSCN morphology will assist in lowering the top-

contact and series resistance of the device. By improving the pore-filling of the array, the 

compact CuSCN layer restricts atmospheric oxygen (and other gases) from directly adsorbing 

onto the ZnO nanorod surface, and simultaneously provides a high interfacial contact 

between ZnO and CuSCN. Consequently this increased surface area assists in maximising the 

region where recombination and charge-separation takes place.  

6.1.2 Current-voltage measurements 

 

Figure 6.3 I-V plot of pH 6 ZnO-CuSCN device under dark and UV (3.5 mW cm
−2

) illuminated 

conditions. Inset shows magnified area at the origin. 

A typical I–V plot shows the rectifying behaviour of the device, see Figure 6.3. Two 

significant features were observed for this plot; firstly, the very low turn-on voltage of ~0 V, 

and secondly, the small, yet measurable, photovoltaic effect under UV illumination. The 

latter is attributed to the aforementioned well-aligned band structure of the device FTO, ZnO, 

CuSCN, and Au electron-affinities and Fermi levels are closely co-ordinated) (see Figure 

6.1). This allows rapid charge-carrier separation at the interface, preventing photoexcited 

electrons in ZnO from recombining with holes at the p-n junction. The rectification ratio was 

measured as 23 at ± 4 V. The leakage current of 2 mA was attributed to the penetration of the 

CuSCN layer through the nanorod array contacting the FTO electrode creating shorts and 

reducing the shunt resistance of the device.  
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The inset of Figure 6.3 shows an enlarged area of the I–V origin curve and reveals the limited 

photovoltaic performance of the device. At an applied field of 0 V, the device would be truly 

self-powered and give a binary response that would be 0 A for no light, and a measurable 

current when under illumination. However, the serendipitous nature of the experimental 

arrangement allows the photocurrent to be measured under a small reverse and forward bias 

and will be discussed in the following section. 

6.1.3 Photocurrent measurements 

 

Figure 6.4 ZnO-CuSCN photocurrent stability for forward and reverse bias of  0.1 mV under UV LED 

irradiance of 3.5 mW cm
−2

 switched on (for 60 s) and off (for 90 s) for six repeat cycles.  

Figure 6.4 shows the photocurrent response of the ZnO-CuSCN device at a nominal zero set 

bias. Six repeat cycles of switching the 3.5 mW cm
−2

 UV source on and off were used to test 

the repeatability of the device under a small forward and reverse bias of ~0.1 mV. In all 

cases, the photocurrent was observed to be consistent and repeatable. Interestingly, the 

photocurrent under forward bias was observed to alternate between negative and positive in 

relation to the UV source switching off and on. This provides an opportunity to use the 

device as an on-off binary-response for UV detection that exceeds previously recorded 

photosensitivity of ~10
5
. The binary-response for the ZnO-CuSCN device arises from the 

photovoltaic behaviour and low turn-on voltage of the diode as the current changes from 

positive to negative upon illumination. An examination of Figure 6.4 shows that the expected 
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changes in photocurrent for forward and reverse bias are matched with the performance of the 

device shown in Figure 6.3 inset. 

 

Figure 6.5 Current vs. time plot displaying the photoresponse to varying UV irradiances, inset shows the 

corresponding responsivity. 

The photosensitivity of the ZnO-CuSCN device to 380 nm UV light was tested using a range 

of irradiances of 0.8–6 mW cm
−2 

(Figure 6.5). This shows a steadily increasing photocurrent 

response in relation to the irradiance intensity, achieving a photocurrent of 4.5 µA at 

6 mW cm
−2

. This value is the highest currently reported for this low-level of UV irradiance at 

a near zero-bias. While it was possible to extrapolate a true zero-bias response from these 

devices, it has not been done, as the exact shape of the I-V curve around 0 V is not accurately 

known. The enhanced photocurrent response is attributed to the nanorod array, which plays 

an essential role in maximizing the surface area for photon-absorption. Longer and/or thinner 

nanowires may improve the photocurrent further.  

Two critical parameters are used to characterize photodetectors: the responsivity and the 

photoconductive gain (defined as the number of electrons produced in the external circuit for 

each absorbed incident photon). The responsivity (Rλ) and photoconductive gain (G) can be 

expressed as:  

    
  

(     )
  and     [

  

(         )
]  (

  

 
) 
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Herein, ΔI is the photocurrent difference between the dark and after 60 s of illumination, A is 

the electrode contact area (0.1 cm
2
), P is the LED irradiance, e is the electron charge, h is 

Planck’s constant, v is the frequency of the incident light, and η is effective photocarrier 

generation efficiency (assumed to be 0.7 in this work, taking the reflection, scattering, and 

incomplete absorption, etc. into consideration). The Rλ was shown to increase with 

illumination intensity up to 0.0075 A W
−1

 with a corresponding gain of ~0.04 for 6 mW cm
−2

 

irradiance (inset of Figure 6.5). 

 

Figure 6.6 Spectral responsivity using 1 mW cm
−2

 irradiance and absorption spectra overlaid for the 

pH 6-ZnO-CuSCN device. 

The UV selectivity of the ZnO-CuSCN device was tested at a nominal zero-bias and was 

shown to have a minimum UV to visible rejection ratio of  ~100 (Figure 6.6). This is 

attributed to the wide bandgap of both the ZnO (3.3 eV) and the CuSCN (3.6 eV) 

semiconductors, which restricts the absorbed photons to a minimum energy of 3.3 eV in order 

to generate photoexcited carriers. This corresponds to the overlaid absorption spectra, which 

show the absorption edge of the ZnO-CuSCN heterostructure at ~380 nm (~3.3 eV).  

It is possible that there is a contribution to the photodetector response from the CuSCN layer. 

However, this is unlikely to occur for two reasons. Firstly, the threshold for device turn-on is 

closely aligned with the ZnO band gap at 3.3 eV, and secondly, the CuSCN has a wider 

bandgap than ZnO and the light enters the device through the ZnO side; the absorption 

coefficient of ZnO at 3.6 eV is sufficient to absorb light of that energy as it passes through 

the ZnO before entering the CuSCN. The low-temperature aqueous solution used to 

synthesize the ZnO nanorods often incorporates unwanted defects in the crystal lattice. As 
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well as doping it as n-type, it can also introduce deep-level emission states that can reduce the 

UV–visible rejection ratio.  

 

Figure 6.7 Photoluminescence spectra of pH 6 ZnO nanorods, before and after annealing in air. 

The photoluminescence spectra of pH 6 ZnO nanorods before and after being annealed in air 

can be used to indicate the quality of crystal and the presence of defects. Figure 6.7 shows 

annealing at 400˚C for 1 h significantly reduced the defect-related emission peaking at 

570 nm. However, the NBE peak at ~380 nm remains relatively broad and indicates an 

imperfect crystal lattice structure. This suggests the UV–visible rejection ratio could be 

increased by reducing the incorporation of deep-level defects in ZnO. 

 

Figure 6.8 Fast transient photocurrent waveforms in response to a 355 nm, 5 ns pulse with an excitation 

energy of I = 0.3 µJ/pulse, with the enlarged rise response shown inset.  
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The photocurrent rise and decay time was measured with a 355 nm, 5 ns-pulse laser under 

forward and reverse bias. The rise time (τr) and the decay time (τd) were measured as ~500 ns 

and ~6.7 µs, respectively for both cases (see Figure 6.8). These values are at least 40 times 

faster than those previously reposted for self-powered photodetectors. In addition, the binary-

response time in the forward-bias case (defined as the time for the photocurrent to switch 

from positive to negative) was measured as τr ~ 4 ns and τd ~ 13 µs. This rapid response time 

approaches the resolution of the oscilloscope and exceeds the response times for both 

Schottky and p-n-junction ZnO-based photodetectors. 

 

Figure 6.9 Photocurrent response of the ZnO-/CuSCN device under an applied field of -5 V for three UV 

(380 nm) irradiances. 

To test the ZnO-CuSCN device in comparison with other ZnO p-n-photodetectors, it was 

tested under a −5 V applied bias for three UV irradiances (0.8, 3.5, and 6.0 mW cm
−2

). Once 

again, it was shown that the photocurrent response correlates to increasing illumination 

intensity (Figure 6.9). A longer illumination period increases the quantity of accumulated 

photo-generated carriers and directly correlates to an increase in decay time of the device. 

From Figure 6.9, the responsivities (and gains) were calculated to be 9.5 (35), 8.4 (40), and 

7.7 (47) A W
−1

 (greater than unity) for irradiances of 0.8, 3.5, and 6.0 mW cm
−2

, respectively.  

Finally, it should be noted that this ZnO-CuSCN device does not require ZnO-nanorod 

surfaces to be specially treated with absorbing polymers or encapsulated to prevent 

degradation. This device was exposed and tested in atmospheric conditions over a period of 
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six months and showed no sign of reduced performance. This represents a very significant 

paradigm shift in performance over previous devices of this type.  

 Self-powered pH 11 ZnO-nanorod/CuSCN 6.2

photodetector 

The detailed characterisation of pH 11 nanorods conducted in Chapter 4 showed the anneal 

atmospheres significantly influenced the ZnO properties. The effect on device performance 

was demonstrated by fabricating heterostructures from each of the pH 11 nanorods: as-

grown, annealed in air, oxygen, and nitrogen. CuSCN was spray-deposited as with the 

previous self-powered photodetector. 

6.2.1 Current-voltage measurements 

 

Figure 6.10 Semi-log current-voltage plots of ZnO nanorods as-grown, annealed in air, nitrogen or 

oxygen, and coated with CuSCN. Each plot shows the performance under dark and UV illuminated 

conditions. 

The semi-log I-V plots for the ZnO-CuSCN p-n-heterostructure demonstrates 

photosensitivity was highest under the reverse-bias (Figure 6.10). This is because under 
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reverse-bias the only contribution to the dark current arises from minority carriers, whereas 

under forward-bias the main contribution comes from majority carriers. The rectifications 

obtained from Figure 6.10 are presented in Table 6-1.  

Table 6-1 Rectification ratios extrapolated from the semi-log I-V plots in Figure 6.10. 

ZnO sample Reverse Current  (±3V) Forward current (±3V) Rectification at ± 3V 

Dark UV Dark UV Dark UV 

Air 0.8 µA 0.12 mA 17.2 mA 32.0 mA 21500 270 

Nitrogen 67.6 µA 0.50 mA 40.5 mA 50.3 mA 600 100 

Oxygen 16.4 µA 0.09 mA 7.0 mA 30.5 mA 440 340 

As-grown 3.0 mA 7.52 mA 8.7 mA 37.0 mA 3 5 

 

The maximum rectification of 21500 was obtained at ±3 V for air-annealed ZnO. This is 

~100 times greater than previously reported ZnO-CuSCN diodes [182,190] and 35-50 times 

the rectification obtained for nitrogen/oxygen annealed ZnO. The lower rectifications for 

oxygen and nitrogen are linked to the higher larger leakage current in the device. This arises 

from multiple factors such as: diffusion current, space-charge generated current, band-to-

band tunnelling current, and thermionic emission current. In this case, structural and point 

defects play a major role as trap states and recombination sites, which lead to recombination 

driven current in dark conditions and result in a higher leakage current. The presence of these 

defects has been clearly demonstrated using SEM, TEM, PL, and Raman spectroscopy (see 

section 4.5). The high quantity of trap states (VZn
2-

) formed during the oxygen-anneal, and the 

thin-layer of amorphous material coating the nitrogen-annealed ZnO is the cause of high 

leakage current observed. Poor diode behaviour exhibited by the as-grown sample (Figure 

6.10) suggests the nanorods are more intrinsic than n-type and is attributed to the regions of 

amorphous material consisting of trapped precursors throughout the lattice.  

Nitrogen-annealed ZnO obtained the highest current under UV (50.3 mA) for the measured 

devices.  This gives evidence to support the formation of shallow donors from unreacted 

precursors during the reducing atmosphere anneal (see section 2.1.3.2.2).  
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Figure 6.11 An enlarged current-voltage plot displaying the photovoltaic behaviour for each device under 

(380 nm 0.8 mW cm
-2

) UV illumination. 

Figure 6.11 proves the photovoltaic effect was exhibited by each of the ZnO-CuSCN diodes 

under UV illumination. It is shown that the air-annealed sample has the highest photovoltage 

and the nitrogen-annealed sample has the highest photocurrent. The photovoltage generated 

by the UV illumination is dependent on the in-built bias between the ZnO EF and φFTO away 

from the junction. Nitrogen- and oxygen-annealed ZnO have a similar photovoltage, which 

indicates very similar EF. Air-annealed ZnO has a higher photovoltage of 0.05 V, and 

suggests a larger difference between EF that φFTO. This may be attributed to the fewer 

inconsistencies in the crytal lattice when compared to oxygen and nitrogen-annealed samples. 

The as-grown sample shows a very weak photovoltaic effect compared to the annealed 

samples. Figure 6.10 shows the as-grown sample exhibits a similar forward current to the 

annealed samples (37.0 mA), which signifies a similar carrier concentration. It therefore 

indicates rapid recombination is the cause, which is expected due to presence of amorphous 

material.  
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6.2.2 Photocurrent measurements 

 

Figure 6.12 Photocurrent stability under (380 nm, 3.5 mW cm
-2

) UV irradiance turned on (for 60 s) and 

off (for 90 s) six times.  

Figure 6.12 demonstrates the reliability of the devices with consistent and stable photocurrent 

after switching the UV light on and off six times over a period of 15 minutes.  Although the 

source meter was set to 0 V, a small dark current of -4 nA was detected indicating a small 

applied bias. When operating as a true self-powered photodetector there would be no voltage 

source so the dark current would be zero. Extrapolating the photocurrent to true zero-bias 

would actually increase the photocurrent by ~100%. 

 

Figure 6.13 Spectral responsivity (for 0.8 mW cm
-2

 irradiance) and the corresponding absorption spectra 

of the device. 
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This photodetector is sensitive to specific ranges of UV 3.1-3.25 eV (380-400 nm) and blue-

green 2.4 eV (475-525 nm) light. Using the expressions given previously: 

    
  

(     )
  , 

where ΔI is the difference between illuminated and dark current, A is the contact area 

(0.1 cm
2
) and P is the LED irradiance. Device responsivity peaks in the UV-region (380 nm), 

corresponding closely to the absorption peak for the ZnO-CuSCN heterostructure (Figure 

6.13). The weak responsivity peak around 475-525 nm (Figure 6.13) corresponds to the weak 

absorption slope in the UV-Vis spectra (Figure 4.17). For high intensity illuminations the trap 

states will become saturated and limit the promotion of carriers for visible wavelengths. This 

would reduce the responsivity to the visible spectra while maintaining a good UV response. 

The maximum responsivity was calculated to be 0.05 A W
-1 

for 380 nm, 6 mW cm
-2

 

irradiance at near-zero bias. 

 

Figure 6.14 Photocurrent response for the ZnO-nanorod/CuSCN photodetector under increasing UV 

irradiances for near zero–bias (~0.1 mV).  

The photocurrent response of all devices increased with UV irradiances from 0.8 to 

6.0 mW cm
-2

 and showed no sign of saturation or reduction (Figure 6.14). This suggests the 

photocurrent would continue to increase for higher irradiances. The nitrogen-annealed sample 

exhibited the highest photocurrent of ~30 µA under 6 mW cm
-2

 UV irradiance. This is six 

times greater than the as-grown/oxygen-annealed ZnO devices reported here, and at least 

twice the highest currently reported by Deng et al, who tested using 8 W illumination [259].  
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6.2.3 Device mechanisms 

As reviewed in section 2.1.4, defects have a significant impact on semiconductor behaviour, 

both optically and electrically. Surface defects however, influence the band-bending near the 

nanorod surface, for example in the case of photoconductivity (section 2.1.4.4). For pH 11 

nanorods the synthesis and anneal process lead to the introduction of unintentional N-doping 

and other point defects (see section 2.1.3.2.2).  

 

Figure 6.15 Schematics showing the band-bending at the ZnO interface for nitrogen- and oxygen-

annealed nanorods. 

Here, it is shown that band-bending differs for the nitrogen- and oxygen-annealed nanorods. 

The reducing atmosphere of the nitrogen anneal favours oxygen vacancies at the surface, or 

crystalline N-related defects, both of which are donor states and allow holes to accumulate at 

the nanorod surface resulting in upward band-bending (Figure 6.15). In the case of oxygen-

annealed ZnO, it was concluded that the high oxygen partial pressure favoured zinc vacancies 

forming near the nanorod surface. These doubly-charged zinc vacancies (VZn
2-

) act as 

electron trap states and lead to downward band-bending at the ZnO interface (Figure 6.15). 

When operating at near zero-bias, the band-bending at the electrode/p-n-junction interface is 

critical for charge carrier separation.  

It is important to note that while the Keithley 2400 was used to measure the current by setting 

the source voltage equal to zero, the instrument always assumes that it is measuring a current 

from its internal source. In this case, a positive current will flow out of its terminals and a 

negative current will flow in to them (see Keithley 2400 manual ref. [280]). Hence, while the 

source meter it is set to zero, it is in fact applying a small negative-bias.  
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Figure 6.16 An energy band-diagram of the ZnO-CuSCN diode operating near zero-bias in dark 

conditions. Dotted-line (nitrogen) and solid-line (oxygen) at the interface represent the band-bending. 

In the dark at zero-bias, the ZnO-CuSCN was in equilibrium with minimal current being 

generated (Figure 6.16).  

 

Figure 6.17 Energy band diagram under UV illuminated conditions for the ZnO-CuSCN device. Dotted-

line (nitrogen) and solid-line (oxygen) at the interface represent the band-bending. 

Upon UV illumination, electrons are photoexcited into the ZnO EC, which raises the ZnO EF 

above that of the φFTO (see Figure 6.17). As a result the mobile electrons experience a drift 

potential attracting them to the FTO electrode, where they recombine and generate the 

observed photocurrent. The concentration of photoexcited carriers determines the 

photocurrent intensity. The difference in photocurrent response between the samples can be 

explained by the thermally induced defects. In the oxygen-annealed samples, VZn
2-

 act as 

electron trap states at the nanorod surface, and it is at this ZnO-CuSCN interface that the 
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majority of carriers are photoexcited. When the electrons recombine with trap states, the 

carrier mobility is reduced and charge separation is hindered, thus reducing the photocurrent 

response. The high photocurrent measured for nitrogen-annealed ZnO, may be attributed to 

either, the N-related donor defects formed during the reducing nitrogen-anneal, or fewer VZn
2-

 

trap states present. As the air-annealed sample lies between these two extremes it follows that 

it would have an intermediate response, which correlates with the DLE in Figure 4.20. The 

as-grown sample exhibits the lowest response of the fabricated devices due to the unreacted 

Zn-precursors trapped throughout the nanorod structure. These act as recombination sites that 

decrease both carrier mobility and concentration, and consequently have a negative effect on 

the device performance. However, the photocurrent of ~5 µA at 6 mW cm
-2 

irradiance is 

comparable to those self-powered devices fabricated at higher temperatures 

[252,254,255,281,282]. This demonstrates the potential for flexible devices using as-

produced ZnO material synthesised at temperatures <100˚C.  

6.2.4 Photovoltage response 

 

Figure 6.18 Fast transient photovoltage waveform in response to a 532 nm 5 ns-pulse with excitation 

energy of 0.1 mJ/pulse and enlarged rise time (inset). 

Response times were tested using a 532 nm pulsed laser that excited electrons via the 2.4 eV 

trap states to the ZnO EC. The device exhibited a rapid τr of ~25 ns (inset Figure 6.18) and τf 

of ~4 ms. The prolonged τf is linked to intermediary trap states that prevent direct band-to-

band transition as shown by the diminished NBE and prominent DLE of the PL spectra (see 

Figure 4.20). Interestingly the ZnO-CuSCN photodetector showed almost no response to the 

3.5 eV (355 nm) pulsed laser. A device fabricated using pH 6 synthesised ZnO-nanorods 
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shows a good photocurrent response to 355 nm pulse during the same experiment (Figure 

6.8). The nanorods grown at pH 11 (14 µm) reported here are much longer than those grown 

at pH 6 (2-3 µm), and additionally have a dense, compact layer at the base (closest to the 

FTO) approximately 4 µm thick. The absorption coefficient of ZnO at 355 nm is very high as 

it is well above the main band-edge absorption onset at ~385 nm. Hence, when illuminated 

through the glass-FTO, as in the photo-response measurements, the majority of 355 nm 

photons will be absorbed close to the FTO. Due to the thick compact layer in the pH 11 

grown rods this absorption occurs well away from the junction, whereas for the pH 6 grown 

rods, which lack this thick layer, photons are absorbed closer to the junction. Due to internal 

recombination, only carriers excited near the junction region contribute to the photocurrent in 

the photodetector. Therefore, 355 nm excitation does not create a significant photocurrent 

response in the pH 11 rods, whereas 532 nm laser and 380 nm illumination that penetrate 

much further through the ZnO, do. 

 Summary 6.3

Self-powered, inexpensive ZnO-nanorod based photodetectors were developed using pH 6 

and pH 11 aqueous grown nanorods. The pH 6-ZnO based photodetector exhibited a rapid 

binary-response of ~4 ns and minimum decay time of 6.7 µs. Four photodetectors were 

fabricated using pH 11-nanorods that had been annealed in air, nitrogen, oxygen, and as-

grown. The results showed that pH 11 photodetectors were sensitive in the UV and visible 

wavelengths with a maximum photocurrent response of 30µA (at 6 mW cm
-2 

irradiance) for 

nitrogen-annealed nanorods. The performance characteristics were assigned to the high 

interfacial area provided by the nanorod array, good pore-filling of the CuSCN hole-

collecting material, and thermally induced donor defects.  

The ZnO-CuSCN photodetectors have enhanced stability compared to others of a similar 

design without the requirement of a polymeric encapsulation layer; this is due to the 

impregnation of p-type CuSCN into the ZnO nanostructure. The behaviour of the device has 

been attributed to the pre-existing Fermi level alignment of the ZnO and CuSCN 

semiconductors, which results in a low turn-on of ~0 V and photovoltaic behaviour. These 

properties make the ZnO-CuSCN UV photodetector suitable for nanoscale applications that 

require rapid response times and self-sufficient functionality. Finally, these devices show that 

it is possible to produce a self-powered flexible photodetector using a simple and inexpensive 

fabrication process. 
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7 Conclusions and future work 

 Conclusions 7.1

7.1.1 Background and aims 

This project consists of two major elements: firstly, the fabrication and characterisation of 

materials, and secondly, the design and development of UV photodetectors. The primary 

purpose of this project was to develop a low-temperature processing method that was facile 

and inexpensive, for the fabrication of optoelectronic devices. Reasons for choosing ZnO 

nanorods as the n-type material was discussed in Chapter 2. It highlighted the numerous 

production methods of ZnO nanostructures, good optical transparency to visible wavelengths 

due to its 3.34eV bandgap, and the chemical stability that is beneficial for longevity. In 

addition, the literature review emphasises the effect low-temperature processing has on ZnO 

properties, primarily focusing on the unavoidable structural and point defect incorporation 

during growth. Understanding which defects give rise to particular characteristics originates 

from the desire to manipulate material properties to our advantage. By enhancing or 

inhibiting particular defects it would be possible to influence the conductivity (n- or p-type), 

optical properties, and surface reactivity. Consequently, investigating the effect of processing 

(pH, precursor concentration, seed layer, temperature, duration, etc.) on these properties is 

critical to improving our understanding. Thermal annealing nullifies the benefit of low-

temperature processing for flexible substrates, but it assists in the removal of unwanted 

defects from the crystal lattice. The identification of point defects in ZnO has long been a 

controversial subject, whether related to the unintentional n-type behaviour of ZnO or the 

optical luminescence typically emitted by deep-level emission defects. Currently it is 

impossible to directly pin-point the defects responsible for these side-effects. Although 

multiple characterisation techniques exist (PAS, PL, Raman, XPS, EXAFS), none provide the 

ability to single-out the defect responsible. Hence, it remains that multiple analysis 

techniques are used to infer possible defects and the selection is narrowed by theoretical 

calculations of the defect formation energies.  

EXAFS obtained in optically-detected mode is a recently developed high-energy X-ray 

scattering technique that provides information relating to the crystal structure surrounding the 



122 

 

absorbing atom. In optically-detected mode, specific wavelengths are collected that relate to 

the luminescing regions in the crystal structure. Hence, site specific information surrounding 

the defects responsible for this emission can be deduced. As of yet, a high-quality EXAFS 

spectra in optically-detected mode has not be obtained, preventing a detailed analysis of the 

structure.  

Selecting a p-type material for the fabrication of the device was not as simple as for the n-

type. Firstly, there was no need for the p-type layer to be nanostructured, and secondly there 

was the option of using an inorganic or organic hole collector for the task. As interest in 

purely organic electronics grows (primarily for the benefit of device flexibility), it was 

deemed worth-while testing the differences in performance between the two options. Hence, 

a hybrid ZnO-PEDOT:PSS diode and an inorganic ZnO-CuSCN diode were fabricated. 

CuSCN was chosen for its good optical transparency, chemical stability, and reasonable 

conductivity (1.4 S/m). PEDOT:PSS has a similar hole conductivity to that of CuSCN, its 

HOMO is close to the EV of CuSCN, and also has good optical transparency as a thin film. A 

side aspect of this project was the development of CuSCN deposition. It was demonstrated in 

Chapter 2 that previous methods (electrodeposition, SILAR, impregnation) were lacking in 

either pore-filling capability or suitable morphology. Hence, it was desirable to optimise the 

CuSCN coating method before analysing/comparing the device performance.  

UV photodetectors are essential for a wide range of applications (chemical/biological 

analysis, optical communications, flame detection, etc.) and so research into its development 

is on-going. Recently the developmental focus for UV photodetectors is its size and 

portability. With a numerous possible structures for photodetectors (MSM, p-n-/p-i-n, FET, 

MIS, Schottky), it should be noted that almost all of these require an applied bias to achieve 

reasonable responsivity. Although photodetector may be on the nanoscale, the power needed 

to generate the large electric field required sizable components, which reduces the 

functionality of these nanoscale devices. Consequently, there has been interest in developing 

photodetectors that operate without an external bias, and so are deemed “self-powered”. The 

most common route to achieving this goal is the photovoltaic effect, and there is evidence 

that shows nanoscale fuel cells can be used to generate the required power 
[255]

.    

In conclusion the aims of the project were set out as:   

 Investigate the influence processing and thermal annealing has on the morphological, 

optical, and conductive properties on ZnO nanorods. 
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 Obtain EXAFS high-quality spectra of ZnO in optically-detected mode.  

 Improve deposition of CuSCN p-type material.  

 Compare purely-inorganic and hybrid (inorganic-organic) ZnO-based photodiodes 

using p-type CuSCN and PEDOT:PSS. 

 Develop self-powered UV photodetectors and demonstrate the impact of processing 

on device performance. 

7.1.2 Project progression 

A number of experimental stages were needed to achieve the goals set in this project. These 

are outlined below and followed by a more detailed summary:  

 Synthesise ZnO nanorods using an aqueous chemical solution and vary the growth 

conditions (pH, precursor concentration, duration, substrate etc.) to study the effects 

on ZnO properties. 

 Characterise the ZnO nanorods using various techniques and interpret the data to 

demonstrate changes in the material’s properties.   

 Collect EXAFS of ZnO nanorods and interpret data to determine the quality of data. 

High-quality data could then be further analysed to distinguish between two regions 

with different PL emission.  

 Test spin-coating and spray-coating of CuSCN onto ZnO nanorods. Demonstrate the 

difference in material properties comparing with the commonly-used impregnation 

technique.  

 Fabricate photodiodes by spin-coating PEDOT:PSS or spray-coating CuSCN onto 

ZnO nanorods. Test the devices as photodiodes under UV illumination and monitor 

the effect of atmospheric conditions on device performance.  

 Operate ZnO-CuSCN diodes at near-zero bias to confirm they function as self-

powered UV photodetectors. Use pH 6 and pH 11 grown nanorods to demonstrate the 

effect materials processing can have on device performance.   

 

ZnO nanorod growth and characterisation 

The aqueous growth method was investigated using various precursor concentrations in 

attempt to control the morphology. As a result, ZnO nanorods were synthesised using an 

alkaline (pH 11) solution consisting of ammonia, HMT and zinc nitrate. These pH 11 

nanorods demonstrated interesting material properties when thermally annealed in oxygen, 
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air, and nitrogen atmospheres; this warranted further investigation and so the project focus 

was shifted to accommodate this. A comparison was then made between these pH 11 grown 

nanorods and pH 6 ZnO nanorods grown using a solution consisting equimolar 

concentrations of HMT and zinc nitrate.  

 

Detailed characterisation was required in order to determine the presence of defects and how 

they may affect the ZnO properties. The morphology was analysed using SEM, XRD 

provided the crystal structure and texture, PL and UV-Vis spectroscopy was conducted to 

ascertain the optical properties, and Hall Effect measurements obtained the conductivity. 

Raman spectroscopy probed the surface of the nanorods, whereas TEM analysis was able to 

penetrate the bulk and display varying contrasts across the nanorod length.   

EXAFS analysis at the Diamond Light Source synchrotron was performed on ZnO nanorods 

that exhibited high-intensity optical luminescence. The spectrum was obtained in both 

transmission and optically-detected modes for two wavelength emissions (500 nm and 

660 nm). Differences between the two wavelengths indicate this technique can successfully 

distinguish between two emission regions in the lattice. Data analysis provided estimations of 

the atomic bond lengths, the number of nearest neighbouring atoms, and the lattice disorder.   

P-type deposition and device fabrication 

Two of ways to improve the CuSCN deposition were explored: spin-coating while using a 

heat lamp to evaporate the solvent, and depositing a mist onto a heated sample using a 

pneumatic spray gun. As the spray-deposition showed the most promise, it was further 

developed using various CuSCN solution concentrations, droplet-sizes, drying intervals, and 

number of layers. To demonstrate the effectiveness the spray-deposition, it was directly 

compared with the most commonly used impregnation technique.  

   

To fabricate a hybrid device, PEDOT:PSS was spin-coated onto ZnO nanorods. The polymer 

was found to suspend on the nanorod tips and attempts were made to improve the pore-

filling. The PEDOT:PSS was diluted 1:5 and 1:10 vol.% in acetone.  However, this led to the 

PSS coating the PEDOT being removed and an increase in PEDOT grain size. Hence, this 

only served to have the opposite effect – decreasing the nanorod penetration. Consequently, 

undiluted PEDOT:PSS was used for further experimentation.  
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Edges and sides of FTO-substrate that are not used for the based electrode were coated with 

an insulating layer of PMMA to prevent short-circuits from occurring. The device was 

completed when an Au top-electrode was a sputtered onto the p-type material and PMMA. It 

was found that by depositing the Au on PMMA it provides a good contact site for the 

measuring cables to be attached without damaging the active area of the device.    

 

The photocurrent response to a UV LED over time was compared for both hybrid (ZnO-

PEDOT:PSS) and purely-inorganic (ZnO-CuSCN) photodiodes. The differences in p-type 

morphology and device stability under long testing periods of illumination are demonstrated. 

The purely inorganic devices exhibited the better performance both in terms of response time 

and photocurrent intensity and so were selected to be investigated further.  

 

UV photodetectors 

The ZnO-CuSCN devices were shown to exhibit a photovoltaic effect that may be used to 

generate a photocurrent response at zero-bias, thus functioning as a self-powered 

photodetector. To investigate the effect of processing on the device performance the 

photodetectors were fabricated from pH 6 and pH 11 nanorods. The responsivity, spectral 

sensitivity, stability, and response times were all closely examined. Significant differences 

between the photodetectors were observed which highlighted the important role defects play 

in the device performance. 

7.1.3 Completion of objectives 

The extent to which the objectives of the project set out in section 7.1.1 were met is discussed 

below.   

Effect of processing on material properties 

ZnO nanorods synthesised using a pH 11 solution was confirmed to be nitrogen-doped during 

the synthesis process using Raman spectroscopy. The nanorod morphology, crystallography, 

and optical properties were shown to be sensitive to the thermal anneal atmosphere used. This 

was assigned to Zn-precursors trapped in the lattice and on the surface during growth that 

either decompose or form new ZnO depending on the anneal conditions. Post-annealing the 

pH 11 nanorods exhibited a green luminescence under UV excitation. Compiling data form 

multiple analysis techniques and first principle calculations attributed the emission was 

attributed to zinc vacancies. As a comparison and to prove the aqueous chemical growth can 
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be performed correctly, pH 6 grown nanorods were used. This equimolar (pH 6) method is 

commonly used and extensively analysed, and so provides a suitable basis for comparison.   

EXAFS analysis  

The deep-level emission of the (pH 11) ZnO nanorods provided a unique opportunity to test 

an unproven technique using EXAFS analysis. The successful capture of high-quality 

EXAFS data in optically-detected mode meant it was possible to analysis the crystal structure 

for two regions relating to 500 nm and 660 nm emission. Differences in peak-width and 

position signified the technique can be used to successfully distinguish between different 

structures. It was established that 660 nm emission originates from the nanorod surface, the 

500 nm emission was related to disorder on Zn-sites.  

Improved CuSCN deposition 

The ZnO-CuSCN diode fabricated using spray-deposited CuSCN had a rectification of 3550 

at ±3 V. This is up to ten times greater than those previously reported with a similar structure 

and 290% better when compared to the similar device fabricated using the CuSCN 

impregnation method. A 6 µm-thick CuSCN film exhibited a conductivity of 0.02 S.m
-1

 and 

the highest reported hole mobility of 70 cm
2
/V.s. By removing the long drying stages used in 

impregnation and the typical storage time required post-processing, the spray-coat method 

has reduced the processing time and made it possible to rapidly fabricate effective devices.  

Hybrid/Inorganic photodetector comparison 

The hybrid and purely-inorganic photodiodes were directly compared. Both PEDOT and 

CuSCN show good absorption in the UV and when combined with n-type ZnO, allowing 

them to function as a UV photodiodes. The difference in performance was linked to both the 

device structure and nanorod properties. The hybrid photodiode exhibited photocurrent 

response in the range of 50-600 nA at 0 V, and the recovery times were dependent on the 

measurement conditions sometimes requiring a day in dark conditions before it neared its 

equilibrium state. The ZnO-CuSCN photodiode exhibited a higher photocurrent (0.4-1.3 µA) 

as a result of the increased interfacial contact at the p-n junction. The recovery time of the 

ZnO-CuSCN diode was measured to be <0.1 ms, which is 10
5
 times faster than that of the 

hybrid device. 

Self-powered Photodetectors 
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Self-powered photodetectors fabricated using the ZnO-CuSCN heterostructure were shown to 

exhibit a rapid binary-response of ~4 ns and decay time of 6.7 µs for pH 6 nanorods. The 

photocurrent response reached ~5 µA for 6 mW cm
-2 

UV irradiance and demonstrated a 

minimum UV to visible rejection ratio of ~100.  

Four photodetectors were fabricated using pH 11 grown nanorods: as-grown ZnO, and post-

annealing in air, nitrogen, and oxygen. The results showed that pH 11 photodetectors were 

sensitive in the UV and visible wavelengths with a maximum photocurrent response of 30µA 

(at 6 mW cm
-2 

irradiance) for nitrogen-annealed nanorods. The rise time was measured as 

~25 ns with a decay time of ~4 ms.  

The performance characteristics of both pH 6 and pH 11 were assigned to the high interfacial 

area provided by the nanorod array, good pore-filling of the CuSCN hole-collecting material. 

In the case of the nitrogen-annealed ZnO, the improved performance was linked to thermally 

induced donor defects. The self-powered characteristic of the device has been attributed to 

ZnO photoconductivity, pre-existing Fermi level alignment of the ZnO and CuSCN 

semiconductors that results in a low turn-on of ~0 V, and the photovoltaic behaviour. These 

properties make the ZnO-CuSCN UV photodetector suitable for nanoscale applications that 

require rapid response times and self-sufficient functionality.  

 Future work 7.2

This section provides suggestions of possible future work that could be undertaken in order to 

improve upon the results obtained in this thesis, or add new information to support the work 

already presented.  

Defect analysis  

Questions remain regarding the green luminescence observed post-annealing pH 11 nanorods 

in various atmospheres. Although the analysis presented in this thesis strongly indicates zinc 

vacancies were responsible, other possibilities such as copper substituted on Zn sites (CuZn) 

remain. It would therefore be beneficial if further analysis was conducted to confirm the 

emission source. For example, annealing the samples in a hydrogen atmosphere saturate the 

doubly charge zinc vacancy (VZn
2-

) which would serve to quench the green emission. PAS 

could be used to identify the concentration of VZn
2- 

present in each of the annealed ZnO 
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samples, in order to support the prediction that addition zinc vacancies were formed during 

the high oxygen partial pressure anneal.   

It would be of interest to investigate the effect of anneal duration on the ZnO properties. In 

addition, by varying the anneal temperature it may be possible to determine at what 

temperature the green emission initiates and also when it begins to decrease, thereby 

providing further information regarding the stability of the defect responsible for the green 

emission. The colouration of the ZnO samples also warrants further investigation, whether 

annealing in hydrogen or zinc vapour returns the yellow, pink, or brown sample to its original 

cream colour may help to identify the defects responsible.  

The data obtained for the EXAFS analysis was extensive and only a small portion was 

analysed to demonstrate the technique was successful. By performing detailed analysis of the 

X-ray Absorption Near Edge Structure (XANES) it would be possible to take into account the 

all the scattering pathways rather than the single-scatter analysed using EXAFS. This would 

provide a more detailed and accurate level of analysis for the crystal structure.    

Improved device structure 

The ZnO morphology was shown to play a significant role in the device performance, both in 

terms of increased interfacial contact and optical transmission. It would be of interest to 

determine the optimal length and diameter for the diffusion of charge carriers in the pH 11 

nanorods to the junction interface. This would reduce recombination in the nanorod bulk and 

consequently lead to an increase in photocurrent response. The photocurrent could also be 

improved by using nanotubes in place of nanorods, which would increase the interfacial 

contact at the junction.   

The CuSCN layer could be improved by using a modified CuSCN solution as reported in ref. 

[179]
, which has proven to exhibit increased hole concentration and conductivity. The 

increased hole concentration with improved hole mobility demonstrated by the spray-

deposition may result in a superior CuSCN film that has higher conductivity than previously 

reported. This could be used to fabricate the ZnO-CuSCN heterostructure and would serve to 

improve the carrier separation at the junction interface.  

The ZnO-PEDOT:PSS photodiode did not perform to the same stand as the inorganic 

photodiode, and it was mainly attributed to the exposed ZnO nanorods. It would therefore be 

of interest to demonstrate how the device performed if it was encapsulated minimised thereby 
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minimising surface reactions below the PEDOT layer. The same test could be conducted on 

an encapsulated ZnO-CuSCN photodiode. This would demonstrate whether the ambient 

atmosphere had a significant impact on device performance.  

As-grown pH 11 ZnO nanorods were reported to exhibit a photoresponse on the same scale 

as previously reported devices that required high-temperature annealing. Consequently, this 

makes it a suitable option for flexible substrates. However, this was not proved in this thesis 

and it would be of significant interest to demonstrate this possibility.    
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