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Abstract 

I 

Abstract 

Nanotechnology is a multidisciplinary model that involves various fields of science and 

engineering assembled at the nanoscale level. It is not used merely to form/produce highly 

ordered nanostructures by using only amalgamation nanomaterials simultaneous. Also 

requires the capability to understand the precise manipulation, and surveillance of the 

developed nanostructures in a manageable way. On the other hand, the primary challenge 

that currently faces in nanotechnology, it needs to learn more about materials and their 

properties.  

Zinc oxide (ZnO) semiconductor has a relatively large direct band gap of 3.37 eV and 

exciton binding energy of 60 Mev, which exhibits excellent electrical, optical, catalytic and 

sensory properties. It has numerous applications in different fields. Furthermore, zinc sulfide 

(ZnS) has a high chemical stability in alkaline and weakly acidic environments. The unique 

properties of the combination of ZnO and ZnS can pave the way towards the realization of 

future devices (e. g. Optoelectronics, sensors, transducers and biomedical sciences, etc.).  

The major aim of the work presented in this dissertation focuses on designing highly 

ordered nanostructures of ZnO and ZnO/ZnS nanotubes by using anodic aluminum oxide 

(AAO) as a hard template. This dissertation relates specifically to these nanostructures-based 

electrochemical sensors and the photoelectrochemical (PEC) water splitting application. 

In this work, it successfully synthesized ZnO/ZnS nanotube arrays by combining three 

techniques: (i) AAO template (ii) atomic layer deposition (ALD) (iii) rapid thermal 

deposition. It was found that the AAO template could be removed completely without any 

further treatments by using a rapid thermal deposition during the growth of ZnS shell. The 

well–ordered ZnO/ZnS nanotube arrays with the great crystalline quality exhibited superior 

optical and electrical performances compared with the ZnO nanotube arrays. Thus it 

provides a cost–effective platform for the fabrication of tubular core/shell structures with 

various compositions via AAO template without concerning additional template removal 

procedures. Unlike the conventional investigations that focus on the manipulation of the 

optical absorption band edge of a single componential material through quantum 

confinement effects. The optical absorption property of the well–ordered ZnO/ZnS 

core/shell nanotube arrays was studied beyond quantum confinement effects. The data 
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showed that the profile of the absorbance spectrum of the modified nanotube arrays was 

determined by the two components and their geometrical parameters. The results 

demonstrated that both ZnO and ZnS showed a decrease in the optical band gap. With the 

increase of the ZnS shell thickness and the diameter of nanotube arrays, is interestingly 

inexplicable from the material aspect. The subsequent finite–difference-time-domain 

simulations (FDTD) supported such observations and illustrated that the geometrical and 

periodical parameters. It was showing the optical absorption of the core/shell nanostructure 

arrays could be influenced even without quantum effects. These results provided a new 

perspective shift of the optical band gap. This is of importance to the research in 

photoelectronics. 

Furthermore, a biosensor device was synthesized and characterized by the 

electrochemical approach. It was applied to detect the real changes of the chemical or 

biochemical species. The data successfully demonstrated the measurement of the obtained 

device as primary transducers/sensors for the determination of the glucose biosensor. The 

heterogeneous electron transfer rate constant (ks) of ZnO/ZnS towards glucose was (1.69 s-

1) is higher than bare ZnO (0.95 s-1). Where ks responsible of the performance improvement 

and high sensitivity. In addition, the experiments showed an improved performance of PEC 

water splitting. The saturation photocurrent density (1.02 mA/cm2) and photoconversion 

efficiency (62%) of ZnO/ZnS are higher than those of bare ZnO ( 0.23mA/cm2 and55%, 

respectively). 
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Zusammenfassung 

Nanotechnologie ist eine multidisziplinäre Technologie, welche unterschiedliche 

Aspekte der Wissenschaft und Ingenieurwesen im Nanobereich umfasst. Es ist mehr als das 

Herstellen von sehr geordneten Nanostrukturen durch die gleichzeitige Verschmelzung von 

Nanomaterialien und es verlang nach gebrauchstauglichen Möglichkeiten einer präzisen 

Manipulation und Überwachung der entwickelten Nanostrukturen. Mit anderen Worten, die 

größte Herausforderung in der Nanotechnologie ist es, dass wir mehr über die Materialien 

und ihre Eigenschaften lernen und herausfinden müssen. 

Zinkoxid (ZnO) ist ein Halbleiter mit großer Bandlücke (3.37 eV) mit ausgezeichneten 

elektrischen, optischen, katalytischen und sensorischen Eigenschaften und hat eine vielzahl 

von Verwendungsmöglichkeiten. Andererseits hat Zinksulfid (ZnS) eine hohe chemische 

Stabilität im alkalischen sowie schwach sauren Milieu. Die einzigartigen Eigenschaften der 

Kombination beider Materialien, ZnO und ZnS, können den Weg ebnen zur Realisierung 

von zukünftigen Devices (z.B. optoelektronische Bauteile, Sensoren, Wandler, 

Biomedizintechnik, usw.)  

 Der Hauptbestandteil der in dieser Dissertation gezeigten Studien hat den Schwerpunkt 

des Designs von sehr geordneten Nanostrukturen aus ZnO und ZnO/ZnS Nanotubes die 

mithilfe von anodischen Aluminiumoxid (AAO) als feste Template hergestellt wurden. Die 

Dissertation bezieht sich besonders auf nanostruktur-basierte elektrochemische Sensoren 

und photoelektrochemische(PEC) Anwendungen zur Wasserspaltung bzw. 

Wasserstofferzeugung. 

In dieser Arbeit wurden ZnO/ZnS Nanotubes erfolgreich synthetisiert durch die 

Kombination von 3 Methoden: (i) AAO Template (ii) Atomlagenabscheidung (ALD) und 

(iii) schnelles thermischen Abscheiden. Es wurde festgestellt, dass AAO Template ohne 

weitere zusätzliche Behandlungen durch schnelles thermisches Abscheiden komplett 

während des Wachstums der ZnS-Ummantelung entfernt werden konnte. Die gleichmäßig 

angeordneten ZnO/ZnS Nanotube-Arrays mit hoher Kristallqualität zeigten eine verbesserte 

optische und elektrische Leistungsfähigkeit im Vergleich zu den ZnO Nanotubes. 

Somiterweistsich dies alskosteneffektive Möglichkeit für die Herstellung von röhrenartigen 

Core/Shell-Strukturenmitunterschiedlicher Zusammensetzung mittels AAO Template 
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ohneweiterenotwendige Prozesse zur Entfernung der Template. Im Gegensatz 

zukonventionellen Untersuchungen mitdem Fokus auf die Veränderung der optischen 

Absorptionsbandkante einesauseineneinzigen Material durch sog. Quantum Confinement 

Effects, wurden die optischen Absorptionseigenschaften von geordneten ZnO/ZnS 

Core/Shell Nanotubearrays, d.h. Quantum Confinement Effects über Materialgrenzen 

hinaus, untersucht.  

Die Daten zeigen, dass das Profil des Absorptionsspektrum der ZnO/ZnS Nanoarrays 

durch beide Komponenten und ihre geometrischen Parameter bestimmt wird. Beide 

Materialein zeigen eine Verringerung der optischen Bandlücke bei Erhöhung der ZnS 

Manteldicke und der Durchmesser der Nanotube-Arrays, was interessant ist bzgl. Der 

Erklärung in Bezug auf Aspekte des Materials. Nachfolgende Finite-Difference-Time-

Domain (FDTD) Simulationen unterstützten die Beobachtungen und zeigten, dass die 

geometrischen und periodischen Parameter die optische Absorption der Core/Shell 

Nanostrukturarrays beeinflussen, sogar ohne Quanteneffekte. Diese Ergebnisse liefern eine 

neue Sichtweise auf die Verschiebung der optischen Bandlücke, was von Bedeutung für die 

Forschung in der Photoelektronik ist. Des Weiteren wurde der in dieser Arbeit hergestellte 

und charakterisierte Sensor angewandt um Veränderungen von chemischen und 

biochemischen Stoffen zu erkennen.  

Messungen mit dem Devices als primärere Sensoren wurden erfolgreich durchgeführt 

und zur Erkennung als Glukose-Biosensoren verwendet. Die Untersuchungen zeigen, dass 

die heterogene Elektronentransferratenkonstante (ks) von ZnO/ZnS gegenüber Glukose 

(1.69 s-1) höher ist als die von reinem ZnO (0.95 s-1), was für die Verbesserung der 

Leistungsfähigkeit und die höhere Empfindlichkeit verantwortlich ist. Zusätzlich haben 

Experimente eine Verbesserung der PEC Wasserstofferzeugung mit den hergestellten 

Nanostrukturen gezeigt, mit höheren Sättigungsphotostromdichten (1,02 mA/cm²) und 

höheren Wirkungsgraden bei der Photokonversion (62%) bei ZnO/ZnS als bei den ZnO-

Strukturen ohne jegliche Ummantelung (entsprechend 0,23mA/cm² und 55%). 
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1. Introduction 

Today’s nanostructured materials have become the fundamental and essential building 

blocks of next-generation electronic devices in diverse fields as biomedicine,[1–3] sensors,[4,5] 

photonics,[6,7] and photovoltaic. [8,9] The unique physical and chemical merits of these 

materials on the nanoscale are encouraging the discovery or invention of novel devices and 

their synthesis into nano-circuits and nanomachines. Immense investment is being attracted 

into the field. Since 2000, the US National Nanotechnology Initiative was declared, every 

advanced and developing economy has initiated national nanotechnology programs. 

Therefore, the world’s governments currently spend $10 billion per year on nanotechnology 

research and development. The total government funding for nanotechnology research 

worldwide has been became $65 billion in the end of 2011, rising to more $100 billion by 

2015.[10–13] The current research challenges in nanostructures, especially one–dimensional 

nanostructures (1D-NS), include finding the means of generating a nanostructure device so 

that it comprises a relatively large area cheap and highly efficient.  

As in different technological fields, semiconductor nanostructures have been exhibited 

their appropriateness for biosensing applications. However, it is still difficult to routinely 

synthesize cost-effective extensible biosensor devices based on individual or few 1D-NS, 

particularly with carbon nanotubes (CNTs). CNTs still suffer from several of hurdles such 

as contacted the electrodes by using electron-beam lithography resulting in a very low 

throughput.[14,15] In the case of ZnO nanowires, the bottom-up route grows the nanostructure 

at a site-particular position, in order that it assumes to be a promising approach for achieving 

sensors routinely.[16] ZnO nanotube (ZnO-NTs) structures, as compared to ZnO nanowires 

and nanorods, possess a large of interesting exceptional properties such as porous structures 

and large surface areas and there have been reports on the use of ZnO tubular structures as 

solar energy conversion because of its excellent electron-transfer efficiency(115–155 

cm2/(V·s), electron mobility [17], abundant potential morphologies, and good environmental 

compatibility.[18-20]Also, ZnO-NTs is high efficient in sensors with improved performance 

and higher sensitivity compared to ZnO nanorods and nanowires.[21, 22] Diverse techniques 

have been used to produce a large-scale and highly ordered of one-dimensional (1D) ZnO 

nanostructures for device applications.  
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 Among the techniques, the template-based nanostructured, it is versatile and has been 

considered a powerful methodology for the fabrication of large-area and well–ordered 

nanostructure devices. Within the templates, the anodic aluminum oxide (AAO) supports a 

cost-efficient and scalable process, facility of synthesis, and high manipulability. The AAO 

template benefits have led to wide applications, for preparing well-ordered nanostructure 

arrays ranging from low-aspect ratio nanoparticle arrays,[23–26] to high-aspect ratio 

nanowire,[27-29] nanotube,[30,31] and nanopore arrays.[32] Masuda and Yada first reported that 

straight nanoholes could be formed in a thin membrane of alumina template, by disrobing 

away the thick oxides gained from the first long anodization time and then anodizing it again 

for a short time.[33,34] One very interesting use of the AAO templates is to fabricate core-

shell nanostructure arrays that enhance light harvesting efficiency and improve the 

performance. Substantial efforts have been focused on the design and controlled synthesis 

of core/shell structured materials because of their distinctive structural features, an inner 

core, and an outer shell with diverse chemical composition.[35–37] Materials with these 

structures provide a great opportunity of combining the unique advantage. Each component 

exhibits an overwhelming superiority, over the single-material-containing structures in the 

applications of electronics, magnetism, optics, catalysis, and sensing devices.[5,38,39] 

ZnO/ZnS heterostructures have attracted a high theoretical and experimental interest. The 

adding of a ZnS layer on the ZnO surface has been exposed to be a promising modification 

to electrodes for PEC water splitting, due to of the layer’s contributions to fast 

photogenerated electron-hole separation and enhanced injection efficiency.[39] 

Bera et al. reported that ZnO/ZnS core/shell nanowire arrays exhibited a pronounced 

improvement in the photoluminescence and photoconductivity in contrast to ZnO nanowire 

arrays.[40] In gas sensing, it was reported that ZnO/ZnS core/shell structure exhibited a 

superior H2S sensing property to that ZnO.[41] In addition, the elements of O, Zn, and S are 

abundant in the Earth's crust and synthesis of the ZnO/ZnS structure which is cheap enough 

to be widely applied in industry. Cadmium- and lead-based core/shell materials are also 

popular, but ZnO/ZnS is nontoxic and harmless to the environment. On the other hand, it 

should be noted that the unique optical properties of these semiconductor nanostructures 

have been mostly studied in the respect of quantum confinement effects. Photon absorption 

capability is a key factor that determines the efficiency of solar energy conversion devices 

and the defectivity of optical sensors. The central component in these devices is a 

semiconductor that behaves as both a photon absorber and a signal converter. The 
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tremendous attention has been concentrated on the optical property of semiconductors. [42, 43] 

Once the semiconductor is fixed, it is hard to modulate the absorption onset which is 

governed by the band gap of the corresponding semiconductor. One of the popular methods 

to tune the absorption properties of a semiconductor is to reduce the size to a characteristic 

value of exciton Bohr radius. In this case, the band gap becomes larger as compared with the 

relevant bulk material followed by a blue shift of the optical absorption onset, attributing to 

the localization of electrons and holes in a confined space and thereby resulting in observable 

quantization of the energy levels of the electrons.[44,45] Attempts focusing on the impact of 

the geometrical parameters of nanostructure arrays with multiple components on the 

absorption profiles beyond quantum effects, however, are rarely reported, owing to the 

difficulty in obtaining and manipulating well-ordered multicomponent nanostructures 

arrays. On the other hand, another choice of shell material improves the stability of ZnO 

nanostructures and enhances the electron collection efficiency. It offers a suitable platform 

for photoelectrochemical water splitting and could also solve the ZnO nanostructure 

electrode degradation problem with an improved PEC performance.[46, 47] 

 

1.1. Goals 

The main focus of the work presented in this dissertation are as follows: 

1- Fabricating of well-ordered tubular core/shell structures for multiple applications. In 

order to achieve the purpose, these nanostructures must be realized in good crystalline 

quality, a well–controlled morphology, functionally controllable surface, and a large-scale 

formation via an inexpensive method. It is found that anodic aluminum oxide template-based 

techniques are powerful for overcoming the challenges. However, the subsequent template-

removing procedure still presents difficulties without impairing the nanostructures. This 

dissertation seeks to prove that to solve this problem. The amalgamation of ZnO and ZnS to 

be used for the realization of the structures.  

2- Study of the optical absorption properties of the tubular core/shell nanostructures. The 

author’s work differs from the conventional investigations that focus on the manipulation of 

optical band edge for a single componential material through quantum confinement effects. 

It is found that the optical band gap energy decreases by controlling two components and 

geometrical parameters of the nanostructure arrays. This work provides a new perspective 

on the shift of absorption onset for composite semiconductors. 
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3-  Using of the fabricated ZnO/ZnS nanotube arrays as a glucose biosensor. This well-

ordered heterogeneous nanostructure shows a superior capability in electrochemical 

response towards ferrocyanide/ferricyanide and then in glucose sensing. The resulting 

sensitivity, the low limit detection, and the high heterogeneous electron transfer rate constant 

of ZnO/ZnS towards glucose are responsible for the performance improvement. Thus, an 

advanced nanostructure was introduced to the family of highly efficient glucose sensors. 

1.2. Outline of the dissertation 

The dissertation has been structured in the following sequence: 

Chapter 2 gives the principle of the anodic aluminum oxide (AAO) fabrication. It 

demonstrates the unique features and advantages of the host spores. In addition, it describes 

the basic properties of ZnO and ZnS that are relevant to this dissertation. The role of the 

Kirkendall effect on fabricating core/shell nanostructures was explained briefly.  

Chapter 3 consists of three parts. The first one focuses on the preparation and fabrication of 

anodic aluminum oxide (AAO) as the substrate, which used in this work and explains the 

types of AAO templates. Moreover, it covers the challenges of the two types of ultrathin 

alumina membrane (attached UTAM and connected UTAM), and it describes how to remove 

the barrier layer. The second part introduces details of the experimental conditions and 

techniques employed to synthesize and characterize ZnO and ZnO/ZnS, such as atomic layer 

deposition (ALD) and hydrothermal deposition. The third part describes the analytical tools 

of the morphology and the chemical composition such as SEM, EDX, TEM, X-ray, XPS, 

and UV-vis. In addition, the simulations were carried out using the Finite Difference Time 

Domain (FDTD). 

Chapter 4 presents a well-ordered ZnO/ZnS nanotube array with high regularity and quality 

that was realized by combining anodic aluminum oxide templates, atomic layer deposition, 

and hydrothermal deposition. Also, the chapter describes the removal of the AAO template 

without any further treatment. It also presented the strategy of removing the oxide barrier 

layer by cathodic polarization with reduced time. In addition, this chapter shows the 

electrical properties of the ZnO/ ZnS device. 

Chapter 5 displays the tuning of the optical band gap of the well-ordered ZnO/ZnS 

core/shell nanotube arrays by modulating the ZnS shell with different thicknesses. Tauc plots 
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are the next subject was explained. These were used to show how they obtained optical band 

gap of ZnS becomes smaller. This section also explains how finite difference time domain 

(FDTD) simulations were used to confirm such observations from theoretical aspects.  

Chapter 6 describes the surface modulation of the ZnO and ZnO/ ZnS nanotube arrays by 

[Fe(CN)6]
3−/4−standard redox system with KCl as supporting electrolyte in order to 

investigate the effect of the electrode modification. Also presents how to enhance the 

sensitivity of the glucose biosensor in the absence of potassium ferricyanide, simply by 

means of immobilizing glucose oxidase in conjunction with a Nafion coating. The 

heterogeneous electron transfer rate constant (kS) was calculated by using Laviron’s equation 

and active surface area of the electrodes from the Randles-Sevcik equation. 

The results included in this dissertation were summarized in Chapter 7, and an outlook on 

the future development in the related area is given. 

There is one additional chapter that (8) which presents certain extended studies and potential 

future work. 
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2. Background and literature survey 

2.1. Introduction 

This chapter concentrates on the basic description and synthesis fundamentals of the 

anodic aluminum oxide (AAO) nanoporous templates. In addition, the improving method of 

the barrier layer removal is presented. Furthermore, it introduces the one-dimensional 

nanostructures, their core/shell nanotube arrays and its efficient combination with an AAO 

template. It also describes the basic principles of the biosensing mechanism based on a 

ZnO/ZnS core/shell nanotube arrays. 

2.2. Anodic aluminum oxide template (AAO) 

The modern trend towards the miniaturization of the devices and develop the specific 

instrumentation. For visualizing the nano-world and enabling surfaces to be studied allow 

surfaces at nanoscale resolution led to rapid nano-technological progress. The template 

fabrication has recently proved to be an excellent, inexpensive, and technologically simple 

route. That used to fabricate various sophisticated nanoscale materials for different 

applications.[23,48–50] The past decade has seen large developments in applications based on 

AAO templates. These applications include molecular separation, cell adhesion devices, 

chemical/biological sensing, catalysis, energy storage, and vehicles for drug delivery.[51] 

Figure (2–1) is a schematic diagram of the typical AAO template and the major applications 

in diverse fields. 

A contrasting technology uses dense arrays in a nanometer-scale pattern to cover 

surfaces. Thus, have great potential applications in such diverse areas as optoelectronics, 

information storage, and sensing.[52,53] There are two techniques to produce the ordered 

nanopattern arrays: lithography and self-organized growth.[54–56] New and varied projects 

have sprung up because of the potential of alumina in the fabrication of micro and 

nanostructures.[57] Attention has long been paid to anodic techniques using DC or AC current 

and either phosphoric, sulfuric or oxalic acid as electrolytes. 

In 1923, Bengough’s and Stuart [58] was recognized as the first patent for protecting Al 

and its alloys from corrosion by means of anodic treatment. In 1953, Keller et al. [59] used 
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transmission electron microscopy (TEM) to investigate anodized aluminum film, discovered 

its porous nature, and defined the close-packed hexagonal pore arrays for the first time as an 

ideal structure of anodic aluminum oxide (AAO). 

 

Figure 2–1. Schematic diagram showing the typical AAO nanostructured and the major it’s 

applications.[51] 

Then in 1968, Diggle et al.[60] attempted to show the present state of knowledge 

concerning anodic oxide on aluminum, from formation to dissolution. In 1995[61,62], Masuda 

and Fukuda discovered the particular anodization conditions (based on a two-step process) 

required for producing the ideal AAO structure. In this innovation, there was penetration in 

the fabrication of 2D-polydomain template structures with a very narrow size distribution 

and extremely high aspect ratios. Many other groups have since then also contributed to an 

improvement of AAO template structures.[25,63,64] 

In this thesis and in already published papers by Prof. Lei’s group[25,65], the view is put 

forward that a special AAO template, ultrathin alumina membrane (UTAM), can be used as 

a deposition or an etching mask for achieving ordered nanoparticle arrays or surface patterns 

with nanopores on substrates. 
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2.3. General structure of the AAO template 

The geometrical structure of the anodic alumina templates is based on a close-packed 

array of hexagonal cells, each containing a cylindrical central pore that is perpendicular to 

the surface of the underlying Al foil.[66] At the metal/oxide interface, a thin barrier oxide 

layer with an approximately hemispherical morphology closes the nanopores. Under proper 

anodization conditions, the oxide cells are self-organized to form a hexagonally close-

packed structure. The formation of the AAO structure with a top view and cross-sectional 

SEM is illustrated in Figure (2–2). 

 

Figure 2–2. SEM images of anodic aluminum oxide template; (a) Top view; (b) Cross-

sectional view of the template prepared with oxalic acid at 40 V; (c) Schematic diagram of 

the AAO template (the diagram has taken from Ref.[66]). 

High-ordered nanostructures are often characterized by parameters such as pore 

diameter (Dp), wall thickness (Wt), barrier layer thickness (BL), interpore distance (cell 

diameter, Dc), and the interpore distances (the distance between the edges of two neighboring 

pores, dS). All these parameters being measured in nm. In the AAO template, the depth of 

the cylindrical pores may exceed to 200 μm and the high aspect ratio is 2.5×104 and the two 

features of high pore density from 108 to 1011 cm-2 all make the AAO template one of the 

most desirable non-lithographic techniques for the producing of nanostructure arrays. 

Commonly, DC and DP are in linear proportion to the anodization potential (U) with the 

constants λC = 2.5 nm V-1, λP = 1.29 nm V-1, respectively.[62,67,68] 

𝐷𝐶  = 𝜆𝐶𝑈                                                                                                                                        (2-1) 

𝐷𝑝  = 𝜆𝑝𝑈                                                                                                                                        (2-2) 

The interpore distance (cell diameter) DC can be precisely calculated from the following 

equation [59]: 

𝐷𝐶  = 𝑑𝑆 + 𝐷𝑝 = 2𝑊𝑡 + 𝐷𝑝                                                                                           (2-3) 
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Linear reliance of interpore distance on anodizing potential is assumed on the 

hypothesis; the pore diameter is independent of the anodizing voltage. According to 

O’Sullivan and Wood,[68] the wall thickness is about 71% of the barrier layer thickness. 

Taking into account this fact, the following relation can be expressed: 

𝐷𝐶 = 1.42𝐵𝐿 + 𝐷𝑃                                                                                                                                                                           (2-4) 

Porosity (α) and pore density (n) are the most significant features characterizing the porous 

oxide layer for the fabrication of nanostructure arrays. The density (n) of pores defined as a 

total number of pores occupying the surface area of 1cm2 is expressed by the equation below 

[49]:  

𝑛 =
1014

𝑝ℎ
= 2.1014 (3)1 2⁄⁄ × 𝐷𝑐

2                                                                                      (2-5) 

Where Ph is the surface area of a single hexagonal cell. 

The porosity (α) of nanostructures produced by aluminum anodizing depends greatly on the 

rate of oxide growth, the rate of chemical dissolution of oxide in an acidic electrolyte, and 

the anodizing conditions such as the type of electrolyte, concentration of the electrolyte, 

duration of anodization, potential, and temperature. The porosity (α) can be calculated from 

equation (2.6).[69] 

𝛼 =
𝜋

2√3
(𝐷𝑝∕𝐷𝑐)

2                                                                                                            (2-6) 

It should be noted that for a perfect self-organized hexagonal array of nano-sized pores 

to be formed during optimal anodization conditions, the porosity should be 10%.[68] In 

addition, it is important to mention that the anodization potential and the electrolyte (acid 

and non-acid electrolytes) influence the dimensional features of the AAO template as shown 

in Table (2–1). The range of acids has been extended with time and experience to address 

specific applications. Especially, nano-features required by a particular application will 

favor the use of one acid type over another and some researchers have used a combination 

of acids.  

Moreover, an oxide barrier layer tends to form in non-acid electrolytes and produce an 

amorphous protective layer on the bottom Al substrate. Generally, applied non-acid 

electrolytes are illustrated in table (2–2). 
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Table 2–1. Some acid components of typical electrolyte types applied to form a porous oxide 

layer on an aluminum substrate.[69] 

Acidic 

Electrolyte 
Molecular Formula 

Concentrati

on (M) 

Pore Size 

Range (nm) 
Ref. 

Acetic CH3CO2H 1 Not specified [70] 

Citric HO2CCH2(OH)(CO2H)CH2CO2H 0.1 to 2 90 to 250 [71,72] 

Chromic H2CrO4 0.3, 0.44 17 to 100 [73] 

Glycolic CH2(OH)CO2H 1.3 35 [71] 

Malic HO2CH2CH(OH)CO2H 0.15 to 0.3 Not specified [71,72] 

Malonic CH2(CO2H)2 0.1 to 5 Not specified [71,72] 

Oxalic C2H2O4 0.2 to 0.5 20 to 80 [74–76] 

Phosphoric H3PO4 0.04 to 1.1 30 to 235 [77] 

Sulfuric H2SO4 0.18 to 2.5 12 to 100 [78,79] 

Tartaric HO2CCH(OH)CH(OH)CO2H 0.1 to 3 Not specified [71,72] 

Table 2–2. Several non-acid electrolytes used to preface barrier layer.[69] 

Non-Acid Molecular Formula 
Concentration 

(M) 
pH Ref. 

Ammonium adipate NH4OCO(CH2)4COONH4 150 g/L 6.4 [80] 

Sodium borate Na2B4O7 2.2 7 [81] 

Sodium chromate Na2CrO4 0.1 10 [82] 

Sodium hydrogen 

phosphate 
Na2HPO4 0.1 9.4 [82] 

Sodium hydroxide NaOH 
0.01, 0.03 & 

0.1 
--- [83] 

Sodium sulfate Na2SO4 0.1 5.8 [82] 

2.4. Fabrication and characterization of anodic aluminum oxide (AAO) 

2.4.1. Initial-stage porous growth 

Generally, potentiostat anodization is widely applied in the formation of self-ordered 

porous AAO. Figure (2–3a) presents the characteristic current (j) -time (t) curve for 

potentiostat anodization. The schematic illustrates the stages of the porous structure 

development.[84,85] Immediately after the application of the constant anodic potential (U), a 

thin layer of barrier oxide starts to grow above the whole aluminum surface (stage I). 

Initially, the current (j) is preserved at the limiting current (jlimit), and correspondingly 

potential (U = j R) is raised linearly with time (t) as shown in the inset of Figure (2–3a), and 

Figure (2–3b). In parallel, the thickness of the compact barrier oxide layer reaches a certain 

value, then a current (j) drops quickly, and fine-featured pathways are revealed in the outer 

regions to any true pore formation (stage II). With reference to the (stage II), O’Sullivan and 

Wood [68] suggest that the current (i.e., electric field) concentrates on local imperfections 
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(e.g., defects, impurity, and pits) existing on the initial barrier oxide, resulting in individual 

paths through the layer with their heads becoming enlarged (stage III). Finally, a steady-state 

pore structure is fabricated by the final closely packed cylindrical cells, each containing a 

pore at the center and separated from the aluminum metal by a layer of scalloped 

hemispherical barrier oxide (stage IV).[84] 

 

Figure 2–3. Schematic diagram of the kinetics of porous AAO growth with current (j)-time 

(t) curves for constant potential and including a diagram of the kinetics of porous AAO 

growth. (Adapted from ref. [85]) 

The formation of current (j) has been associated with reduced the initial pore density and 

the steady-state form of major pores.[86] 

2.4.2. Steady-state growth of porous alumina 

It is most important to study the chemical reactions during the steady-state growth of the 

pores. Mainly, when the aluminum foil is electrochemically anodized, the following reaction 

processes dominate the anodization.[66, 62,86] 

(1) Al3+ ions form at the metal/oxide interface and they are distributed in the oxide layer 

near the oxide/metal interface. 

Al =Al3+ +3e                                                                                                              (2-7) 

(2) The electrolysis of water (a water-splitting reaction) takes place at the pore bottom near 

the electrolyte/oxide interface: 

2H2O =2O2- +4H+                                                                                                                                                         (2-8) 
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(3) Because of the electric field, the O2- ions migrate through the barrier layer from the 

electrolyte/oxide interface to the oxide/metal interface, and react there with the Al3+ ions, 

forming Al2O3: 

2Al3+ +3O2- =Al2O3                                                                                                                                                           (2-9) 

(4) Due to the process, there is electric-field-enhanced oxide dissolution at an electrolyte/ 

oxide interface:  

Al2O3 +6H+ =2Al3+ + (aq.) +3H2O                                                                              (2-10)  

In this process of the porous alumina formation, there is an equilibrium between the 

electric-field-enhanced oxide dissolution at the electrolyte/oxide interface and the formation 

of oxide at the oxide/metal interface. This balance is crucial to the formation of the porous 

alumina template since it makes the thickness of the barrier layer constant in the entire 

anodization process and hence allows steady-state pore propagation into the Al. The electric-

field-enhanced oxide dissolution is the distinctive feature of the fabrication of the porous 

alumina that differentiates it from the barrier-type non-porous alumina anodized in neutral 

solutions.[66] 

2.5. Oxide barrier layer 

During the synthesis of the anodic alumina film, a hemispherical layer exists between 

the bottom of the pore and the aluminum base called barrier layer as shown in Figure (2–2c). 

Usually, the thickness of the barrier layer depends directly on the anodizing potential and 

the time of the anodization. The reliance is about 1.3–1.4 nmV-1 for barrier-type coatings, 

and 1.15 nmV-1 for porous structures.[49] It can block the direct electrical and chemical 

contacts between the substance in the pore channel and the base conducting substrate. The 

barrier layer has the same nature as an oxide film formed naturally in the atmosphere and 

allows the passage of current only because of faults existing in its structure.[87,88] Recently 

the influence of anodizing potential on the thickness of the barrier layer has determined for 

other less-popular anodizing electrolytes such as glycolic, tartaric, malic and citric acids as 

shown in Figure (2–4). Normally, the anodizing ratio (BU) specified for diverse anodizing 

electrolytes is very close to 1nmV-1 (the diagonal, dotted line in Figure (2–4) over the whole 

range of anodizing potential. [83] Likewise, the breakdown ability of electrolytes and enable 



 

Chap. 2: Background and Literature Survey 

13 

 

the formation of thicker outer layers, thicker barrier layers under higher electric fields or the 

dilute acids at low temperatures debase the dissolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2–4. Anodizing potential effect on the barrier layer thickness for anodic porous 

alumina formed in sulfuric, oxalic, glycolic, phosphoric, tartaric, malic, and citric acid 

solutions(Solid marks: measured values; blank marks: calculated values from the half 

thickness of the pore walls).[83] 

 

 

These results suggest a general constant relationship between the anodizing ratio and 

anodizing potential.[72] Despite the wide range of reported applications of the AAO 

membranes, the practical application is now restricted by the problem of the barrier layer. 

Therefore, it is essential and urgent to develop low-cost and simple methods that yield well-

fabricated AAO membranes with pore structures that are open throughout. In chapters (3) 

and (4) the complete removal of the barrier layer is described by an easy method using a 

chemical etching. 

2.6. ZnO oxide semiconductor 

In the last years, a rapid progress of the research on zinc oxide (ZnO) as a semiconductor 

has been witnessed. The strong luminescence confirmed in optically pumped laser 

applications, the availability of high-quality large bulk single crystals, and the prospects for 

gaining control over its electrical conductivity have guided a large number of groups to focus 

theirs affords by using ZnO in photonic and electronic devices. High electron mobility, high 
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thermal conductivity, wide and direct band gap (3.37 eV) and large exciton binding energy 

(60 meV) properties made the ZnO an appropriate for a large range of devices, including 

transparent thin-film transistors, photodetectors, light-emitting diodes and laser diodes that 

operate in the blue and ultraviolet region of the spectrum. However, the recent fast 

developments, in spite of the controlling of the ZnO electrical conductivity is remained the 

main challenge.[89–92] 

2.7. Properties of Zinc oxide 

2.7.1. Crystal structure 

Most of the group II-VI binary compound semiconductors crystallize in either cubic zinc 

blende or hexagonal wurtzite structure. The bonding geometry, which is coordinated 

tetrahedrally, determines the crystal structure of ZnO. The structure of ZnO consists of two 

type’s structure, a cubic zinc-blende-type structure as shown in Figure (2–5) and, the natural 

crystal hexagonal wurtzite structure as in Figure (2–6). Every zinc ion is surrounded by four 

neighboring oxygen ions, which is configured tetrahedrally and vice versa. This geometrical 

constellation is well known for instance from the group-IV elements C (diamond), Si, and 

Ge, and is frequent for II-VI and III-V compounds. It is regarded to as covalent bonding, 

even though this bond may have a sizable level of polarity when it involves partners with 

different electronegativity.[90] The polarity, in this case, is responsible for several properties 

of ZnO, including its spontaneous polarization and piezoelectricity. This polarity is also the 

essential factor in crystal growth, etching, and defect generation.  

 

Figure 2–5. Schematic of the unit cells the rock salt (left) and Zinc blende (right) phases of 

ZnO.[93] 
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In general, the four most surface terminations of wurtzite ZnO are the Zn-polar face 

(0001) and O-polar (0001̅) face (axis oriented), as well as the non-polar (112̅0) (a-axis) and 

(101̅0) faces which both contain an equal number of Zn and O atoms. Furthermore, the 

(1010) surface is found to be stable, though the (112̅0) face is less stable and commonly has 

a higher level of surface roughness than its counterparts. Additionally, the (0001) plane is 

also basilar.[93] 

The experiments observed the hexagonal wurtzite is stable, while the Zinc blende ZnO 

is stable only by epitaxial growth on cubic structures e.g. GaAs (100) with a ZnS buffer or 

Pt (111)/Ti/SiO2/Si.[94,95] The model wurtzite structure has a hexagonal unit cell with two 

lattice constants a and c where, a = 3.25 Å and c = 5.2 Å, and the density is 5.605 g cm−3 

In a model wurtzite crystal, the ratio c/a and u parameter. The parameter u is known as 

the length of the bond parallel to the c axis, in units of c. Thus, a strong correlation exists 

between the 
𝑐

𝑎
 ratio and the parameter u by the relationship uc/a = (3/8)1/2, where c/a = (8/3)1/2 

and u=3/8. When the 
𝑐

𝑎
 ratio reduces, the parameter u increases in such a way that those four 

tetrahedral distances remain nearly constant during a distortion of tetrahedral angles owing 

to long-range polar interactions. Experimentally, for wurtzite ZnO, the real values of u and 

𝑐

𝑎
 were calculated in the range: 𝑢 = 0.3817 − 0.3856 and 

𝑐

𝑎
= 1.593 − 1.603.[96,97] 

 

 

Figure 2–6. The hexagonal wurtzite structure of ZnO. Large white spheres present O atoms, 

Zn atoms as smaller black spheres. Only one unit cell is illustrated for clarity.[93] 
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2.7.2. Electronic band structure 

 It is conclusive to get a precise quantify of the band structure of ZnO as this is the role 

for its potential utility in device applications. A number of theoretical studies with varying 

complication have been carried out to analyze the band structure. Additionally, a number of 

experimental results of data on the band structure of the electronic states of wurtzite ZnO 

have been reported. UV reflection/absorption, X-ray diffraction, or emission procedures 

have usually been performed to compute the electronic core levels in solids. These 

techniques determine the energy difference by inducing transitions between electronic levels 

or by exciting collective modes. A further important system for the investigation of the 

energy region depends on the photoelectric impact comprehensive to the x-ray region; 

specifically photoelectron spectroscopy (PES).The peaks in emission spectrum correspond 

to electron emission from a core level without inelastic scattering, which is typically 

combined with a much less intense tail region in the spectrum.[93,97,98] 

In 1969, Rössler et al. [99] were determined theoretically the band structure of ZnO using 

Green’s function. The influence of the Zn 3d levels was taken into account in the calculations 

as valence-band states. This permits an assessment of the position of the Zn 3d states and 

takes into account their non-negligible effect on the s- and p- derived valence bands.[100] In 

the hexagonal Brillouin Zone, the band structure is illustrated along high symmetry lines. 

The lowest conduction band minima and the valence band maxima take place both at the 

Γ point k= 0 which points out that ZnO is a direct band gap semiconductor. Thangavelet 

al.[101] in one of the most detailed reports was calculated the band structure using the linear-

muffin-tin-orbital method (LMTO) in the atomic sphere approximation (ASA). The basis 

sets of s, p, and d orbitals were used for both the cation and the anion for all components. 

The electronic structure of ZnO in the wurtzite structure is shown in Figure (2-7a). The 

equilibrium lattice constant value calculated as a = 0.3227 nm and c = 0.5189 nm which is 

in good agreement with other reported values. The corresponding density of states presents 

in Figure (2–7b). At the valence band edge, most electrons are located close.  
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Figure 2–7. (a) Electronic band structure of ZnO in wurtzite structure. (b) The density of 

states for ZnO in wurtzite structure.[101] 

2.7.3. Optical properties 

The capability of Photon absorption is an important factor that determines the 

performance and efficiency of solar energy conversion devices and the sensitivity of optical 

sensors. The central component in these devices is a semiconductor that behaves as a photon 

absorber and a signal converter. Thus, a huge attention has been paid on the optical properties 

of semiconductors.[102–104] Once the semiconductor is fixed, it is hard to adapt the absorption 

onset, which is controlled by the band gap of the corresponding semiconductor. ZnO has 

been known, as a good luminescent material due to the binding energy of the exciton larger 

than the thermal energy at the room temperature in order that a stable electron-hole pair form 

at the room temperature.[105] Certainly, when subjected to the same excitation condition, the 

photoluminescence of ZnO is much more efficient than that of GaN. The broad defect related 

peak extending from ~ 400 nm to ~700 nm is a common optical feature of ZnO. 

2.8. Zinc sulfide semiconductor 

Zinc sulfide (ZnS) is one of the important and first semiconductors materials discovered. 

It has traditionally shown remarkable versatility and promise for novel essential properties 

and various applications. The nanoscale morphologies of ZnS have been proven to be one 

of the richest among all inorganic semiconductors .[106] Also one of the important electronic 

and optoelectronic materials with extensive applications, for instance, field emitters,[107] field 

effect transistors (FETs),[108] sensors,[109]and photocatalysts.[110] Nevertheless, relatively 

compared to ZnO, particular properties pertaining to ZnS are unique and advantageous.[106] 
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To add more benefits, it has a high chemical stability in alkaline and on the other hand 

weakly acidic environments. Therefore, a layer of ZnS can protect the surface of an object 

made of ZnO, preventing it from dissolving.[111] Due to its relatively low in toxicity, ZnS has 

also been utilized in reducing heavy metal toxicity in Cr-(VI) ,[112] or to prevent the formation 

of Cd2+ on the surface of CdSe as well as the degradation of water pollutants.[113] 

2.9. Fundamental properties of ZnS 

2.9.1. Crystal structure 

There are two available crystal structures observed in ZnS: the first one is a zinc blende 

(ZB) structure and the second of a Wurtzite (WZ) structure.[114,115] However, the zinc blende 

structure is the most stable form in the bulk as it transforms into a hexagonal wurtzite 

structure at 1020 oC and melts at 1650 oC, both of these polymorphs have been industrially 

applied.[116,117] On the other hand, the difference between the two structures that zinc blende 

composed of tetrahedrally coordinated Zn+2 and S-2 icons stacked in the ABCABC pattern 

along the c-axis, as while the wurtzite crystal, the same building blocks are stacked in the 

ABABAB pattern shown in Figure (2–8a, b).[106,118] The main characteristic of the wurtzite 

structure is the polar surfaces of some of its planes. Basal plane is the most general polar 

surface in it. Positively charged Zn-(0001) and negatively charged S-(0001) polar surfaces 

produced from the oppositely charged ions, resulting in a normal dipole moment and 

spontaneous polarization along the c-axis as well as a divergence in surface energy. 

The lattice parameters of Zinc blende (ZB) are a = b = c = 5.41 Å, Z = 4 and that of 

Wurtzite (WZ) are a = b = 3.82 Å, c = 6.26 A, Z = 2 [106]. On the other hand, Zn and S atoms 

are bonded tetrahedrally in both cubic and hexagonal structures, where the sole difference is 

in the stacking sequence of the atomic layers. However, with shrinking particle size, the 

relative stability of two phases’ changes and low-temperature synthesis of small wurtzite 

ZnS nanoparticles have been reported.[116,118–121] 
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Figure 2–8. Schematic diagram of the ZnS represents the cubic zinc blende. (a) And the 

hexagonal wurtzite. (b) Respectively. The blue represents the zinc atoms and the black 

represents the sulfur atoms.[118] 

2.9.2. Optoelectronic properties 

The optoelectronic properties of a material are influenced by its size, shape, and the local 

dielectric environment.[122,123] Specifically, the shape and size of low-dimensional structures 

are important parameters that define these physical properties. The characterization of those 

parameters is an essential issue both in fundamental research and in technological 

applications, covering from growth and characterization the device processing. ZnS material 

shows direct band gap of 3.65 eV for the Zinc blende (ZB) phase and 3.77 eV for the 

hexagonal (WZ) phase with exaction energy of 39 meV,[119,124] where the importance of the 

electronic and optical properties determine the band structure. It has been exhibited 

experimentally that the optical properties of the ZnS (ZB) and (WZ) phases are 

distinguishable.[125] However, different theoretical models have been developed in order to 

understand the optoelectronic properties of ZnS nanostructures.[126–130] Li et al.[127] 

calculated the energy bandgaps of WZ-ZnS nanowires by using DFT method. In addition, 

the evolution of energy of nanowires and nanotubes as a function of diameter and wall 

thickness was calculated.[126] Panet al.[131] demonstrated that the band gap of SiC, GaN, and 

BN nanostructures decrease with the increase of the surface to volume ratio or the reduction 

of the diameter, while for ZnO, ZnS, and CdS nanostructures, the band gap increases with 

the increase of surface-to-volume ratio or the reduction of the diameter. The mechanism is 

attributed to the competition between the interaction from dangling p-like and 𝜎states and 

the quantum confinement effect. 
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The most inserting finding in our work, the ZnO and ZnS show a decrease in optical 

band gap with the increase of ZnS thickness and the diameter of nanotube arrays, which is 

interestingly out of explanation from the material aspect that geometrical parameters of the 

nanostructure arrays could impact the absorption profile without the consideration of 

quantum effects (It was described in chapter 5). More detailed information about the 

difference of the ZnO and ZnS are given in the appendix section. 

2.10. The amalgamation of ZnO/ZnS core/shell nanostructures 

The physical and chemical properties of a material remain the important key of devices 

dedicated to industrial and societal needs in the information and health field. In recent years, 

investigations are highly focused on discovering new materials. The diversity of their 

properties is mainly due to recent advances in technology development, structuring, the 

emergence of new properties related to the size effect, interfaces stability, and electrical and 

optical properties.[132,133] From large campsites, which have gained much importance, it can 

cite ZnO nanostructured, which has been acknowledged as one of the most promising 

nonmaterial’s because of their various properties and applications.[132,134] ZnO/ZnS 

core/shell nanostructures have been shown to have improved physical and chemical 

properties for electronics, optics, magnetism, catalysis, and other applications. Currently, it 

is reported that a ZnS coating over ZnO nanotubes or nanorods could enhance UV emission, 

which seems to confirm the conventional wisdom that (1) the coating of a large band gap 

material reduces the loss by surface recombination and (2) the UV emission is from the bulk 

part of the ZnO. Therefore, zinc sulfide has been then used as an inorganic passivation shell 

for core ZnS: MnZ:nS nanoparticles, ZnO/ZnS, SnO2/ZnS due to its broader band gap energy 

of 3.6 eV.[104,135–137] Up to now, numerous efforts have been dedicated to the design and the 

controlled fabrication of ZnO/ZnS core/shell structured systems through different methods. 

The conversion ratio from ZnO to ZnS can be controlled conveniently by reaction time, and 

cable-like ZnS/ZnO nanostructures were acquired from ZnO column arrays in a shorter 

sulfuration reaction time (12–15 h) as depicted in Figure (2–9).[138] 

Dhara et al.[139] investigated the combined effects of Al doping and surface modification 

on the fabrication of a core/shell type ZnO/ZnS nanowires (NWs) and its structural, 

electrical, and photoluminescence (PL) properties. In 2007, Panda et al. [140] prepared ZnO-
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ZnS core-shell nanorods by partial conversion of the ZnO nanorod surface to ZnS at 400 ℃ 

under H2S and argon gas mixture to study the luminescent properties. 

 

Figure 2–9. (a, b) SEM images of cable-like ZnS/ZnO arrays, which produced by the 

reaction for 12 h. [140] 

Also, Sookhakian et al.[141] reported that because of the thin and porous ZnS shell and 

the formation of ZnO NPs on the ZnO core the UV emission in the PL spectrum has been 

decreased. The green emission in the PL spectrum also decreased due to the decreased in the 

oxygen vacancies, as well as the appearance of the blue emission in the PL spectrum due to 

the conversion in the band-gap structure. However, a number of possible mechanisms were 

used to expound the formation of metal sulfides. In general, most ZnS was prepared from 

alkaline solutions such as thioacetamide (TAA),[142–146] and Na2S,[147] or by using ZnS 

powder [148,149] as sulfide source. In this alkaline, nutrient solution thiourea is accessible to 

hydrolyze (Eq.2-11) and release H2S (S2-) (Eq. 2-12) via microwave irradiation.[142,146] 

(CH3)CSNH2 + H2O ⟶ CH3(NH2)C(OH) + SH                                                         (2-11) 

CH3(NH2)C(OH)SH + H2O⟶ CH3(NH2)C(OH)2 + H2S                                          (2-12)  

Then, H2S readily reacts with ZnO at the surface and form ZnS nuclei (Eq.2-13).[144] 

H2S + ZnO⟶ ZnS + H2O                                                                                            (2-13) 

By using Na2S as sulfide source, Na2S salt decomposes in aqueous solution with Na+ 

and S2− ions as follows :[133,150] 

Na2S
H2O
→  2Na+ + S2−                                                                                                    (2-14) 
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A thin layer of ZnO reacts with hydroxide ions (HO−) present in the aqueous solution 

according to the following reaction equation: 

ZnO + 2HO−⟶ ZnO2
2− + H22                                                                                     (2-15) 

These ZnO2
2− ions react with S2− ions giving the expected ZnS as follows: 

ZnO2
2− + S2− + 2H2O ⟶ ZnS + 4HO−                                                                        (2-16) 

Various studies have explicated that, the merge of high lattice parameter mismatch 

between ZnS and ZnO (~16%) could be successfully synthesized high-quality 

heterostructures with a variety of morphologies. The band gap of the composite structure 

could be much smaller than the individual materials. Specifically, Schrier et al.[151] reported 

that, the band gap of ZnO/ZnS bulk heterostructures about 2.31 eV, consisting of zinc-blende 

ZnO and ZnS slabs in the (001) direction with seven monolayers per slab, and the band gap 

of ZnO/ZnS core/shell heterostructure nanowires of 2.07 eV. On the other hand, Hart et al. 

[152] demonstrated that the band gap of ZnS can be decreased to about 2 eV by forming 

layered ZnS/GaP structures. Furthermore, Saha et al. observed the electronic structure of 

ZnO/ZnS core/shell nanowires as a function of the core radius and shell thickness and 

revealed that when the radius of the ZnO nanowire core remains fixed, the band gap of the 

hetero system decreases with increasing in ZnS shell thickness.[153] 

In this thesis, it is found that of both the ZnO and ZnS showed a decreasing in optical 

band gap with the increasing of ZnS thickness and the diameter of nanotube arrays is 

interestingly out of explanation from the material aspect. Our data point out that the profile 

of the absorbance spectrum of ZnO/ZnS nanotube arrays is determined by the two 

components and geometrical parameters of the nanostructure arrays as described in (chapter 

5). 

2.11. ZnO/ZnS core/shell nanotubes on AAO template 

The fabrication of nanostructures with regularly distributed nanoclusters of a certain size 

and shape has been one of the main areas of progress in nanotechnology. This is due to a 

large extent by the fact that such geometric properties and the position of the clusters have a 

critical influence on many important properties of nonmaterials such as optical, electronic, 

magnetic, etc.).[39] In this sense, Anodic aluminum oxide (AAO) fabricated by 



 

Chap. 2: Background and Literature Survey 

23 

 

electrochemical oxidation of aluminum in acidic electrolytes has a large potential. 

Nanotubes structures display a large surface area originating from their unique 

microstructure and offer the possibility of enhanced performance and activity. However, 

ZnO/ZnS nanostructure, specifically a porous tubular structure, has rarely been reported, 

even though they are seen to be attractive materials for specific applications. Moreover, 

among the present reports, the surface area of the synthesized tubular structure was not 

satisfactory. Therefore, tubular structures fabricated of porous alumina template structures 

may offer a high surface area. As a result, the synthesis of ZnO/ZnS with porous tubular 

structures remains a challenge for materials scientists.[47,133,154] In this work, ZnO/ZnS core 

/shell nanotube arrays were carried out with different ZnS shell thickness. The yielded 

nanostructures possessed a nice crystalline quality and superior optical and photoelectrical 

performances over the counterpart (chapter 4). 

2.12. ZnO/ZnS core/shell nanostructure based biosensor 

In general, a biosensor is known as an analytical device, which transports a biological 

response into a quantifiable and processable signal. Figure (2–10) shows schematically the 

parts comprising of a typical biosensor: (a) receptors that specifically bind to the analyte; (b) 

an interface architecture where a specific biological event occur and produces rise to a signal 

picked up by (c) the transducer element; the transducer signal (which could be anything from 

the in-coupling angle of a laser beam to the current produced at an electrode) is transported 

to an electronic signal and amplified by a detector circuit using the appropriate reference and 

sent for processing (d) computer software to be converted the signal to a meaningful 

physical. Finally, the resulting quantity has to be presented through (e) an interface to the 

human operator.[155,156] 

Recently, many groups have focused on developing the techniques for accurate 

determination of biomaterials concentration; especially glucose biosensor. There is a large 

interested in fabricating glucose biosensor with high sensitivity and low limit of detection 

(LOD).[157,158] Different metals, metal oxide/sulfides, and carbon have been designed as an 

active material for the electrode. Furthermore, using nanostructured materials for sensor 

applications got a large interested, due to their high surface to volume ratio and modified 

optoelectronic properties, which facilitate electron transfer.[46,159] 
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Figure 2–10. Schematic diagram of elements and selected components of a typical 

biosensor.[156] 

The selection process of the biomolecular detection is important in medical, 

environment applications. However, transferring the biological signal to an easily recorded 

electronic signal is challenging due to the complexity of connecting an electronic device 

directly to be biological. Recently, one-dimensional nanostructures have attracted for an 

electrochemical sensing process based on a range of nonmaterial’s– with a wide variety of 

significant attentions. Among all these used materials, semiconducting ZnO and ZnS have 

received high interested of the biosensor, and have found benefits over others, as zinc is 

cheaper and abundant. Furthermore, their high isoelectric point is 9.5 and for ZnO and 7.2 

for ZnS made them ideal biomaterial to immobilize the enzyme with a low isoelectric point, 

during the electrostatic interaction.[46] Giri et al. investigated ZnSZB nanotube and 

ZnO/ZnSZB modified electrode with the amperometric cholesterol sensing, where it was 

found superior performance with sensitivity.[39] In another study Korczyc.et al. presented the 

structural, optical and electrical properties of ZnO/ZnS nanofibers formed by 2 nm of ZnS 

sphalerite crystal shell covering a 5 nm ZnO wurtzite crystal core for protein biosensing.[38] 

While Sung et al. reported that high-sensitivity glucose sensing using GOx-immobilized 

ZnO/ZnS core/sheath nanowires,[160] due to ZnS sheath played a major role in significantly 

improving the glucose sensing capability of GOx-immobilized ZnO nanowires. An 

enhancing of glucose detection was achieved in this work by using ZnO/ZnS nanotube arrays 

(described in chapter 6). 
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3. Fabrication techniques and analysis devices 

3.1. Introduction 

This chapter consists of three sections. The first one focuses on the preparation of anodic 

aluminum oxide (AAO) that carried out in this work.The second presents in details the 

synthesis conditions that were used to prepare the self-supported one-dimensional 

nanostructures based on AAO templates, ALD, and thermal deposition. The third describes 

the analytical tools utilized to investigate the morphology, chemical composition, and 

electrochemical performance. A simulation support, (Finite Difference Time Domain 

(FDTD) was used to illustrate that the geometrical and periodical parameters could also 

influence the optical absorption of the core/shell nanostructure arrays. 

3.2. Template-based synthesis nanostructures 

3.2.1. Preparation of AAO from aluminum foil 

Initially, a high purity aluminum foil (Al, 99.99 %, Alfa Aesar) was cut in a circular 

shape of 12 mm diameter (our standard template).Then, the Al foils were annealed for 3 h at 

400 ºC to obtain large grains as shown in Figure (3–1a, left side). In fact, larger grains lead 

to larger domains of self-ordered porous alumina.[161]Afterward, it was cleaned in an 

ultrasonic bath with acetone, ethanol, and DI-water (5 min each), then dried by compressed 

air. In order to get a smooth surface and reduce the roughness, the foils were 

electrochemically polished in the mixed solution of HClO4 and C2H6O (7:1 v/v) at 30 V for 

3 min. The surface of well-polished Al foil is gleaming and mirror-like as revealed in Figure 

(3.1a, right side). A highly ordered AAO template was formed by the two-step anodization 

procedure. First, the Al samples were anodized in 0.3 M oxalic acid (H2C2O4) solution at 4 

°C for 17 h as illustrated in Figure (3–1b, left and right).The resulting anodic oxide layer 

was removed by soaking the samples in the mixed solution of H2CrO4 and H3PO4 for 12 h 

at 60 °C to remove the imperfect layer with random pores Figure (3–1c, left and right).[162,163] 

Each dimple initiated new pore through the next step. [164] Followed by a second anodization 

under identical conditions was conducted for 8–30min to obtain 500-2000 nm length in 
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Figure (3–1d, left and right). The resulted pores can be isotropically widened by chemical 

etching in 5 wt % phosphoric acid at 30 °C Figure (3–1e). 

 

Figure 3–1. Steps of the fabrication self-ordered alumina with SEM images of AAO that we 

used in our work. (a) Annealing at 400oC for 4h and electrochemically polished in the mixed 

solution of HClO4 and C2H6O (7:1) at 30 V for 3 min. (b) First anodization at 40 V in 0.3 M 

oxalic acid (H2C2O4) solution at 4 °C for 17 h. (c) Removed AAO by using a mixed solution 

of H2CrO4 and H3PO4 for 12 h at 60 °C. (d) Second anodization for 8-30 min. (e) Etching in 

0.5 M phosphoric acid at 30oC to widen the pores. 

3.2.2. Ultrathin alumina membrane nano-patterning technique 

The nano-patterning of ultrathin alumina membrane (UTAMs) is an innovative approach 

of anodic alumina membranes that serves as deposition or etching masks on different 

substrates like silicon, ITO glass, and FTO glass.[66,165] Due to the unique method of 

(UTAMs) formation, highly ordered arrays have successfully realized. The thickness of the 
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porous membrane is about 100-400 nm.[25,166] There are two typical types of UTAMs: 

connected and attached UTAMs. 

3.2.2.1. Connected UTAM 

The preparing of the connected UTAM is outlined in Figure (3–2). Initially, a highly 

doped p-type Si wafer was cleaned ultrasonically in acetone, ethanol, and DI-water (10 min 

each). The wafer was treated by Piranha solution (H2SO4: H2O2, v/v = 3/1) and HF (2%) for 

5 min, respectively, then thoroughly rinsed with DI water, and then dried in N2 gas. 

Moreover, the adhesion between the evaporated Al and the Si substrate, sometimes is not 

sufficient in the electrochemical plating solutions, and therefore, a 10 nm Ti thin film layer 

was evaporated by E-beam evaporation at a base pressure 2.4x10-6 Torr and deposition rate 

0.4 Å/s on the clean surface directly.  

 

Figure 3–2. A schematic outline of the fabrication processes of connected UTAMs. (a) 

Deposited thin film and Al layers of the substrate. (b) First anodization. (c) Removal of 

alumina. (d) Second anodization. 

However, a thick Ti layer is not favored as it actually hinders the occurrence and requires 

long anodization to be taken away. Typically, a 10 nm Ti layer is good enough to ameliorate 

the anodization non-uniformities associated with Al film. [167] A3000 nm of the Al thin film 

was deposited by RF-sputtering in 2.5 deposition cycles (~0.8 µm per cycle) as seen in 

Figure (3–2a, b). To ensure the purity of the aluminum layer, a target with high purity 

(99.999%) and ~1.5 nm/s deposition rate were used. The base chamber pressure and argon 
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gas pressure during the deposition process was 2.5x 10-7 and 1.5x10-3 Torr, respectively. The 

sputtering power was 3.5 kW and the power density was about 2.0 x 102 kWm-2. A first-step 

anodization process was carried out in 0.3 M oxalic acid (H2C2O4) solution at 4 °C for 17h. 

After the first anodization step as in Figure (3–2c), the anodic oxide layer was dissolved in 

a mixture solution of H2CrO4 and H3PO4 for 12 h at 60 °C Figure (3–2d). A second 

anodization has been done in short time (normally 6-8 min)), resulting in an ultrathin alumina 

layer Figure (3–2e). Finally, after removing the barrier layer, the connected UTAMs on 

substrates are realized Figure (3–2f). A key point in the preparation of connected UTAM is 

that how to penetrate the barrier layer to obtain through holes for further deposition. The 

oxide barrier layer of the connected UTAM has a distinctive arched structure Figure (3–3a, 

b). With a void beneath, the barrier layer it different from the hemispherical barrier layer of 

the anodic alumina membranes fabricated from Al foils.[66] 

 

Figure 3–3. The stepwise voltage process to thin the barrier layer from connecting UTAMs. 

(a) Schematic of the membrane pores after second anodization before the process. (b) After 

voltage drop (c) SEM image of the pore illustrates the arched (void) and the thickness of the 

barrier layer. (d) SEM images of the pores after reduced the voltage. 

The barrier layer is thicker than the arched barrier layer, thus we could remove the arched 

barrier layer by a chemical etching process.[168] To penetrate the arched and remove the 

bottom barrier layer from the connected UTAM, we used the following steps: immediately 

after the second anodization Figure (3–3a, c): the voltage was dropped gradually from 40 V 

to 15 V at a decreasing rate 1V per 15s, then preserved the voltage at 15 V for 10 min. During 
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the voltage dropping, some fine-featured pathways partially penetrated into the barrier layer 

Figure (3–3b, d).[167,169–172] To remove the barrier layer completely, two processes were used. 

The first one is a catholic polarization process performed in 0.5 M KCl solution with the 

UTAM template and a graphite rod as anode and cathode electrodes, respectively at 0 oC. A 

cathodic potential of −2.5V was applied to the electrodes for 7-8 min as shown in Figure 

(3–4). 

 

Figure 3–4. Setup of cathodic polarization cell. (a) The schematic of the cell. (b) Photo of 

the experimental cell in KCl (0.5 M) solution. (c) A photo of the cell during the reaction 

produced white floccules (1) launched from N2 gas between graphite plate as anode electrode 

(2) and the cathode (AAO electrode) (3). 

During the cathodic polarization, H2O was decomposed into H+ and OH− ions at the 

cathode bottom. The H+ ions can quickly penetrate the bottom barrier layer the localized 

conductive paths in the oxide, such as microcracks. The H+ ions capture the electrons and 

reduce to H2 at the cathode; then they are immediately released from the surface of the AAO 

membrane.[173] Therefore, OH− ions were formed at the bottom of every pore channel and 

continuously transported toward the anode. During this period, a chemical attack by the OH− 

ions can dissolve the alumina that constitutes the barrier layer as well as the pore wall due 

to the following reactions (3-1) and (3-2): 

Al2O3 + 2OH
−⟶ 2AlO2

− + H2O                                                                                    (3-1) 

H+ + 2AlO2
−⟶ H2O                                                                                                                     (3-2) 
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Thus, the pore diameter also increased after the barrier layer was dissolved. During this 

reaction, more and more white floccules seem in the KCl solution because of the formation 

of 𝐴𝑙(𝑂𝐻)3. To dissolve the rest of barrier layer perfectly from the pores, a reactive ion 

etching (RIE) process was applied at 10–15 min, because he RIE was useful for penetrating 

the TiO2 layer that was fabricated during the anodization. Finally, the samples were 

immersed in phosphoric acid 5 wt% at 30 ℃ for 5 min in order to clean the rest particles and 

widen the pore to a suitable diameter. Figure (3–5) presents two samples of connected 

UTAM after the reliability of removing the barrier layer. 

 

Figure 3–5. SEM images of connected UTAM after removed barrier layer (a, b) top surface 

and a cross-section of the sample with thickness 550-600 mm and diameter 70-80 NM (c, d) 

the second sample with thickness 700-750 mm and 70-80nm diameter. 

3.2.2.2. Attached UTAM 

Frequently, it is highly complicated to transfer the UTAM from the Al foils to substrate 

due to its ultrathin and fragile nature. However, the attached UTAM can be used to realize 

highly regular surface nanopatterns without the aforementioned problems for the connected 
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UTAM, which makes the attached type more attractive for different applications.[174,175] The 

synthesis method of the attached UTAM is shown in Figure (3–6) using the following steps:  

(i) Al foil after an electrochemical polishing process (Figure 3–6a).  

(ii) First anodization 0.3 M oxalic acid (H2C2O4) electrolyte (Figure 3–6b). 

(iii) Removal the irregular nanopores obtained in the first anodization by using 5 wt% 

H3PO4+1.8 wt % H2CrO4 at 60 oC for 8 h (Figure 3–6c). 

(iv) Second anodization, for several minutes, to carry out the desirable thickness of the 

UTAM layer (Figure 3–6d). 

(v) A thin layer of poly(methyl methacrylate) (PMMA) was coated on the top surface of 

the AAO membrane that is opposite to the barrier layer to prevent over-etching of 

surface structure and uneven diffusion of acid into the nanopores [176] as shown in 

Figure (3–6e). 

 

Figure 3–6. Schematic diagram (a-h) Anodization and transferring attached UTAM: (a) Al 

foil. (b) First anodization. (c) Removal of alumina layer, resulting in textured nano concaves. 

(d) Second anodization. (e) Polymerization of PMMA. (f) Removing the back Al layer and 

the barrier layer. (g) Pore widening and transferring the UTAM onto ITO glass substrates. 

(h) Removal of a PMMA layer. 
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(vi) Subsequently, the residual Al was etched by using a mixture of CuCl2 and HCl, and 

then removal barrier layer and the pore-widening process were performed in 5 wt% 

H3PO4solution at 30 ℃ (Figure 3–6f). 

(vii) The UTAM with PMMA layer transferred and attached to the substrate (Figure 3–6g). 

(viii) Finally, the supportive layer (PMMA) dissolved in an acetone solution for 1-2 h, 

leaving the attached UTAM on the substrate (Figure 3–6h). 

Usually, the thickness of the attached UTAMs is in the range of hundreds of nanometer 

800-150 nm and frequently smaller than 1 µm [66].The pore diameter of UTAM membranes 

can be tuned in a large range from about 50 to 80 nm by prolonging the time of the pore-

widening process as seen in Figure (3–7a-c).  

The transferred UTAM has a perfectly ordered arrangement with no defects in a very 

large area as seen in Figure (3–8), where the Figure (3–8a) shows a photo of UATM 

transferred on ITO glass without any broken and confirm the process by SEM images in 

large areas without any defects (Figure3-8 b, c). 

 

Figure 3–7. (a-c) SEM images of the attached UTAM fabrication on ITO glass with different 

diameters. (d, f) After deposition of gold nanoparticles with a large area, in which parts of 

the UTAM remain intentionally (Figure f has taken from Ref.[174]). 

The SEM images with highly ordered pore arrays of uniform pore diameters are obtained 

over a large area. Figure (3–7d-f) displays the top-view SEM images of a successfully 
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transferred UTAM mounted on indium tin oxide (ITO) glass substrates after depositing Au 

nanoparticles. 

 

Figure 3–8. (a, b) SEM images highly ordered pore arrays with uniform diameters are 

obtained over a large area of attached UTAM which transferred perfectly on ITO glass. (c) 

Photo of UTAM transferred on an ITO glass. 

3.3. Synthesis techniques 

3.3.1. Atomic layer deposition (ALD) 

In this section, the processing of ALD will be discussed briefly. There are many reports 

about the ALD technique, which explained the details more completely.[177–180]Atomic layer 

deposition (ALD) is a vapor phase technique, which is capable of producing thin films of a 

variety of materials. Based on sequential, self-limiting reactions, ALD offers exceptional 

conformity on high aspect ratio structures, a thickness control at the Angstrom level, and a 

tuneable film composition. It has shown great promise in emerging semiconductor and 

energy conversion technologies.[181] Suntola and Antson popularly introduced ALD as 

atomic layer epitaxy (ALE) in 1977, for the growth of zinc sulfide thin films on flat panel 

displays.[182] After years, a great extension was realized to enlarge the scope of its ions.[183,184] 

The early eighties, this growth technique was considered as a type of technological 

curiosity and was used for more materials of II-VI compounds like CdTe, and ZnS. The 

major force for the development of the method the is the preparation of ultrathin 

semiconductor layers of accurately controlled thickness on the nanometer scale.[185] In 1980, 

the ALD was applied to fabricate extremely good large-area thin films electroluminescent 

(TFEL) displays based on zinc sulfide doped with manganese. The most well-known ALD 

application in the scope of EL displays was the large panel display opening from 1983, at 
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the Helsinki airport. At that time, the ALD started to be a focus as a method for producing 

high- quality thin films. A new group of semiconductor compounds, such as III-V materials 

(GaAs and InAs, etc.), were successfully grown by ALD in the middle eighties. In 2007, 

HfO2 was deposited successfully for the first time as a gate dielectric from the highly 

miniaturized processor (Penryn, Model QX9650) [186]. A thickness of 2-3 nm of the dielectric 

film was a major challenge without ALD deposition. A general ALD process is illustrated 

in Figure (3–9), 

 

Figure 3–9. Diagram outline of ALD cycle. (a) Top substrate has natural fictionalization. 

(b) Pulse of the reactant a leading to its absorption on the surface. (c) Excess precursor and 

reaction by species are purged with an inert carrier gas. (d) Pulse of the reactant B, which 

reacts with the surface species created by precursor A. (e) Purge of the unreacted precursor 

B with an inert carrier gas. (f) steps 2–5 are repeated until the desired material thickness is 

achieving.[181] 

which consists of sequential alternating pulses of gaseous chemical precursors that react with 

the substrate.[181] It should be noted that many ALD procedures were developed from a 

variety of CVD processes. In contrast to their CVD analog, the ALD procedures exhibit 

alternating exposure of chemical precursors to form the desired materials, always at much 

lower temperatures. A large range of materials has been grown by ALD in previous reports 

as listed in Table (3–1). This table displays that most general types of ALD-grown materials 

so far are oxides, nitrides, sulfides, and pure elementary substance. 
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     Table 3-1. List of materials grown by ALD.[187–189] 

Element Oxides Nitrides Sulfides Other 

C, Al, Si, Ti, 

Fe, Co, Ni, 

Cu, Zn, Ga, 

Ge, Mo, Ru, 

Rh, Pd, Ag, 

Ta, W, Os, Ir, 

Pt 

Li, Be, B, Mg, 

Al, Si, P, Ca, 

Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, 

Cu, Zn, Ga, 

Ge, Sr, Y, Zr, 

Nb, Ru, Rh, 

Pd, In, Sn, Sb, 

Ba, La, Ce, Pr, 

Nd, Sm, Eu, 

Gd, Tb, Dy, 

Ho, Er, Tm, 

Yb, Lu, Hf, W, 

Ir, Pt, Pb, Bi 

B, Al, Si, Ti, 

Cu, Ga, Zr, Nb, 

Mo, In, Hf, Ta, 

W 

Ca, Ti, Mn, Cu, 

Zn, Sr, Y, Cd, 

In, Sn, Sb, Ba, 

La, W 

Li, B, Mg, Al, 

Si, P, Ca, Ti, 

Cr, Mn, Co, 

Cu, Zn, Ga, 

Ge, As, Sr, Y, 

Cd, In, Sb, Te, 

Ba, La, Pr, Nd, 

Lu, Hf, Ta, W, 

Bi 

3.3.1.1. Atomic layer deposition of ZnO 

In this work, atomic layer deposition of ZnO films was performed in the Picosun ALD 

system by using diethylzinc (DEZ) (98 % purity) purchased from Stream Chemicals and 

distilled water (H2O) as precursors. The reaction chamber temperature was maintained at 

200-250 °C for the entire deposition process. The N2 carrying gas flow was preserved at 100 

sccm during the deposition and the chamber pressure set to 10 hPa. Figure (3–10) shows 

schematically the detailed recipe of ZnO/ALD cycles and pressure of each precursor during 

the process. 

3.3.1.2. Atomic layer deposition of SnO2 

Tin (IV) chloride (SnCl4, 98% purity) purchased from Stream Chemicals and distilled 

water (H2O) is used as the precursors for deposition SnO2. The reactor chamber is maintained 

at a temperature of 250 °C and the N2 carrying gas is kept at 100 sccm during the deposition 

process. The recipe of SnO2 growth was pulsed for 0.5 s and purged for 4 s of SnCl2 and 

H2O alternately. 
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Figure 3–10. The schematic sight of the sequential procedure of the ZnO/ALD growth. Four 

ALD cycles are illustrated. Including the N2 purging, Diethyl zinc (ZnO) pulsing, and water 

pulsing times. 

Afterward, the H2O precursor was pulsed for 2s and purged for 8 s. The ALD cycle was 

repeated for 500-1000 times depending on the thickness. The growth rate of the nanotubes 

is about 0.3 nm per cycles. Figure (3–11) shows the typical SEM images of the SnO2 product 

with the AAO template before and after removal AAO template via NaOH (0.5 M) solution. 

 

Figure 3–11. SEM images of ALD- SnO2 at 250 °C after 1000 cycles of ALD deposition. 

(a) The top surface of SnO2 / AAO with the inset of the wall thickness of the pores. (b) SnO2 

nanotubes after etching of the AAO template by 0.5 M NaOH solution at 30 min. 

3.3.1.3. Atomic layer deposition of TiO2 

Titanium (IV) chloride (TiCl4, Sigma-Aldrich) and distilled water (H2O) are utilized as 

the sources of Ti and O, respectively. The reactor is set at a temperature of 300 °C, and the 

N2 gas was used as carrying and purged gas. It was maintained at 100sccm during the 

deposition experimental. The typical pulse time was 0.1 s for TiO2 and H2O while the N2 
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purge time was 10 s. The growth rate of TiO2 experimentally 0.55 nm per cycle and the 

number of cycles is defined by the purpose. Figure (3–12) illustrates the detailed recipe of 

TiO2 growth with SEM images. 

 

Figure 3–12. (a) Schematic of the TiO2 growth cycle, consists N2 purging, TiCl4, and H2O 

pulsing times. (b) Top view of 600 cycles TiO2 taken by SEM. (c) Ion beam etching of the 

surface of AAO template. (d) SEM image showing the surface morphology of the TiO2 

nanotubes after dissolving the AAO template with inset of a cross-section of the nanotubes. 

3.3.2. Sulfidation process 

Sulfidation process is one of the most superficial and cost-effective methods to fabricate 

ZnS. It carries out from the immersion materials samples such as ZnO in an aqueous solution 

with sulfidation agents.[190] This method could be capable of fabrication ZnO/ZnS core /shell 

or ZnS tubular nanostructures in a simple way. Although, sulfidation process has been 

extensively studied and is used in synthesis various semiconductor materials. However, the 

outward growth of ZnS leaves hexagonal voids at ZnS and ZnO interfaces or within ZnO 

where the diffusivity of sulfur ions and the high diffusivity of zinc ions both play an 

important role. The hexagonal voids are formed according to the intensive Kirkendall effect 

and mutual diffusion at the interface.[191] In addition, it was found that the volume of the 

films increases during the sulfidation process and the pore size decreases due to the 
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conversion from ZnO to ZnS. Ahn et al. investigated in an interesting study that the grain 

size was increased along with sulfidation Figure (3–13a-d).[190] 

 

Figure 3–13. Top view of SEM images of ZnO and ZnO/ZnS core/shell films. (a) 

Pseudotriangular pores appear between three adjacent silicon pillars. (b) After 8h sulfidation 

time. (c) ZnO/ZnS film sulfidized for 24 h. (d) After 48 h Large ZnS grains were formed and 

most closed the pseudotriangular pores. [190] 

In addition, with the changes on the grain size, the pseudo triangular pores became 

smaller and almost closed after the long-time reaction. Figure (3–13d) shows the conversion 

from ZnO to ZnS. Characteristically, the transformation is related to large volume expansion 

(Ve) of 65.85% if all the considered zinc ions totally react with sulfur ions: 

𝑉𝑒 =
𝑉𝑍𝑛𝑆 − 𝑉𝑍𝑛𝑂
𝑉𝑍𝑛𝑂

= 
39: 4974 − 23: 8152

23: 8152
= 0.6585 

In this thesis, we developed and used a method for sulfidation process to fabricate ZnS 

films of ZnO/AAO nanotubes in one-step, substrates were immersed in an alkaline solution 

containing a sulfur source, typically Na2S with H2O at 60 0C with a different time (more 

details in chapter 4). Figure (3–14) shows the schematic synthesis process. 
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Figure 3–14. Schematic of fabrication of the ZnS shell on ZnO nanotubes. (a) The 

sulfidation process by using solution Na2S with water. (b) The ZnS/ZnO core/shell formation 

after removing AAO template at a different time. 

3.4. Analytical instruments 

3.4.1. Field emission scanning electron microscopy 

The field emission scanning electron microscopy (FE–SEM) as shown in Figure (3-15) 

is a powerful tool for the topographic analysis at nanoscale levels. The FE-SEM combines 

the versatility of PC control with a novel electron optical column to give exceptional 

performance. Resolution of 1.5 nm at 15 kV is assured at 12 mm working distance. The FE-

SEM also offers an excellent low kV performance with a resolution of 2.5 nm at 2 kV; at a 

working distance of 3 mm. Pre-programmed operating modes allow the user to switch from 

high-resolution conditions to microanalysis conditions at the click of the mouse with no 

change of objective aperture. The FE-SEM is equipped with digital imaging, image 

processing, and archiving system.[11,192] 

Energy dispersive spectroscopy (EDS) identifies the elemental composition of materials 

imaged in a scanning electron microscope for all elements with an atomic number greater 

than boron. Most elements are detected at concentrations about 0.1 percent. As the electron 

beam of the SEM is scanned across the sample surface, X-ray fluorescence is generated from 

the atoms in its path. The energy of each X-ray photon is characteristic of the element. The 

EDS Microanalysis system collects the X-rays, sorts and plots them with energy, and 

automatically identifies and labels the elements responsible to the peaks in this energy 
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distribution. Typically, EDS data are compared with either known or computer-generated 

standard to produce a full quantitative analysis showing the sample composition. 

 

Figure 3–15. Schematic Field Emission Scanning Electron Microscope (redrawn from 

Ref.[11] ) 

3.4.2. Transmission electron microscopy 

The transmission electron microscopy (TEM) is always the first technique used to 

determine the size and size distribution of nanoparticle samples. The beam of electrons is 

focused on the sample in a somewhat similar manner like SEM, but in this case, the beam is 

penetrated through the ultrathin sample, interacting with the atoms of the sample as it passes 

through the sample. The working principle of the TEM is somewhat similar to an ordinary 

light projector.[193] TEM has various benefits over SEM e.g. a superior spatial resolution, a 

large range of operation, a simultaneous reciprocal, and real space information etc. However, 

the disadvantages contain wasteful and extensive sample preparation process (most of the 

time), extremely local information of the device and relatively difficult operation and 

interpretation procedures.[11] The information has been obtained from TEM is connected to 

the bulk, thus it is in common not a surface sensitive device. The schematic illustration of 

the TEM setup is shown in Figure (3–16). 



Chap. 3: Fabrication Techniques and Analysis Devices 

41 

 

 

Figure 3–16. Schematic of Transmission field microscope system (redrawn from Ref [11]) 

3.4.3. X-ray diffraction 

X-ray diffraction is a non-destructive device for the structural analysis, which indicates 

information about the structure crystalline, composition analysis, sample texture evaluation, 

monitoring of crystalline phase and stress of the samples. The predominant effect that 

happens during an incident beam of monochromatic X-rays interacts with a target material 

is a scattering of those X-rays from atoms within the target material. In materials with regular 

structure (i.e. Crystalline), the destructive interference and scattered X-rays undergo 

constructively.[194] The diffraction of X-rays by crystals is analyzed by Bragg’s Law: 

𝑛 𝜆 = 2𝑑 𝑠𝑖𝑛(𝜃)                                                                                                              (3-3) 

Where d is the interplanar spacing of the crystal, θ is the angle of incidence, λ is the 

wavelength of the incident X-rays and n (an integer) is the "order" of reflection as shown in 

Figure (3-17). The directions of possible diffractions depend on the size and shape of the 

unit cell of the material. The intensities of the diffracted waves depend on the kind and 

arrangement of atoms in the crystal structure. However, most materials are not single 

crystals, but they are composed of many tiny crystallites in all possible orientations called 

polycrystalline aggregate or powder. When a powder with randomly oriented crystallites is 
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placed in an X-ray beam, the beam will see all possible interatomic planes. If the 

experimental angle is systematically changed, all possible diffraction peaks from the powder 

will be detected. 

 

           Figure 3–17. Visualization of Bragg equation in the x-ray beam. 

3.4.4. UV-vis absorbance spectroscopy 

Ultraviolet–visible spectroscopy (UV-Vis) refers to absorption spectroscopy or 

reflectance spectroscopy in the ultraviolet-visible spectral regions shown in Figure (3–

18).[195] This spectrum detects light in the visible and adjacent (near- ultraviolet UV and 

near-infrared NIR) ranges. The absorption or reflectance in the visible range directly affects 

the perceived color of the chemicals involved. 

 

 

 

 

 

 

Figure 3–18. Scheme of a simple UV-vis spectrophotometer 
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In this region of the electromagnetic spectrum, the molecules undergo electronic 

transitions. In this dissertation, the UV-vis measurements were performed on Varian Cary 

5000 UV-Vis-NIR spectrophotometer. 

3.4.5. X-ray photoelectron spectroscopy (XPS) 

The XPS technique is used to analyze the chemical components of the surface of the 

sample. The basic mechanism of the XPS measurement is illustrated in Figure (3–19). 

Photons with a specific energy are applied to excite the electronic states of atoms under the 

surface of the sample. The energies of the photoelectric lines are well defined in terms of the 

binding energy of the electronic states of atoms. Additionally, the chemical environment of 

the atoms at the surface results in well-defined energy shifts to the peak energies.[196,197] The 

XPS technique is used to measure: (1) elemental composition of the surface (1–10 nm) (2) 

empirical formula of pure materials(3) elements that contaminate a surface (4) chemical or 

electronic state of each element on the surface (5) uniformity of elemental composition 

across the top surface (or line profiling or mapping); 

 

Figure.3-19. Basic components of a monochromatic XPS system. [197] 

(6) uniformity of elemental composition as a function of ion beam etching (or depth 

profiling). Our measurements were performed on the XPS device to investigate the state of 

https://en.wikipedia.org/wiki/Empirical_formula
https://en.wikipedia.org/wiki/Monochromatic
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Zn in ALD-prepared ZnO and ZnS. All XPS measurements were carried out using 

monochromatic Al Kα radiation (hν = 1486.7 eV) produced by a PHI 10-610 X-ray source 

in combination with an Omicron XM1000 monochromator. 

3.4.6. Electrical characterizations (current-voltage) 

I-V characteristic curves are generally used as a tool to determine and understand the 

basic parameters of a component or device. They are short current-voltage characteristic 

curves simply I-V curves of an electrical device or component and are a set of graphical 

curves, which are applied to define its operation within an electrical circuit. As its name 

suggests, I-V characteristic curves show the relationship between the current flowing 

through an electronic device and the applied voltage across its terminals. We know from 

Ohm’s Law that as the voltage across the resistor increases, so too does the current flowing 

through it, it would be possible to construct a graph to show the relationship between the 

voltage and current as shown by the graph representing the volt-ampere characteristics of a 

resistive element.[198] The I-V measurement in the present work was carried out by Keithley 

(4200SCS) meter equipped with a micromanipulator probe station. During the photocurrent 

measurements, a standard Xe lamp served as the light source. The light intensity was turned 

to 173 μW cm−2. 

3.4.7. Ion milling 

In general, the ion-milling process can be used as an atomic sand blaster. In principal, 

the actual grains of sand, submicron ion particles are accelerated and bombard the surface 

of the target work while it is mounted on a rotating table in a vacuum chamber.[199] Typically 

the target is a wafer, substrate, or element that requires material removal by atomic sand 

blasting or dry ion etching. 

 During the milling process, Argon ions contained within the plasma and formed by an 

electrical discharge are accelerated by a pair of optically aligned grids. The highly collimated 

beam is concentrated on a tilted work plate that rotates during the milling operation. A 

neutralization filament prevents the build-up of positive charge on the work plate. 

 In this dissertation, the purpose of the ion milling was applied to remove the barrier 

layer of AAO template and to expose the top surface ZnO and TiO2 nanotube layers on the 
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surface of AAO template. The most common conditions of the ion milling that were used: 

angle of 60°, energy power of 5 kW and rotations of 5 Hz. The ion milling rate for TiO2 and 

ZnO is about 5.0 nm min-1. All the ion milling processes in this dissertation were carried out 

using Gatan PECSTM (model 682). 
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4. Well-ordered ZnO/ZnS core/shell nanotube arrays 

4.1. Introduction 

In this chapter, the results of the fabricated one–dimensional nanotube arrays are 

systematically discussed with respect to their structural properties and electrochemical 

performance. It presents the fabrication route of ZnO/ZnS core /shell nanotube arrays in the 

development and rapid method during a low-temperature sulfidation. In addition, it describes 

how the removal AAO template completely without any further treatment during the 

hollowing process. Moreover, the renowned Kirkendall effect was demonstrated to be 

responsible for the magic reactions. The morphology is investigated, the structure is 

characterized, and the optical and electrical properties are presented in details. 

4.2. Experimental details 

4.2.1. Substrate preparation 

Anodic aluminum oxide (AAO) templates were fabricated by using the following steps: 

(i) 99.999% pure aluminum foil was electrochemically polished in the mixed solution of 

HClO4 and C2H6O (7:1) at 30 V for 3 min. (ii) The specimens were anodized at 40 V in 0.3 

M oxalic acid (H2C2O4) aqueous solution at 5 °C for 17 h. (iii) The resulting anodic oxide 

layer was removed by soaking the samples in the solution of H2CrO4 and H3PO4 for 12 h at 

60 °C to remove the imperfect morphology. (iv) Second anodization under conditions 

identical to those for the first anodizing step was conducted for 30 min.[25,200] A more detailed 

description of the AAO has been given in chapter (3). Immediately and afterward second 

anodization, the bottom barrier layer of the AAO template was removed by using an 

improved electrochemical method that was performed in a neutral KCl solution. A pore 

widening was carried out by soaking the samples in a 5 wt % H3PO4 solution for a certain 

time. 
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4.2.2. Preparation of ZnO and ZnO/ZnS core/shell nanotube arrays 

Before deposition of ZnO, the AAO samples were cleaned for 10 min at 400 W in a 

plasma etching equipment (plasma system 200 TePla) to remove the organic residues. Then 

the templates were used for the growth of ZnO nanotube arrays by a Picosun ALD system 

according to the following procedure: The reaction chamber was heated to 250 ℃, and 

diethylzinc (Zn (C2H)2, DEZ) and H2O were selected as the precursors. The DEZ precursor 

was pulsed for 0.1 s and purged for 5 s, followed by a 0.1 s pulse and 5s purge of H2O. This 

procedure was repeated for 250−300 cycles depending on the desired wall thickness of ZnO 

nanotubes. The carrier gas flow of both precursors was set to 100 sccm, and the entire process 

and the chamber pressure were 10 hPa. After ZnO film was deposited into the AAO template, 

all the nanopores were filled with ZnO. After ZnO film was deposited in the AAO template 

all the nanopores were filled with ZnO and covered its surface. To expose the top surface of 

the ZnO/AAO nanotubes, an ion beam etching procedure (Gatan, Inc., model 682) was used 

for 10 min at 5 W. 

The ZnS/shell was synthesized on the ZnO/AAO nanotube by using a developed and 

rapid thermal deposition method at low temperature and different short times. The samples 

immersed in 0.01 M sodium sulfide (Na2S) (98% Aldrich) solution at 60℃. The reaction 

time was controlled in 30, 40, and 50 min to modulate the shell thickness and remove the 

AAO template gradually. After being taken out of the solution and washed with deionized 

water, the samples were dried at the 50 ℃ under vacuum conditions for 1 h. A surface 

morphological analysis of the products was carried out on a scanning electron microscope 

SEM (Hitachi S-4800). X–ray diffraction pattern (XRD) was recorded in Bruker D8 

Advance equipped with graphite monochromatized high-intensity Cu Kα radiation (λ = 

1.54178 Å). For the crystal structure characterization, TEM (Libra 200 FE) was used. The 

optical absorption measurements for ZnO nanotubes and ZnO/ZnS core/shell nanotubes 

were performed in UV–Vis spectrophotometer (SP 3000 plus). The electric measurements 

were performed by a Keithley (4200 SCS) meter equipped with Micromanipulator probe 

station. During the photocurrent measurements, a standard Xe lamp served as the light 

source, the light intensity was tuned to the 173 µW cm-2. 
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4.3. Results and discussion 

4.3.1. Dissolution of oxide barrier layer from AAO template 

The oxide barrier layer acts as a roadblock and has been the focus of further recent 

research. Normally, the insulating layer can close the direct contacts in the chemical and 

electrical devices between the substance in the pore channel and the base conducting 

substrate. Thus, it is important and critical to improving cheap and simple processes that 

give up well-synthesis AAO membranes with open-hole structures. 

Figure (4–1a) shows the top surface of the AAO template after a second anodization, the 

pore diameter is experimentally 32 mm and thickness around 1800-2000 nm. It is clear in 

Figure (4–1b) that the barrier layer is too thick, (the thickness of the layer is 30–40 nm). The 

layer thickness is a function of the voltage applied. To penetrate in situ the barrier layer, it 

was applied the following steps:  

 

Figure 4–1. (a) SEM image of a top surface view of the AAO template after second 

anodization for 30 min before voltage drop. (b) Cross–section SEM image view indicating 

the thickness of barrier layer before the thinning process. (c) The cross-section of the AAO 

after voltage drop, with the cracks starting at the bottom. (d) Development of the current as 

a function of time during the stepwise voltage reduction process. 

(i) Immediately after the second anodization, a voltage drop procedure from 40V to 15 V 

at a drop rate of 1V per 9 seconds was utilized to partially penetrate the oxide barrier layer 

as illustrated in Figure (4–1c). The voltage kept at 15 V for 15 min. After a few seconds, the 



Chap. 4: Well-Ordered ZnO/ZnS Core/Shell Nanotube Arrays 

49 

 

current started to increase again, which indicated that the system was adapting to a new 

growth regime. The barrier layer became thinner, due to the pores branched into several fine 

featured pathways and small-branched pores grow into the barrier layer and cause its 

perforation. Figure (4–1d) displays the corresponding current adjustment with the stepwise-

reduced voltage.  

(ii)  The samples were immersed in a solution of H2CrO4 and H3PO4 for 5-7 min at 60 °C as 

shown in Figure (4–1e), where it is clear that the barrier layer is thinner. The disruption 

method leads to a widening of the pore diameter as seen in Figure (4–1f). This is because 

of the wall thickness was decreased, leading to increasing the pore diameter. 

 

Figure 4–2. The process of cathodic polarization of the AAO membrane at negative voltage 

-2.5. (a) The relation between the current density of cathodic polarization and the time. (b) 

SEM images of AAO after barrier layer removed completely with inset of the cross–section. 

(c) Top-view image of the template. (d) The AAO after enlargement of the pore diameter 

with a phosphoric acid solution ( 5%wt) at 30 oC. 

(iii)  Finally, the samples were cathodically polarized in negative voltage -2.5 V in the neutral 

0.2 M KCl solution for 15-20 min. Figure (4-2a) illustrates the current –time change during 
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the process, the recorded current mainly was produced from the reduction of the hydrogen 

ions to hydrogen gas.[201] During the reaction, the hydrogen gas raised up in a cloud from the 

bottom, increasing with time as shown in Figure (3–4). The current is made up of three parts: 

from the start point up to the time points labelled as (1) at 5 min (2) 10 min and (3) 17 min, 

the currents start increasing and accompanied unstable curve by gas evolution, indicating 

that the ions launch to be transported into the pores and the chemical reactions are initiated. 

 On the other hand, as mentioned in section (3.2.2.1) the hydroxide ions produced during 

the decomposition of the water at the bottom of the pores form compounds with the alumina 

and hence dissolve the barrier layer. The alumina compound formed in the solution is 

aluminum hydroxide.[201–203] The OH− ions penetrate into the interface between the AAO 

bottom and the Al substrate, then start to disintegrate the Al surface. The OH− ions are 

produced at the bottom of every pore hole and they continuously move toward the anode. 

During this time, a chemical attack by the OH− ions can dissolve the alumina that constitutes 

the barrier in accordance with the reaction in (Eq. 3-1 and Eq. 3-2).[204,205] 

Furthermore, when the current increase starts to level off and becomes stable, this is 

evidence that the barrier layer has been completely removed as shown in Figure (4–2b). It is 

found during the removal of the barrier layer that the pore wall is reduced and the pore 

diameter is increased to about 60 nm as shown in Figure (4–2c). To increase the diameter 

the samples were soaked in phosphoric acid for 5 min at 30 ℃ as shown in Figure (4–2d), 

where the diameter is about 70 nm. 

4.3.2. Formation of ZnO and ZnO/ZnS nanotube arrays 

The strategy synthesis of the heterostructured ZnO/ZnS core/shell nanotube arrays can 

be divided into six detailed procedures are illustrated schematically in Figure (4–3a-f). Here, 

the colors of the AAO, ZnO, and ZnS are described as gray, orange and blue, respectively. 

Figure (4–3a) shows the procedure of the ALD deposition of ZnO into AAO nanopores, and 

300 depositing cycles are appropriate for our study. After deposition, the white color of ZnO 

covered substrate changes to orange because of the loss of oxygen to the high vacuum 

environment at high temperatures, as depicted in Figure (4–3b). 

The ion milling treatment in Figure (4–3c) is necessary for exposing the ZnO nanotube 

surface with the AAO and makes the growing of the shell and the dissolving of template 
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occurs synchronically. Figure (4–3d) depicts the procedure for growing ZnS shell by 

immersing the sample in Na2S solution at 60℃. The thickness of the ZnS shell and the 

removing level of the AAO template are controlled by the soaking time in Na2S solution, 

schematically portrayed in Figure (4–3e), and Figure (4–3f).  

 

Figure 4–3. Schematic of the fabrication processes of the ZnO/ZnS: (a) conformal coating 

of the AAO template with ZnO by ALD. (b) ZnO coated AAO template with 250–300 cycles 

at 250℃. (c) The sample after an ion milling process with 5 KV for 10 min. (d) The procedure 

for coating ZnS shell on ZnO nanotubes by using sulfidation process at the 60 ℃ for certain 

times. (e) ZnO/ZnS nanotube arrays with partially removed AAO (growing 30–40 min). (f) 

ZnO/ZnS core/ shell nanotubes after AAO removed completely (50 min). 

The above procedures are particularly monitored by SEM and EDX analyses. Figure (4–

4) shows the process in photographs, images of the AAO template before ZnO deposition 

shown in (step1) and after deposition (see step 2), where the white color of ZnO covered 

substrate changes to orange due to the loss of oxygen to the high vacuum environment at 

high temperatures.[206] This procedure generates some black parts on the substrate surface 

probably because of the releasing of H2S gas, as illustrates in (step3). 
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Figure 4–4. The photographs of an aluminum chip of. (1) Alumina template as- prepared. 

(2) After ZnO deposition by ALD with 300 cycles. (3) After coating of ZnS shell caused 

changes of the substrate surface with black parts as a result of H2S gas released. 

4.3.3. Morphology and microstructural of the nanotubes arrays 

Figure (4–5) illustrates the morphology of the ZnO nanotube arrays were prepared in 

AAO templates. Figure (4–5a) clearly demonstrates that the bare AAO template presents 

quite well-distributed nanopores with a diameter around 65–70 nm and a length around 1600 

nm. Figure (4–5b) exhibits representative SEM images of the sample after the deposition of 

ZnO for 300 cycles. As expected, the diameter of the pores becomes smaller due to the 

growing of the ZnO on the wall of the pores. Additionally, the cross-section image shown 

as the inset indicates a good infiltration of the ZnO which covers all the pores 

homogeneously, suggesting that the ALD deposition technique is of great advantage to grow 

thin film uniformly; no matter how rough is the morphology of the substrate. After the ion 

beam milling process for removing the top ZnO surface, the nanotubes of ZnO/AAO are 

distinctive as shown in Figure (4–5c), and the pores of ZnO/AAO are widened with the 

process. In addition, the EDX elemental analysis in Figure (4–5d) can confirm the presence 

of ZnO in AAO. To achieve the ZnO/ZnS core/shell nanotubes, the ion beam milled 

ZnO/AAO is immersed in 0.01 M Na2S solution, where the Na2S is employed as a sulfur 

source to release HS-and OH- ions through the reaction in (Eq. 4–1). After generating H2S 

due to the subsequent reaction (Eq.4–2), the ion exchange between H2S and ZnO by the 

reaction in (Eq. 4–3) occurs to form a ZnS shell on the ZnO surface.[207] As the reaction 

(Eq.4–3) proceeds, an intermediate gap and a diffusion bridge are produced between the ZnO 

core and ZnS shell. 
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Figure 4–5. SEM and EDX characterizations of the AAO and ZnO/AAO: (a) AAO template 

before depositing ZnO. (b) Sample after 300 cycles of ALD deposition of ZnO, with the 

inset of cross-section view. (c) Top-view image showing the top surface of ZnO nanotubes 

after ion milling process for 10 min, with the inset of the cross-section view. (d) EDX 

spectrum of ZnO/AAO with the atomic percentage of the O, Zn, Al elements. 

Na2S + H2O ⟷ 2Na+ + HS− + OH−                                                   .                        (4-1)  

𝐻2𝑂 + 𝐻𝑆
−⟷𝐻2𝑆 + 𝑂𝐻

−                                                                                            (4-2) 

ZnO + H2S ⟷ ZnS + H2O                                                                                                          (4-3)  

3𝐻2O + 2𝑂𝐻
− ++𝐴𝑙2𝑂3⟷ 2𝐴𝑙(𝑂𝐻)4

−                                                                        (4-4) 

The intermediate gap is an empty space caused by the dissolving of zinc and oxygen 

ions from the ZnO surface and diffusion bridge, that acts as a transport channel to the 

dissolved zinc ions for further growth zinc ions, further growth of the shell is an extended 

part of the ZnO core to the ZnS shell.[208] For the growth of the ZnS shell, the reaction rate 

is limited by the insufficient sulfur source due to the choice of the low Na2S concentration. 

In our knowledge, a high concentration of Na2S will also damage the well-ordered 

morphology. Meanwhile, the resultant OH−ions by the reactions (Eq.4-1) and (Eq.4-2) could 

penetrate into the interface between the AAO template and ZnO through the exposed part of 

ZnO/AAO and cause the dissolving of the Al2O3 template through the reaction (Eq.4-4). At 
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the initial stage of the sulfidation process by soaking the ZnO/AAO in Na2S solution for 30 

min, freestanding nanotubes are observed in Figure (4–6a), indicating the AAO template 

was removed partially. The diameter of the pores becomes smaller accompanied by the 

growth of the ZnS shell, particularly the inner shell.  

 
Figure 4–6. (a, c and e) SEM images of the ZnO/ZnS core/shell structure that react for 30 

min, 40 min, and 50 min, respectively. (b), (d) and (f): EDX spectra of the corresponding 

samples in: (a) (c) and (e). 

The following EDX analysis in Figure (4–6b) implies the existence of ZnS by showing 

up of distinctive S peak, but the Al signal is still there. In order to remove the AAO template 
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further, we prolong the reaction time to 40 min. As shown in Figure (4–6c), the spacing 

between the nanotubes becomes smaller; meaning that along with the removal of the AAO 

template, ZnS also grows on the outer wall of the ZnO and forms a continuous shell 

surrounding ZnO nanotubes. Moreover, the percentage of Al in the nanostructures as 

characterized by EDX showed in Figure (4–6d) decreases dramatically from 8.2 to 3.6 

atomic %. As the sulfidation reaction proceeds to 50 min, high ordered perpendicular 

ZnO/ZnS core/shell nanotube arrays are formed as shown in Figure (4–6e), the EDX analysis 

in Figure (4–6f) illustrates that the Al signal in the nanostructures totally disappears, 

indicating that ZnO/ZnS well-ordered nanotube arrays are finally fabricated and the AAO is 

completely removed. Also, a series of complementary experiments has been carried out to 

confirm the morphological evolution of ZnO/ZnS core-shell structures by this method as 

illustrates in Figure (4–7). 
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Figure 4–7. SEM images of the as-synthesized ZnO/ZnS core/shell nanotubes. (a) ZnO 

nanotubes coated with a thin layer of ZnS shell (reaction time: 30 min). (b) The EDX 

spectrum of the ZnO/ZnS core/shell for the first reaction (30 min). (c) ZnO/ZnS core/shell 

structure (reaction time: 40 min). (d) EDX pattern for the sample in (c) and (e) ZnO/ZnS 

core/shell structure (reaction time: 50 min). (f) EDX pattern for the sample (e). 

The typical HRTEM image recorded from a representative nanotube, as shown in Figure 

(4– 8a), is clearly observed and the average distance between the adjacent lattice planes is 

0.28 nm, corresponding to the (002) plane lattice distance of hexagonal-structured ZnO. For 

the shell, the resolved spacing between the parallel fringes is about 0.31 nm, which is close 

to the interplanar spacing of the (111) lattice planes of ZnS with zinc blende structure as 

indicated in Figure (4–8b). Figure (4–8c) shows the HRTEM image of the interface between 
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the ZnO core and ZnS shell. The core/shell structure can be also distinctly discerned. The 

corresponding SAED pattern in Figure (4–8d) exhibits two aligned sets of diffraction rings 

can be indexed, respectively, to the structures of ZnO and ZnS revealing the polycrystalline 

nature of the ZnS shell. 

 

Figure 4–8. HRTEM images of the as-synthesized ZnO/ZnS nanotube: (a) the high-

magnification TEM image with lattice constant corresponding to the ZnO core of a single 

nanotube. (b) The high-resolution lattice image of the area corresponding to the ZnS shell. 

(c) Plan-view HRTEM image, showing the interface of ZnO and ZnS. (d) Selected area 

electron diffraction (SAED) pattern with two sets of diffraction rings of ZnO and ZnS. 

Figure (4–9) shows the TEM image of the ZnO/ZnS nanotubes obtained by sulfidation 

time of 50 min, where the core/shell structure can be clearly observed. The surface of the 

core -shell tube is rough and the TEM image appears with dark edges running along its 

length.There is a thin discontinuous layer of voids (0.5–3 nm in thickness) at the interface 

of ZnO and ZnS as marked in Figure (4–9a) this normally refers to comparative migrations 

among different atomic species in metals and/or alloys under thermally activated conditions. 

The thickness of the dark shell is around 8 nm and the thickness of the ZnO is around 20 nm, 
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as gauged by the intensity profile across the nanotubes as shown in Figure (4–9b). These 

data consist of average gray scale values with respect to the position along the contrast 

profile.[209]The dark edges are attributed to the high material density of the walls, and the 

roughness is related to the high growth rate along the [0001] direction. In addition, the 

surface of the tube is composed of the enormous primary nanoparticle. This belongs to the 

mismatching between the lattice constants of ZnS and ZnO.  

 

Figure 4–9. Structural characterization of ZnO/ZnS core/shell nanotube array: (a) low 

magnification TEM micrograph of a single ZnO/ZnS core/ shell nanotube that experienced 

sulfidation process for 50 min; (b) intensity profile perpendicular to the center axis of the 

nanotube. 

4.3.4. Kirkendall effect 

Dependence on the reactions from (4-1) to (4-1), the sulfide ions release slowly from 

Na2S solution and react with ZnO ions to form ZnS shell as seen in Figure (4–10,1a). The 

formation of the ZnS shell on ZnO is attributed to Kirkendall effect. The Kirkendall is a 

phenomenon classical in metallurgy.[210]. It characterizes a non-equilibrium mutual diffusion 

process through an interface of the core and the shell [211,211a,211b] to compensate for the 

unequal material flow by the simultaneous existence of vacancy diffusion as shown in Figure 

(4–10,1b). Due to the condensation of excess vacancies, voids can be produced at the 

interface. The void formation can be improved as a result more localized vacancy 

supersaturating of the counterpart.  

Additionally, the Kirkendall effect provides another driving force for outward diffusion 

from ZnO nanotube core and inner ward diffusion from the ZnS shell as shown in Figure (4–

10,1c). The voids were produced at the interfaces between two materials can be related to 

the outer ward growth of ZnS shell [211b]. Furthermore, because zinc ion (Zn2+, 0.74 Å) and 
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oxygen (O2−, 1.4 Å) are smaller than sulfur ions  (S2−, 1.84 Å), the diffusion of zinc ions 

from the ZnO grains to the outward direction and the formation of ZnS grains at the surface 

of the templates are fast.  

 

 

Figure 4–10. (1) Schematic illustration of the ZnS formation process based on Kirkendall 

effect in a situ chemical reactions, (2) HRTEM images of ZnO/ZnS core/shell nanotubes: (a) 

Core/shell nanotube. (b) The interface of ZnO and ZnS with Kirkendall voids. 

 

However, the voids were completely refilled with smaller ZnS grains after 60 min of 

sulfidation. Also, the increase of the reaction time will increase of the shell thickness and the 

outer diameter larger, while the ZnO thickness decrease more and more as shown in Figure 

(4–10,1d). Therefore, the ZnO core with the AAO template absorbs a sufficient amount of 

the solution with sulfur ions, and this process leads to remove the template as we described 

in section (4.3.3). Figure (4–10,2a,b) demonstrates the typical TEM image of ZnO/ ZnS 

core/shell nanotube. From the magnified image of some core-shell, a number of small voids 

could be detected at the interface of the two materials. Where irregularly shaped voids are 

clearer as exhibits in Figure (4–10,2b), while the nucleation of voids at ZnO core 

improbable.[211a] The sparse small voids along the interface can be explained as a result of 
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the redistribution of zinc ions from the core into the alumina template followed by merging 

the vacancies to voids.  

4.3.5. Identification of ZnO and ZnS 

The XRD patterns in Figure (4–11) give further support for the formation of ZnO/ZnS 

core/shell structures and the removal of the AAO template. The spectrum from ZnO/AAO 

(curve a) presents a series of predominant peaks centered at 31.7°, 34.5°, and 36.2°, 

respectively, which belong to the (100), (002), and (101) diffraction planes of the ZnO 

wurtzite structure with lattice constants of a = 0.32 nm and c = 0.52 nm (JCPDS no. 005–

0664). The diffraction peak corresponding to (002) is relatively weaker than the peaks from 

(100) and (101), suggesting that the growth along [001] direction is partially prohibited 

during the growth. The peaks at 38.2o, 44.3o, and 78.4o are indexed to (111), (200), and (311), 

corresponding to the standard Al pattern (JCPDS No. 04-07072). As sulfidation progresses 

to 40 min, the spectrum of (curve b) indicates the appearance of various diffraction peaks at 

2θ values of 28.5o, 47.6o , 56.4o and 76.2o, matching the ZnS planes of (111), (220), (311) 

and (331), respectively (JCPDS No. 002-0564). 

 

 

Figure 4–11. XRD patterns of the ZnO nanotubes and the ZnO/ZnS core/shell nanotubes as-

prepared with different sulfidation time: curve (a) Bare ZnO nanotubes in AAO template, 

curve (b) and (c) ZnO/ZnS core/ shell structures that experienced sulfidation process for 40 

min and 50 min, respectively. 
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As the time increasing to 50 min, the (111) diffraction peak is observed to shift towards 

a high angle (28.98o), suggesting the buildup of compressive stress on the ZnS lattice, 

probably due to the delay in oxygen repulsion from the ZnS lattice during the early reaction 

stage.[212] The effective ionic radius of zinc(0.74 Å) and oxygen(1.4 Å) are smaller than that 

of sulfur(1.84 Å) and thus lattice distortions in ZnS could be generated, ascribing to the 

atom-size mismatch with ZnO. Additionally, the (curve c) does not show any peaks from 

Al2O3, demonstrating of the complete removal of the template. 

4.3.6. The electric properties 

The Figure (4–12) shows the current density–voltage (J–V) curves for the bare ZnO 

nanotubes and ZnO/ZnS core/shell nanotubes, respectively. During the measurement the 

voltage was scanned from -0.2 to 0.2 V at a scan rate of 200 mV s-1 to record the electrical 

response of the samples in dark and light. The schematic of the measurement is depicted in 

the inset of Figure (4–12). 

 

 

 

 

 

 

 

 

 

 

Figure 4–12. Current density-voltage curves of the uncoated ZnO nanotubes and ZnO/ZnS 

core/shell nanotubes, respectively. The inset: schematic diagram representing the charge-

transfer process in ZnO/ZnS nanotubes. 
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Where a thin layer (100 nm) of Au is deposited by a physical vapor deposition, via mask 

with a diameter of 300 µm and a distance of 0.5 mm on the structure surface as electrical 

contacts, for collecting the current through the nanotube. The displayed linear J–V curves 

for two sets of devices indicate the presence of ohmic contacts established between the 

electrodes and the materials. To be surprising, in comparison with the device containing ZnO 

nanotube, the device consisting of ZnO/ZnS presents 430 times more in the enhancement of 

conductivity. Such higher conductance evidence the complete removal of the Al2O3 template 

that usually inhibits the charge transfer in the devices. Additionally, when exposed to the 

illuminations, the ZnO/ZnS core/shell architecture exhibits a dramatic improvement in 

photoconductivity relative to the ZnO nanotubes. The particular type II band gap alignment 

in ZnO/ZnS (depicted in the inset) facilitates the photo–excited electrons in the conduction 

band of ZnS transferring to the conduction band of ZnO and promotes the photo-excited 

holes in the valence band of ZnO to inject to the valence band of ZnS.[213,214] This specific 

separation procedure of the photo-generated charges is responsible for the enhancement in 

the photoconductivity. 

 

4.4. Conclusion 

In summary, highly ordered ZnO/ZnS core/shell nanotube arrays were prepared by the 

AAO template combined with ALD and sulfidation techniques. During the sulfidation 

process for growing the ZnS shell, the AAO template has been removed completely without 

any further treatments, revealing a convenient methodology to apply the AAO template for 

fabrication of advanced nanostructures. The resultant ZnO/ZnS nanotube arrays possess a 

higher conductivity and photo-response than the ZnO nanotube arrays. Thus, this work 

broadens the possibilities to fabricate advanced and complex nanostructures through AAO 

template and paves the way for the device applications in electronics, magnetism, optics, 

catalysis, mechanics, electrochemistry, sensors, etc. 
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5. The shift of optical absorption band edge beyond quantum effects 

5.1. Introduction 

This chapter focuses on the manipulation of optical absorption band edge for a single 

componential material through quantum confinement effects. The data pointed out that the 

profile of the absorbance spectrum of ZnO/ZnS nanotube arrays is determined by the two 

components and geometrical parameters of the nanostructure arrays. It was found that both 

of the ZnO and ZnS show a decrease in optical band gap with the increase of ZnS thickness 

and the diameter of nanotube arrays, which is interestingly out of explanation from the 

material aspect. The subsequent finite difference time domain (FDTD) simulations support 

such observations and illustrate that the geometrical and periodical parameters could also 

impact the optical absorption of the core/shell nanostructure arrays, even without concerning 

the quantum effects. [43] 

5.2. The experiment 

The ZnO ZnO/ZnS and nanotube arrays on anodic aluminum oxide (AAO) templates 

were grown by using a PicoSun ALD system and a thermal deposition method according to 

the procedure which has been described in section (4.2.2). Three-dimensional finite 

difference time domain (FDTD) simulations were carried out by using the program FDTD 

Solutions (version 8.9) from Lumerical Solutions, Inc. In order to maintain the accuracy and 

stability of the FDTD calculations, the smallest grid size was obtained in an iterative fashion 

(convergence testing) to accurately model the set system without being computationally 

prohibitive. In our implementation of FDTD, a convergence test was done by starting the 

first calculation with a grid size of l0/20, where l0 is the smallest wavelength expected in the 

simulation, and then decreasing the grid size by half in sequential simulations and comparing 

the results of the calculations. 

The optical absorption was measured by a UV–vis spectrometer (Cary 5000 UV–vis–

NIR). The surface chemistry was analyzed by XPS spectra was recorded with an energy 

resolution of 0.6 eV per step pass energy of 15 eV, the number of scans of 10 times (Axis 

Ultra DLD system from Shimadzu). For the crystal structure characterization, TEM (Libra 

200 FE) was used. 
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5.3. Results and discussion 

The representative top and cross-sectional views of scanning electron microscopy 

(SEM) image of the prepared AAO template is shown in Figure (5–1a) in which an array of 

well-ordered alumina pores can be clearly observed. The pores present an average diameter 

of around 70 nm, a pore distance of 110 nm and a thickness of 1800 nm, offering a good 

platform for the subsequent formation of ZnO nanotube arrays. As exhibited in Figure (5–

1b).  

 

Figure 5–1. SEM images of. (a) Top view of the prepared AAO template with pore diameter 

around 70 nm after 35 min of pore widening process; the inset is the cross–sectional view of 

the AAO template after 30 min anodizing at 2 ºC. (b) Uniform ZnO layer deposited by 300 

cycles ALD after an ion milling process with 5 kV for 10 min, the inset is the cross-sectional 

view, showing that the ZnO is covering the entire surface of AAO template pores 

Figure (5–2a) presents the freestanding of the ZnO nanotubes after the AAO template 

was removed with 0.1 M NaOH solution at 40 oC for 25 min. Figure (5–2b–e) shows the 

images of the target ZnO/ZnS nanotube arrays in four thicknesses. With the prolonging of 

sulfidation time, the diameter and thickness of the nanotubes increase accordingly.[215] These 

freestanding nanotubes present a well-ordered distribution and a uniform profile, giving rise 

to stable optical properties. Thus, we can focus more deeply on the association of the optical 

performance with the geometric and compositional parameters. To provide more information 

about the material characterization, an X-ray photoelectron spectroscopy.  

The (XPS) analysis was performed. The whole XPS spectra of ZnO and ZnO/ZnS 

nanotube arrays for the sample prepared at 50 min sulfidation time are shown in Figure (5–

3a). The standard XPS spectrum from a ZnO single crystal is also given for reference. With 

regard to the ZnO/ZnS sample, concomitant sulfur peaks like S2p3/2 (162.4 eV), S2p1/2 (162.8 

eV) and SLMM could be clearly found in the yellow curves, indicating the formation of the 
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ZnS shell on the ZnO nanotube array, and these XPS results are in a good agreement with 

the previous studies.[216,217] 

 

Figure 5–2. SEM images. (a) Top view of ZnO nanotube arrays after removing the AAO 

template with NaOH (0.1 M) solution at 40 ºC, the inset shows a cross-sectional view. (b–e) 

ZnO/ZnS nanotube arrays after sulfidation for 30, 40, 50 and 60 min, respectively. 

Resolved spectra of the Zn2p3/2 peak are shown in Figure (5–3b) and all these three 

samples have the same peak. For ZnO/ZnS, the sulfur peak is found at 162.2 eV binding 

energy as shown in Figure (5–3c), which is in the typical energy range for sulfides. The 

oxygen peaks O1s for ZnO shown in Figure (5–3d) consist of two components which are 

related to different chemical bonds at the surface. The one at 530.9 eV binding energy is 

related to the Zn–O bond, while the one at 532.3 eV is linked to the absorbate.[218,219] To be 

noticed, for the ZnO/ZnS sample, that the peak of the Zn–O bond disappears, thereby 

confirming the existence of a fully covered ZnS shell. The Zn2p3/2 peak obtained from the  
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Figure 5–3. XPS spectra of the ZnO and ZnO/ZnS nanotube arrays: (a) Overview scan, (b) 

Zn2p, (c) S2p and (d) O1s peaks. 

ZnO nanotubes appear to be symmetric with its peak at 1022.3 eV, which is a little larger 

than the value of Zn in bulk ZnO. The peaks of Zn2p1/2 from the three samples given in 

Figure (5–4) also show a similar feature. In order to adjust the geometric parameters and 

study the optical properties of the core/shell nanostructure, the immersing time in the sodium 

sulfide solution was selected as 30, 40, 50 and 60 min. Figure (5–5a) shows the 

representative TEM images of the relevant nanotubes. With the increase of soaking time, the 

diameter of the tubes increases accordingly and a thin outer layer appears, indicating the 

formation of ZnS shell, which also presents an increasing feature with the prolonging of the 

reaction time, though the thickness of ZnO shows a slightly decaying feature. 
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Figure 5–4. Resolved Zn 2p1/2 peaks for the three samples of as–prepared ZnO and ZnO/ZnS 

and ZnO reference. 

The core thickness before deposited the ZnS shell around 18 nm depending on ALD 

cycle number. When the sulfidation time was started from 30 min the outer diameter of ZnO 

was 75 nm, indicating the ZnS shell is formed, and at the same time, the thickness of ZnO 

reduced to 13 nm where the thickness of ZnS ~7 nm as illustrates in Figure (5–5b). 

 

Figure 5–5. TEM micrograph of a single ZnO/ZnS nanotube that experienced sulfidation 

process for D1=30 min, D2=40 min, D3=50 min and D4=60 min, respectively. Given below 

is the intensity profile perpendicular to the center axis of the nanotube. 

The time was increased from 30 min to 60 min, the diameter could be manipulated from 

75–90 nm and the thickness of ZnO reduced from 18–9 nm, while ZnS thickness increased 

from 7–14 nm as the function of the reaction time (see Figure 5–5b). These controllable 



Chap. 5: The Shift of Absorption Band Edge Beyond Quantum Effects.  

 

68 

 

geometric parameters give a chance to tune the corresponding optical parameters precisely. 

More information about the dependence of the diameter and the thickness with sulfidation 

time is given in Figure (5–6). Table (5–1) summarizes the sulfidation process for the four 

samples with a change of the parameters of core and shell. 

 

Figure 5–6. The linear relationship between the sulfidation time with the outer diameter and 

the total wall thickness of the structure. 

Table 5-1. The relation between the reaction time, shell thickness, and diameter. 

Sample Outer diameter 
Reaction 

time(min) 

Thickness of 

ZnO 

Thickness of 

ZnS 

S1 75 30 13 7 

S2 80 40 12 9 

S3 85 50 10 12 

S4 90 60 9 14 

 

Where the increases of soaking time increase the diameter of the tubes accordingly and 

a thin outer layer appears, indicating the formation of ZnS shell. Also, presents an increasing 

feature with the prolonging of the reaction time, though the thickness of ZnO shows a slightly 

decaying feature. As the time is increased from 30 min to 60 min, the diameter and thickness 

could be manipulated from 75–90 nm and 20–23 nm, respectively. These controllable 

geometric parameters give a chance to tune the corresponding optical parameters precisely. 

This could be more directly confirmed by the TEM–EDX line scan shown in Figure (5–7). 
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Figure 5–7. Presents the TEM–EDX lines scan for the four sets of the nanotube arrays with 

different geometric features. 

The insets in Figure (5–7, a–d) show a typical plan–view TEM image of a cross–section 

of the core/shell and confirm the diameter changes with the sulfidation time. The elemental 

analysis shows that the core contains only Zn and O, while the shell consists of only Zn and 

S. These results are confirmed by combined high angle annular. Field STEM imaging and 

EDX elemental mapping of the profile analysis and confirm the data. Figure (5–8a) presents 

the experimental absorbance (α) spectra of ZnO/ZnS nanotube arrays at different shell 

thicknesses (D1– D4). The transmittance spectra of the corresponding nanotube arrays and 

the absorbance spectra of them were measured by the transmittance mode, it are given in 

Figure (5–9a) 

The absorbance (α) at the corresponding wavelengths λ calculated by applying Beer-Lambert 

relation.[220] 

𝛼 =
1

𝑑 
𝑙𝑛(1

𝑇
)                                                                                                                      (5-1) 
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Figure 5–8. Experimental spectra of the prepared ZnO/ZnS nanotube arrays. (a) Absorbance 

spectra of the four samples at different thicknesses. (b) Simulated absorbance spectra using 

FDTD simulation. (c) Tauc plots of direct optical band gap calculations from experimental 

results; inset shows a zoom-in the region around 3.3 eV in a clear display. 

Where d is the shell thickness. These absorbance curves show an absorption band edge 

in the range of 340−400 nm consistent with the absorbance spectrum of ZnO and ZnS. The 

absorption of bulk ZnO and ZnS is 370 , respectively.[221,222] Both of these optical spectra 

show a distinct red shift for the sample with long sulfation time. Since ZnS has a larger band 

gap than ZnO, it is surprising to observe such a red shift for the optical onset. It seems that 

the increase of the ZnS shell makes the band gap smaller, which is hard to explain from the 

material aspect. To confirm such observations theoretically, FDTD simulation was 

performed using the same geometric parameters obtained from the TEM images from the 

series of ZnO/ZnS nanotube arrays and the resulting absorbance and transmittance spectra 

are given in Figures (5–8b) and (5–9b), respectively. To be noted, these simulated spectra 

exhibit the same tendency of red shift as that in the experimental spectra, thereby supporting 

the observation. 
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Figure 5–9. (a, b) Experimental and FDTD simulated transmittance spectra of the prepared 

ZnO/ZnS nanotube arrays. (c) Tauc plots of direct optical band gap calculations from FDTD 

results. 

In order to investigate such phenomenon deeply, Tauc plots were converted from the 

experimental absorbance spectra. As shown in Figure (5–8c), all of these plots exhibit two 

obvious linear parts. One is corresponding to ZnO and the other is from ZnS. By calculating 

the intercept of these linear parts to the X-axis, by applying relational expression proposed 

by Tauc, Davis [223,224] to estimate the optical direct band gap (Eg). 

(ℎ𝜈𝛼)1 𝑛⁄ = 𝐴(ℎ𝜈 − 𝐸𝑔)                                                                                                (5-2) 

Where, h is the Planck's constant, νis the frequency of vibration, αis the absorption 

coefficient, Eg is the band gap, A is the proportional constant. 

The value of the exponent n denotes the nature of the sample transition. 

For directly allowed transition .........n = 1/2 
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For directly forbidden transition .........n = 3/2 

For indirectly allowed transition ..........n = 2 

For indirect forbidden transition...........n = 3 

Since the directly allowed sample transition is used in this experiment, n =1/2 and 

indirect transition n= 2are used for this work. The band gap values for ZnO and ZnS, which 

are in agreement with the reported values,[216,225] could be attained. To support such 

interesting observation, we also calculated the Tauc plots for the simulated data as in Figure 

(5–9c). Figure (5–10a) presents these values in accordance with the diameters of the 

nanotube arrays. In consistency with the absorbance analysis; both the ZnO part and the ZnS 

part present a decrease in the band gap with the increase of the nanotube diameter. ZnO has 

a slight decrease in the band gap from 3.28 eV to 3.26 eV when the diameter is increased 

from 75 nm to 90 nm. However, ZnS presents a larger range of reduction in the band gap 

from 3.58 eV to 3.30 eV. This indicates that the band gap of the shell material is more 

sensitive to the diameter of the nanotube array than that of the core material. The dependence 

of the band gap value of the diameter of nanotube array is plotted in Figure (5–10 b). 

Though the band gap values of ZnO and ZnS show somewhat variation due to the slight 

mismatch in geometric features of the real samples with the ideal ones, both ZnO and ZnS 

exhibit a decrease in the band gap with the increase of the diameter, and the band gap of 

ZnO is less sensitive towards the diameter change than that of ZnS, which is in good 

agreement with the experimental results. Moreover, the sensitivity of the band gap to the 

thickness of the nanotubes shows the same tendency. To quantify the band gap sensitivities 

towards the dimension variations, the curves of ΔEg/Eg vs. T/D (thickness/diameter) were 

plotted for the experimental and simulated results as shown in Figure (5–10c) and Figure (5–

10 d).The higher decaying rate of ΔEg/Eg of ZnS over ZnO indicates the higher sensitivity 

of the band gap for ZnS over ZnO. 



Chap. 5: The Shift of Absorption Band Edge Beyond Quantum Effects.  

 

73 

 

 

Figure 5–10. (a, b) optical band gap of the ZnO/ZnS nanotube array as a function of the 

diameter and the wall thickness for experimental and simulated results, respectively. (c, d) 

Plots of ΔEg/Eg vs. T/D for experimental and FDTD simulated results, respectively. 

The band gap values given above are calculated based on a direct band gap transition. 

Considering that the materials may show a band gap transition change in the nanoscale, we 

also calculate the band gap values based on an indirect transition model (Eq. 5–2) and the 

corresponding results are given in Figure (5–11). The Figure (5–11a,b) exhibited the 

estimated optical indirect band gap values from experiment and simulation results, that are 

present somewhat deviations, probably because of the unavoidable roughness of the real 

samples. The narrowing of optical indirect band gap relevant to the widening of the nanotube 

diameters for the two sets data could be straightforwardly concluded.[226] Figure (5–11 c, d) 

illustrates the indirect band gap values as to the function of nanotube diameters. Though the 

band gap values show some variations in comparison with those calculated by the direct 

model, the resulting band gap values present the same decreasing feature with the increase 

in the diameter and thickness of the nanotubes. To test the limit of the band gap shift, we 

perform a further simulation by increasing the thickness of ZnS until the gaps between the 

nanostructures are filled. 
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Figure 5–11. (a, b) Band gap calculations based on indirect band gap transition model for 

the experimental and simulated absorbance spectra of ZnO/ZnS nanotube arrays, 

respectively. (c, d) Dependence of the resulting band gap values of ZnO and ZnS (from 

experimental and simulated spectra, respectively) on geometric parameters of the composite 

nanostructure arrays. 

To be noted, the band gap values of both ZnS and ZnO always present a decreasing 

feature with the increase in the thickness of the nanotubes in the whole investigating range, 

as presented in Figure (5–12a–f). All these results indicate that such phenomenon results 

from the compositional and geometric feature of the nanostructure arrays. The compositional 

feature governs the main location of the optical onset and the geometric characteristic 

determines the shift. As a renowned factor for causing the shift of the band gap, the quantum 

effect has been studied the most property in optical properties, which becomes influential 

only when the dimensions of the nanostructure are smaller than the Bohr radius of the 

corresponding material.[226] 

Moreover, the quantum effect could be ruled out, since the thicknesses of ZnO and ZnS 

layers are all larger than the Bohr radius of ZnO and ZnS.[227,228] The only reason for causing 

such band gap shift could result from the specific interactions of the incident radiations with 

the periodic nanostructures. The field intensity is the highest at the surface 
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Figure 5–12. (a,b) FDTD simulated transmittance and absorbance spectra of ZnO/ZnS 

nanotube arrays with the increase of the diameter and tube thickness until the gaps of 

between the tubes are filled. (c,d) Direct and indirect band gap calculations for the two 

materials. (e,f) Dependence of the calculated direct and indirect band gaps on the geometrical 

features of the composite nanotube arrays. 

of the nanotubes and decays as the spot moves from the surface to the void space as shown 

in Figure (5–13), suggesting that interaction of the radiation with the periodic nanostructure 

happens mainly on the outer surface of the nanotube, the photons can be absorbed with the 

highest possibility. By comparing the samples with different diameters, we find that the field 

intensity at the surface of the nanotube shows increasing features when the diameter is 

enlarged and the spacing between the nanotubes becomes smaller. In order to analyze the 

electric field intensities more deeply, the curves of the near-field intensity enhancement 

|E/Eo| at the nanotube surface, in accordance with geometric parameters of the nanotubes are 

shown in Figure (5-14). 
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Figure 5–13. FDTD simulation of E-field amplitude distribution under 300 nm illumination 

showing top and cross-sectional views of D1, D2, D3, and D4; selected from Figure (5-15) 

as the highest electric field intensity. 

 

The E/Eo is the component of the local electromagnetic field parallel to the incident direction. 

After passing through the array, the light propagates over a few microns inside the structure. 

 

 

 

 

 

 

 

Figure 5–14. FDTD calculated |E/Eo| enhancement at the top surface of the ZnO/ZnS 

nanotube array as a function of the outer diameter and the wall thickness of the nanotubes 

under 300 nm illumination. 
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Where the photonic structure performance can be quantitatively characterized by calculating 

the |E/Eo| intensity along the vertical line and through the center of the structure [230].The 

|E/Eo| displays an increasing feature with the increase of the wall thickness and diameter, 

supporting that the geometric parameters could indeed impact the absorbance onset of the 

periodic nanostructures. Through modulating the interactions of the incident radiations with 

the ordered nanostructure arrays rather than via the well-known quantum effects. To be 

noted, the outer material is more sensitive to the optical band gap shift, towards the 

dimensional changes of the ordered nanostructure arrays, in comparison with the inner 

material. This implies that this phenomenon is surface-related, like the well-known surface 

plasmon resonance effect in metallic nanostructures, though the electron density in our 

structures is low. 

To investigate it more in detail, the electric field distribution around the nanostructure 

arrays under the illumination of photons at 300 nm was simulated by the FDTD software.[229] 

Figure (5–15) shows the FDTD simulation of the electric field intensity profiles of one 

hexagonal array of nanotubes for the employed samples with different ZnS shell thicknesses 

(D1, D2, D3, and D4) under diverse illumination 200-500 nm. This implies a stronger 

coupling of the electric field for the samples with a narrower spacing, thereby resulting in a 

higher absorption efficiency of the photons and a red shift of the absorbance threshold. 

To be noted, such a red shift is irrelevant to the intrinsic properties of the material and 

is only attributed to the morphological features. Considering that the electric field at the shell 

surface has a higher value than that around the ZnO core and the higher value is more 

susceptible to the dimension variations, it is understandable to observe a higher sensitivity 

of the band gap of the ZnS shell than that of the ZnO core to the increase of the diameter of 

the nanotube. The results give a good agreement with the simulation report that used a self–

consistent charge density functional tight binding method.[153] Where the band gap of 

ZnO/ZnS decreases with increasing shell thickness if the thickness of the core is fixed. 
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Figure 5–15. FDTD simulations of E-field amplitude distributions under illuminations of 

the wavelength at 200 nm, 300 nm, 400 and 500 nm, respectively.D1, D2, D3, and D4. 
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5.4. Conclusion 

For the first time, we have investigated the shift of the optical band gap for ZnO/ZnS 

nanotube arrays from both experimental and simulating aspects, and we observed that both 

the band gaps of ZnO and ZnS in nanostructural hybrids became smaller when the thickness 

and diameter of the nanotube arrays were tuned larger. This phenomenon is not governed by 

the renowned quantum effect but by the interaction of the incident radiations with the 

periodic nanostructures, which greatly expands our understanding of the optical properties 

of semiconductors. The corresponding tenability enables the nanostructure arrays with a 

great potential in application of optical sensors and photo electronics 
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6. Device processing and relevant applications 

6.1. Introduction 

This chapter includes two sections of applications. In first one, we have successfully 

demonstrated the fabrication and utilization of ZnO and ZnO/ZnS-based electrochemical 

nanosensors for the selective determination of glucose. Also, it illustrated the highlight 

recent developments of an electrochemical glucose sensor from the fields like preparation, 

construction, and performance. The heterogeneous electron transfer rate and limited 

detection are studied in details. The second section demonstrates the ZnO/ZnS nanostructure 

photoanode with a significantly enhanced photoelectrochemical water splitting performance. 

6.2. Biosensor applications 

Large efforts have been devoted to glucose detection methods in food and biological 

matrices, due to the pivotal role of glucose in physiological processes. The electrochemical 

approach is one of the important detecting methods. The electrochemical detection supplies 

attractive paths and a high ability to analyze the content of biological samples owing to the 

direct conversion of a biological event of an electric signal. The best detection potential for 

glucose is a potential region in which without oxide production and oxygen reduction. 

6.2.1. The experiment 

6.2.1.1. Electrode preparation 

The synthesis of the ZnO NAs and ZnO/ZnS CSNAs was described in (section 4.2.2). 

The electrodes were prepared the electrochemical experiments as shown in Figure (6–1). 

The top surfaces of ZnO/AAO NAs and ZnO/ZnS CSNAs were initially evaporated with a 

thin layer of Zn (10 nm), then a 30 nm thick Au layer was deposited onto ZnO/AAO/Zn or 

ZnO/ZnS/AAO/ Zn by electron beam deposition (Kurt J. Lesker PVD225) with deposition 

rate 0.2 Å/s. Afterward, a thick layer of Ni was deposited to support the surface of the 

sample during the removal of Al foil on the backside. The Al backside was removed by a 

mixture solution of CuCl2 (85 wt %) and HCl (15 wt %), then AAO in ZnO/AAO/Zn/Au/Ni 
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was removed from by using NaOH solution (0.1M) at 40 ºC as shown in Figure (6-1: step 

1). The samples were connected to the copper wire by using a silver paste. Later, the silver 

layer was fully covered with a protective coating. 

 

Figure 6–1. (a) Schematic diagram of synthesis of ZnO (blue color) and ZnO/ZnS (brown 

color) with AAO Membrane as a template. The preparation of the electrodes for the 

electrochemical process towards [Fe (CN)6]
3−/4− and GOx were carried in four steps: in step 

(1) removed AAO after deposited a Zn ,Au, and Ni layers, respectively, in step (2) the 

immobilized of GOx on ZnO-NTs and ZnO/ZnS CSNAs, in step (3) presents the coating 

glutaraldehyde and Nafion solution onto the electrodes surface. The active site of this 

enzymeGOx catalyzed a reaction on the electrodes is shown in step (4). 

6.2.1.2. Preparation of ZnO/ZnS CSNAs based-electrode sensor 

Initially, the sensor electrodes were investigated with the electrochemical response 

towards ferrocyanide/ferricyanide [Fe (CN)6]
3−/4 (1.0 mM) standard redox system in aqueous 

0.1M KCl solution to investigate the electrodes modification. For the immobilization 
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process, 10 μL of GOx solution (20 mg mL−1) was prepared in 0.01M PBS (pH 7.4), and 

then was drop-coated on the top surface of the sensor electrodes. The whole electrode was 

dried at the room temperature for 24 h as illustrates in Figure (6–1: step 2). Before the 

immobilization of the enzyme, the electrodes were rinsed with PBS solution to generate a 

hydrophilic surface. [231] The cross-linking procedure was performed by adding 10 μL 

aqueous solutions containing 2.5% glutaraldehyde and 0.5% Nafion onto the electrodes 

surface, and the electrode was dried at room temperature. In order to prevent probable 

enzyme leakage and eliminate foreign interferences a 2 μL of 0.5% Nafion solution was 

further dropped onto the electrodes surface as shown in Figure (6–1: step 3). The sensor 

electrodes were stored at 4 oC before usage. After completing these steps, the sensing 

electrodes were tested in the cyclic voltammetry method as shown in Figure (6–2). 

 

Figure 6–2. Typical electrochemical cell for voltammetry consists of the working, reference 

and the auxiliary electrodes. The cell also includes an N2purge line for removing dissolved 

oxygen. 

The measurements were carried out by using a computer controlled system (EC-Lab 

software V10–19). A conventional three-electrode system of working, reference (Ag/AgCl 

(3M KCl) and counter electrodes were used. The cyclic voltammograms (CVs) were 

recorded in the potential range (-0.1V to +0.5V) and (-1V to +1V) vs. Ag/AgCl for [Fe (CN) 

6]
3−/4− and GOx, respectively(in a cyclic voltammetry, the potential is ramped linearly versus 

time). The experiments are carried out at scan rate (ѵ) in range (0.02–0.12) V s−1. 
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6.2.2. Results and discussion 

Figure (6–3a) shows a representative SEM image of the freestanding ZnO NAs after the 

AAO was removed. The wall thickness of the ZnO has estimated around 18 nm associated 

with ALD cycles. Figure (6–3b) presents the SEM image of the ZnO/ZnS CSNA, where the 

shell thickness around 12 nm belongs to sulfation time.  

 

Figure 6–3. (a) SEM image ZnO NAs after AAO template was removed with 0.1 M NaOH 

solution, (b) ZnO/ZnS CSNAs after 60 min of sulfidation time, (c) ZnO/ZnS CSNAs after 

immobilized with GOx and coated of Nafion and glutaraldehyde, (f) EDX pattern of 

composition metals. 

These electrodes with well-ordered nanostructure offer a good scaffold to load bioactive 

materials and increase the according to sensitivity. Figure (6–3c) shows the cross-sectional 

of the ZnO/ZnS CSNAs after loading of 10 μL glucose oxidase solution, with a high uniform 

coverage of Nafion-glutaraldehyde solution in the wall nanotubes, could be concluded. The 

presence of the biomaterials could also be supported by EDX patterns as shown in Figure 

(6–3d). 



Chap. 6: Devices processing and relevant applications 

84 

 

6.2.2.1  Electrochemical performance towards [Fe(CN)6]3−/4− 

In order to study the effect of the electrodes modification on its electrochemical 

response, the electrodes were firstly examined towards series of concentrations of 

[Fe(CN)6]
3−/4− by using 1.0 mM standard redox system in 0.1 M KCl aqueous solution. Prior 

to all experiments, solutions were purged with high-purity nitrogen in order to remove 

dissolved oxygen. The CVs curves presented in Figure (6–4a, b) show some interesting 

characteristics. Firstly, it is obvious that the electrochemical peaks oxidation of the [Fe (CN) 

6]
3−/4- solution on ZnO and ZnO/ZnS surface are clearly separated from each other. Upon 

increasing the concentration of [Fe(CN)6]
3−/4−, its oxidation peak currents enhance, 

indicating the effect of the change of concentration from 7.9310−5to 2.1510−4 mM at the 

scan rate of 0.05 V s−1. 

The ratio of the observed currents in reverse and forward scans is equal to the relation 

(
𝑖𝑝
𝑜𝑥

𝑖𝑝
𝑟𝑒𝑑 =1.0), pointing that there are no chemical reactions coupled to the electrode process, 

and confirm the charge-transfer process is completely reversible (it is well known that such 

reactions can largely raise the ratio of peak currents). The oxidation potential of bare ZnO is 

0.078 V vs. Ag/AgCl, while for ZnO/ZnS is about 0.061 V. This could be attributed to the 

difference in the surface chemistry of the two materials, and could improve the 

electrochemical response with heterogeneous nanostructures. The CVs curves of the ZnO 

electrode look somehow noisy and the current at the oxidation peak current is around 0.0158 

mA whereas, the curves of the ZnO/ZnS electrode are smooth and the oxidation peak current 

is up to 0.226 mA. This indicates that the ZnO/ZnS is superior over ZnO in electrochemical 

response. The plots of anodic current versus FCN concentration are given in Figure (6–4 c, 

d). It is our delight to write that ZnO/ZnS CSNAs showed 2 times higher sensitivity (333.4 

mA mM−1 cm−2) in comparison with ZnO NAs (151.81 mA mM−1 cm−2), by calculating the 

slope from the linear portion of the plots in Figure (6–4 c, d). 

The limit of detection (LOD) was calculated from the formula(3 × 𝜎|𝑠𝑙𝑜𝑝𝑒), σ is the 

standard deviation of the current density. [232,233] It was found the LOD of CSNAs of 24 μM 

is lower than NAs 31 μM at a lower concentration of 7.9310−5mol.L−1, which means that 

the modified sensors are sensitive to lower concentrations and higher modification. The 

variation of electrochemical responses with scan rate was studied briefly. Figure (6–5a, b) 

represents the CVs recorded at different scan rates (0.02 V s−1– 0.12 V s−1) under constant 
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concentration1.38x10-4 mol.L−1 of [Fe (CN)6]
3−/4-. A linear relationship between the peak 

current and the square root of scan rate was realized. Upon increasing the scan rates, the 

redox peak currents and peak separation increase linearly as presented in Figure (6–5c, d). 

Meanwhile, the cathodic peak ipc and anodic peak ipa currents show a small shift with the 

following increase in the peak-to-peak separation.  

 

Figure 6–4. CVs spectra measured in a concentration range from C1 = 7.9310−5to C8 = 

2.1510−4 mol.L−1 of [Fe (CN)6]
3−/4− in (0.1 M KCl) at the scan rate of 0.05 V s−1 on (a) ZnO 

NAs and (b) ZnO/ZnS CSNAs. The sensitivity and the lower limit of detection are present 

in (c) and (d). 

Particularly, the anodic and cathodic peak of potential separation (∆Ep) of the bare ZnO 

NAs was found to vary with the concentration of the electroactive compound [Fe (CN) 6]
3−/4- 

as shown in Figure (6–6 a, b: red curve). Namely, the increase of potential separation with 

the increasing concentration to finally reach the value of ∆Ep is 0.820V at scan rate ѵ= 0.05 

Vs−1 for the concentration 2.15 x 10-4 mol.L−1. Whereas, the peak potential separation ∆Ep 
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of ZnO/ZnS CSNAs was recorded as 0.114 V with the same concentration and scan rate. It 

is obvious that the ∆Ep values obtained on ZnO/ZnS CSNAs are lower than those determined 

on ZnO NAs, indicating somewhat higher electron transfer kinetics in ZnO/ZnS CSNAs. 

However, the electron transfer kinetics are independent with the concentration of the 

electroactive compound while the effect of the uncompensated resistance dependents on 

concentration. The results indicate that the increase of ∆Ep with concentration can be mainly 

attributed to resistance effects, that still remains uncompensated.[234] By using the Nicholson 

relation.[235] The heterogeneous electron transfer constant (ks) of [Fe (CN)6 ]3−/4− was 

calculated in the investigated concentrations and scan rates.  

 

Figure 6–5. CVs spectra of ZnO–[Fe (CN) 6]
3−/4− (a), and ZnO/ZnS –[Fe (CN)6]

3−/4− (b) at 

different scan rate (0.02 Vs−1 -0.12 V s−1 ). (c and d) curves present the linearity peak current 

with the square root of scan rate. The oxidation current ipox on ZnO (from inner to outer) 

0.250–0.538, and the reduction current ipred {-0.199–(-0.421)}. While on ZnO/ZnS: ipox 

(0.231–0.311),ipred {-0.245–(-0.353)} in the concentration (9.90  10−5 mol.L−1). 
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The results reveal that the variation of ks with the concentration is the inverse of that 

resulted for ∆Ep as shown in Figure (6–6, a, b: blue curve). Specifically, the value of ks= 6.12 

x 10-3 cm.s−1 for ZnO, measured initially for C = 7.93x10-5 mol.L−1at scan rate ѵ= 0.05 

V.s−1gradually, decreases with the increase of the concentration of electro-active compound 

to reach the final value of ks =4.34 x10-3cm.s−1 at C = 2.15 x10-4 mol.L−1, at scan rate ѵ= 

0.05 V.s−1. In contrast, it is very interesting that the value of ks of the ZnO/ZnS CSNAs 

(23.4x10-3cm.s−1) in the concentration range of 7.93x10-5–2.15 x10-4 mol.L−1 is higher than 

the ks of ZnO at the same measurements, as shown in Figure (6.6, a,b:curve blue). 

Furthermore, the real surface active area of the electrode (A) was calculated from the slope 

of concentration–current calibration curve at the constant of scan rate (ѵ) as shown in Figure 

(6.4c, d), according to the Randles-Sevcik equation [236] 

𝑖𝑝 = (2.69 × 10
5)𝑛3 2⁄  𝐴 𝐷1 2⁄ 𝐶𝑖𝜈

1 2⁄                                                                             (6-1)                       

Here, n and A represent the number of electrons transferred n=1 and A the active area 

of the electrode (cm2), respectively. F is the Faraday’s constant ((96485 C mol−1). The 

concentration of the [Fe (CN)6]
3−/4− is denoted by C where the diffusion coefficient (cm2/sec) 

and time (sec) are denoted by (Dox=7.63  10−6 cm2 s−1), ѵ is the scan rate (V s−1). Thus, the 

active area of the ZnO NAs based electrode is calculated to be 0.44 cm2 and that of ZnO/ZnS 

CSNAs electrode is 0.41 cm2. The active area of ZnO/ZnS CSNAs is smaller than that of 

ZnO NAs due to the enlargement of nanostructure size during the ZnS shell formation. 

 

Figure 6–6. Variation of peak potential separation (red curve) and heterogeneous electron 

transfer rate constant (ks) (blue curve) with different concentration in CVs recorded on either 

ZnO NAs (a) or ZnO/ZnS CSNAs (b) at ѵ = 0.05 V s−1. 
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6.2.2.2. Direct electrochemistry of GOx 

Owing to the advantages of the nanostructure arrays, the biosensor performance was 

analyzed by the cyclic voltammograms CVs of the GOx in the concentration range of 

2.45x10-5–2.66x10-4 mM. Figure (6-7) displays the CVs curves acquired at the bare electrode 

(a) and the modified electrodes (b) at a scan rate of 50 mV s−1. The CVs curves are evidenced 

that the ZnO/ZnS CSNAs recorded high current response comparing with the ZnO NAs. The 

GOx immobilized electrodes exhibit a pair of standard redox peaks for glucose sensing and 

the peaks positions are in agreement with previous reports.[237,238] The formal potentials are 

0.485 V and 0.344 V were realized from ZnO NAs and ZnO/ZnS CSNAs based electrodes, 

respectively. The CVs has displayed a quasi-reversible electrochemical redox peak that is 

attributed to the electron transfer of redox active sites in GOx. The redox peaks of GOx 

belong to the direct electron transfer between flavin adenine nucleotide (FAD) and its 

reduced form FADA2, at these ZnO/ZnS modified electrodes. The direct electron ability of 

the electrodes was exhibited enhanced redox peaks with higher Ipc and Ipa as shown in Figure 

(6–6 a, b).The prominent direct electron transfer ability of ZnO/ZnS surface is attributed to 

high electrical conductivity, the large surface area, the favorable orientation of GOx, and 

good biocompatibility.[239] The GOx catalyzed reaction can be described as in the following 

reaction(6.2)[160,240,241] this mechanism is shown in Figure (6–1: step 4). 

𝐺𝑂𝑥 + 𝐹𝐴𝐷 + 2𝑒− + 2𝐻+⟷𝐺𝑂𝑥 + 𝐹𝐴𝐷𝐻2                                                 (6-2) 

𝐺𝑂𝑥 − (𝐹𝐴𝐷) + 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2⟶ 𝐺𝑂𝑥 − (𝐹𝐴𝐷) + 𝐺𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐻2𝑂2  (6-3) 

 

It is worth mentioning that the fabricated ZnO/ZnS CSNAs show the higher sensitivity 

is 188.34 mAmM−1cm−2 in comparison with ZnO NAs (153.73 mA mM−1 cm−2). 
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Figure 6–7. Cyclic voltammogram of bare NAs (a) modified CSNAs (b) in 0.01M PBS at 

scan rate 50 V s−1,were measured in the potential range (-1 to +1 V) .(c) and (d) the variation 

of oxidation peak current density in glucose concentration. 

The limit of detection (LOD) was realized to 0.42 µM and 0.29 µM for ZnO NAs and 

ZnO/ZnS CSNAs, respectively and calculated from the slopes between the anodic current 

density and the variation of concentration as shown in Figure (6−7c, d). The sensitivity 

improvement is attributed to the role of the ZnS shell, and the heterojunction structure is 

beneficial for transporting the charges efficiently. Its porous tubular morphology, which 

increases the loading of the enzyme Gox and in turn the sensitivity, and its heterostructure 

facilitate the electron transport and reduce the LOD.[39] The effect of scan rates on the 

GOx/ZnO electrode and GOx/ZnO/ZnS CSNAs electrodes in concentration 12.19 μM at 

scan rate from 0.2 to 0.12 V s−1 is illustrated in Figure (6–8). The oxidation peak current 

(𝑖𝑝
𝑜𝑥) and reduction peak current (𝑖𝑝

𝑟𝑒𝑑) show a linear relationship with increasing the scan 
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rates, showing that the redox reaction of GOx at the composite electrode is a typical surface-

controlled quasi-reversible process. 

 

Figure 6–8. Cyclic voltammograms recorded at. (a) GOx/ZnO. (b) GOx /ZnO/ZnS in 0.01 

M PBS with glucose concentration (12.19 μM) at different scan rates from 20 to 120 mV 

s−1. The curves (c and d) present the variation of peak current oxidation with scan rate. 

The sensitivity and limit detection of glucose detection for the ZnO/ZnS CSNAs are 

significantly high when comparing with other previously reported glucose biosensors based 

on differently modified working electrodes, as shown in Table (6–1). The reference 

performances are cited from the previously reported literature. Thus, a superior performance 

of our biosensors over the reported ones could be concluded. The heterogeneous electron 

transfer constant (ks) of the bare and the modified biosensor electrodes has been calculated 

by using Laviron’s equation.[242] 

𝐿𝑜𝑔 𝑘𝑠 = 𝛼𝐿𝑜𝑔(1 − 𝛼)𝐿𝑜𝑔𝛼 − 𝐿𝑜𝑔(𝑅𝑇 𝑛𝐹𝜈⁄ ) − 𝛼(1 − 𝛼)𝑛𝐹Δ𝐸𝑝 2.3𝑅𝑇⁄                  (6-4) 
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Table 6-1. Corporation of ZnO/ZnS core /shell nanotube arrays for enzyme immobilization 

and the performance of enzymatic biosensors than other core/shell nanostructures. 

Structure of 

electrode 

Transduction 

system 

Linear detection 

range (mM) 

Sensitivity 

mA mM−1 

cm−2 

Detection 

limit µM 
Ref. 

GOx/ ZnO 

Nanotubes 
CVs 2.45 –12.19×10−6 153.7  42 

Present 

work 

GOx/ZnO/ZnS 

Nanotubes 
CVs 2.45 –12.19×10−6 185.2  29 

Present 

work 

Gox/ZnO/ZnS sheath 

nanowires  
PL 3.51 – 24.1 Na 0.14 [160] 

GOx/ MWCNT–ZnO 

composite  
Amp. 0.2 – 27.2  4.18×10–3 20 [243] 

GOx/C/ZnO 

nanowires  
CVs 0.01 –1.6 35.3×10–3 1 [247] 

GOx/ ZnO/CuO 

nanocomposite 
CVs 47×10−3 - 1.6 3066.4 0.21 [248] 

Gox/ZnO–CuO 

composite 
CVs 0.02 –4.86 1.217 1.677 [238] 

GOx/ZnO/Pt/CS 

composite  
CVs 0.1 – 2 62.14×10–3 16.6 [249] 

GOx/GNs/ZnO 

composite  
CVs 0.3 – 4.5 30.07×10–3 70 [241] 

ZnO /Au hybrid-

nanocomposites 
Amp. 0.1 –33.0×10−3 1492×10–3 1 [250] 

GOx/ZnO/Co 

nanoclusters 
Amp. 0 – 2 13.3×10–3 20 [251] 

ZnO 

Nanofiber 
Amp. 0.25 – 19 70.2×10–3 1 [252] 

CVs: Cyclic voltammogram, Amp.: Amperometric 

Where: α is a dimensionless parameter known as electron transfer coefficient, n is the 

number of electrons involved in redox process (n = 2), F is Faraday constant (96485 C 

mol−1), ѵ is scan rate 0.05 V s−1), R is a gas constant (8.314 J mol−1 K−1), T is a temperature 

in K (T = 293 K). ∆Ep is the peak separation of the FAD/FADH2 redox couple. The value 

of α is 0.46 that could be calculated from the slopes of anodic (Epa) and the cathodic (Epc) 

peaks potentials vs. scan rate.  

The value (ks) of ZnO/ZnS (CSNAs) is very close to the values reported previously on 

Multi-walled carbon nanotubes (MWCNT) ZnO (1.66s−1 )[243] and MWCNT within a 

hexadecyl phosphate (1.69s−1)[244] and higher than those reported on boron-doped MWCNTs 

(1.56 s−1)[240], MWCNTs modified with gold (1.08 s)[245], and CNTs modified(1.53 s−1)[246]. 
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6.3. Optimization of ZnO/ZnS core/shell for photoelectrochemical 

water splitting  

Many studies found that using a template-directed procedure such as freestanding through-

hole ultrathin alumina membranes (UTAMs), well-ordered nano–Au array,nanotubes, and 

nanowires it is very efficient to construct functional nanostructures for solar energy 

applications.[253–257] In this section the performance of photoelectrochemical (PEC) water 

splitting was investigated, after the biosensor detection. 

 The measurement process of the electrodes was carried out in a three-electrode 

configuration; as–prepared ZnO or ZnO/ZnS nanotubes (active/uniform illumination area of 

2cm2), standard platinum plate and Ag/AgCl as working, counter and reference electrodes 

respectively. The performance is evaluated using BioLogic SP 150 Potentiostat, in a 0.1 M 

Na2SO4 aqueous solution (pH =6.8) is used as the electrolyte. The light source (Oriel solar 

simulator, 300 W Xe lamp, AM 1.5 global filter) was calibrated to 1 sun (100 mW cm−2) by 

a Si photodiode (Model 818, Newport). Figure(6–9) shows the current density as a function 

of the applied potential to Ag/AgCl for the two electrode arrays under white light 

illumination (AM 1.5G, 100 MW cm-2). 

 The samples (with Zn/Au as a back contact) under both dark and illumination conditions 

which have been considered. It may be noticed that under dark conditions, no current was 

detected when applying a linear sweep within a range(-0.2V to +0.6 V) vs. Ag/AgCl. The 

saturation photocurrent density at applied potential 1.0 V vs. Ag/AgCl is (1.02 mA cm-2) for 

the ZnO/ZnS CSNAs and significantly higher than ZnO NAs (0.23 mA cm-2). In addition, 

these results are also higher than of earlier results are found by Liu et al.[258] (0.58 mA cm-2 

at 1.0 V vs. Ag/AgCl) of ZnO/ZnS/Au composite, and Kushwaha et al.[259] ~0.44 mA cm-2 

at 1.0 V vs. Ag/AgCl) of ZnO/ZnS core/shell nanowire, respectively. According to higher 

electrode/electrolyte interface offered by nanotubes and fewer oxygen defect states, which 

is more suitable for PEC water splitting applications. Figure (6–10a) demonstrated the 

absorption spectra of the as-prepared nanotube arrays. The absorbent curves show an 

absorption band edge in the range of 340−400 nm, consistent with the observance spectrum 

of ZnO and ZnS. 
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Figure 6–9. Comparison of PEC properties of two different photoanodes: ZnO and 

ZnO/ZnS. (a) Photocurrent densities under white light illumination (AM 1.5G, 100 MW cm-

2) within a range from −0.2 to +1.2 V versus Ag/AgCl. 

By analyzing the difference of these spectra, it can be concluded that the nanostructure 

array shows an improved absorption capability by exhibiting a red shift of the absorption 

onset and enhanced intensities, in a good agreement with the recorded results in the chapter 

(5). Figure (6–10b) illustrates incident photon to current conversion efficiency (IPCE) 

measurements without applying external bias, in which the maximum value of 62% is also 

obtained from the ZnO/ZnS electrode with the optimal 55% recorded from ZnO. 

 

Figure 6–10. (a) UV–vis spectra of the ZnO and ZnO/ZnS electrodes at wavelengths (200–

1000 nm). (b) IPCE (without applying external bias) of the relevant electrodes. 

Figure (6–11a) presents the electrodes under visible light illumination with chopped the 

amperometric current–time (I–t) characterization. The photocurrent density of the ZnO/ZnS 

photoanode is 0.127 mA cm-2 at 0.2 V vs. Ag/AgCl, while the photocurrent density in the 
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ZnO is 0.052 mA cm-2 at 0.2 V vs. Ag/AgCl, which demonstrates that the additional ZnS 

layer enhances the ZnO electrode activity. Figure (6–11b) shows the photoconversion 

efficiencies (η) for PEC water splitting of the photoanodes with an applied bias which is so–

called applied bias photon to current efficiency (ABPE) is estimated from J–V data using 

the following equation.[260] 

𝜂 = 𝐽
1.23–𝑉𝑎𝑝𝑝

𝑃𝑙𝑖𝑔ℎ𝑡
                                                                                                                        (6-5) 

Where, J the externally measured current density and Plight is the power density of the 

incident light. Vapp (V) is the applied external potential vs. reversible hydrogen electrode 

(RHE) for ZnO and ZnO/ZnS electrodes under white light illumination (AM 1.5G, 100 MW 

cm-2) was calculated from the Nernst equation[261]: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝑜 + 0.059 𝑝𝐻                                                                     (6-6) 

Where the ERHE is the converted applied potential versus RHE, the EAg/AgCl is the recorded 

applied potential versus the Ag/AgCl reference electrode and the EAg/AgCl
o  is the standard 

potential of Ag/AgCl reference at 25 °C (0.1976 V) for 0.1 Na2SO4 at (pH= 6.8). 

 

Figure 6–11. (a) Amperometric I – t curves of the electrodes of externally short–circuited 

of the fabricated samples investigated at zero bias voltage under the illumination conditions 

(AM 1.5G, 100 MW cm-2). (b) Photoconversion efficiency as a function of applied potential 

vs. RHE. 

Figure (6–12) shows the measured electrochemical impedance spectra were measured 

and the related Nyquist plots covering the frequency 105 to 1 Hz at the bias of 0.2 V vs. 

Ag/AgCl. In the Nyquist plots, the half arch in the spectrum of the ZnO/ZnS photoanode is 

much smaller than that of the ZnO photoanodes, implying that the simultaneous introduction 
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of ZnS significantly reduces resistance to charge carrier movement at the 

photoanode/electrolyte interface.  

 

Figure 6–12. Nyquist plot of electrochemical impedance spectra of ZnO and ZnO/ZnS 

electrodes 

Indicating that ZnS enhance the electron mobility by surface passivation, due to the 

recombination of photo excited electrons and holes. According to the former results, when a 

light excites the ZnO/ZnS anode electrons, the photo generated electrons move to Au 

electrode and reach to the Pt counter electrode and reduce water into hydrogen. Meanwhile, 

some of the photogenerated holes may trap at ZnO/ZnS nanotube surface. However, the 

others holes could be released to the electrolyte and take place in water oxidation. The photo 

electrochemical (PEC) water splitting performance was investigated in which ZnO and 

ZnO/ZnS photoanodes as illustrates in Figure (6–13a). The electrons are generated when 

visible light falls on ZnO anode and move towards electrode substrate and to counter 

electrode and reduce water into hydrogen. At the same time, the photo light is produced 

holes partially passed to ZnO surface and other released in the Na2SO4 solution and form 

oxidation in water. From another perspective, the higher conduction band position of ZnS 

induces faster electron moved to the conduction band as shown in Figure (6–13b).[262–268] 
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Figure 6–13. Schematic of the basic principles water splitting for a photoelectrochemical 

cell with as-grown ZnO nanotubes and ZnO/ZnS core/shell nanotubes arrays semiconductor 

photoanode. (a) The suggested mechanism of PEC water splitting. (b) Diagram outline of 

the charge carrier transfer at ZnO/ZnS hetero nano structure interfaces under a visible light 

irradiation. 

6.4. Conclusion 

We have constructed glucose sensors based on well-ordered ZnO/ZnS (CSNAs). The 

advanced heterogeneous nanostructure is better than the ZnO NAs counterparts in term of 

electrochemical response towards FCN. As for the glucose sensing, a high sensing 

performance of the ZnO/ZnS CSNAs electrode over ZnO NAs based devices and other 

reported sensors is realized. We hope that our work could rise future attentions on using 

well-ordered nanoarrays for glucose sensors and might be transferred to other applications 

in the field of sensors. Beside of the sensing, applications functionalization of ZnS shell 

increases the visible light absorption by ZnO nanotube electrode. 

The efficient electron transfer from ZnS conduction band to ZnO conduction band 

decreased hole trapping at nanotube surface and improves the photocurrent in core/shell 

structure. The heterostructure devices develop fast electron-hole separation and collection 

due to ZnS functionalization. Thus, the modified electrodes could be applied to design stable 

photoelectrochemical hydrogen conversion and excitonic photovoltaic devices.
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7. Summary 

7.1.  Summary and outlook 

Many results carried out in this work, can pave the way towards the realization of 

techniques, such as the template improved and control of the size and morphology of the 

nanostructures arrays. In summary, the main contributions of this dissertation can be 

summarized in the following aspects: 

(1)  Through a chemical process, we have succeeded in removal the barrier layer from the 

connected–UTAM. In addition, we fabricated a large scale area of attached–UTAM without 

any defects by transferring the membranes to ITO glass. Various nanostructure patterns 

including gold nanoparticle were achieved by using these perfectly transferred UTAMs as 

masks. 

(2)  Highly ordered ZnO nanotube arrays with excellent morphology have been 

accomplished by combining anodic aluminum oxide (AAO) templates and atomic layer 

deposition (ALD). Unlike the conventional method, we optimized the release of ZnO 

nanotubes from anodic aluminum oxide templates by controlling the temperature of the 

NaOH solution and got ZnO nanotubes in a large area without cracking and contamination 

(see chapters 5 and 6). 

(3)  We have investigated for the first time, the shift of the optical band gap for ZnO/ZnS 

nanotube arrays from both experimental and simulating aspects, and we observed that both 

the band gaps of ZnO and ZnS in nanostructural hybrids became smaller when the thickness 

and diameter of the nanotube arrays became larger. This phenomenon is not governed by the 

renowned quantum effect, but by the interaction of the incident radiations with the periodic 

nanostructures, which greatly expands our understanding of the optical properties of 

semiconductors. The corresponding tenability enables the nanostructure arrays with a great 

potential for the application of optical sensors and photoelectronics. 

(4)  Highly ordered ZnO/ZnS core/shell nanotube arrays were prepared by AAO template 

combined with ALD and sulfidation techniques. During the sulfidation process for growing 

the ZnS shell, the AAO template has been simultaneously removed completely without any 

further treatments, revealing a convenient methodology to apply the AAO template for 
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fabrication of advanced nanostructures. The resultant ZnO/ZnS nanotube arrays possess a 

higher conductivity and photo-response than the ZnO nanotube arrays. The possibilities to 

fabricate advanced and complex nanostructures through AAO template pave the way for the 

device applications in electronics, magnetism, optics, catalysis, mechanics, 

electrochemistry, sensors, etc. 

(5)  We have constructed glucose sensors based on well–ordered ZnO/ZnS nanotubes 

arrays. The advanced heterogeneous nanostructure is better than the ZnO counterparts in 

term of electrochemical response towards FCN. For the glucose sensing, a high sensing 

performance of the ZnO/ZnS electrode over ZnO–based devices and other reported sensors 

is realized. Thus, a good heterogeneous nanostructure is supplied to the community of 

businesses for detecting glucose efficiently. 

(6)  In addition, experiments show the improved performance of PEC water splitting using 

the prepared nanostructures, where the saturation photocurrent density (1.32 mA/cm2) and 

photoconversion efficiency (0.27%)of ZnO/ZnS are higher than those of bare ZnO ( 0.36 

mA/cm2 and0.05%, respectively). 

7.2.  Future outlook 

 In spite of the entire recent and well-justified boom in nonmaterial’s research, many 

serious of issues are be resolved before bringing out into the market. The amalgamation of 

the unique properties of ZnO with ZnS after AAO template removal can pave the way 

towards the realization of different future devices, where the investigation of the shift of 

optical band gap for ZnO/ZnS nanotube arrays from both experimental and simulating 

aspects. This phenomenon is not governed by the renowned quantum effect but by the 

interaction of the incident radiations with the periodic nanostructures, which greatly expands 

our understanding of the optical properties of semiconductors. Thus, this technique broadens 

the possibilities of fabricating well-ordered core/shell structures with various compositions 

for multiple applications. 

The unique structure of having very few or even a single nanotube or the core/shell 

makes it possible to penetrate the cell membrane with nanosensor devices and measure 

biological species in living cells such as cholesterol, phenol, that often exist in the 

wastewaters of many industries or measure the hemoglobin in the blood. 
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Due to the exceptional properties of ZnS with good semiconducting properties of ZnO 

can lead the route towards the realization of these devices in future. There is definitely a high 

require developing a cost effective of light harvesting efficiency. The heterostructure, which 

may open up new options in the design of high-performance photovoltaic devices.  
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8. Extended Work 

8.1.  Highly-ordered nanostructures with imprinted templates 

During the Ph.D. study, the three-dimensional nanostructure of TiO2/ZnO/ZnS 

composite nanotube arrays was carried out in the large diameter and area by using self-

ordering of AAO with an interpore diameter in the range of 200 to 300 nm, by hard 

anodization (HA).[19,175,268] TiO2 and ZnO have been studied extensively due to their 

excellent properties materials for the solar energy conversion devices for 

photoelectrochemical (PEC) cells. Furthermore, it gives a wide interfacial area of the fast 

charge carrier separation/injection, the better absorption of light, enhanced charge carrier 

transport and the collection efficiency of the photoelectrode.[35,268,269] 

A composite arrays nanostructure with perfect order and high density have been 

performed by the following steps: after the Al foils cleaned with acetone, ethanol, and DI 

water successively then, the foils electrochemically polished in the mixed solution of HClO4 

and C2H6O (7:1) at 30 V for 3 min. A stamp of Ni with nanopillar periods of 400 nm was set 

on electropolished Al foil, and a reverse replication of nanopillar array was conducted on the 

Al foil by applying an oil press under a pressure of about 20.0 MP for 10 min. The specimens 

were anodized at 160V in 0.4 M H3PO4 aqueous solution at 15 °C for 10-15 min. 

To realize desirable pore-diameter the prepared templates were immersed in 5 wt % 

H3PO4 solution at 30 ˚C. After 120 or 150 min of the pore-widening process, the as-prepared 

AAO template will have a pore diameter of about 250 nm and 300 nm, respectively. 

However, the pre-structuring process from a hexagonal to quadratic pore arrangement can 

modify the pore array geometry. By this process of an imprinted Al foil by the Ni, stamp 

could be get perfectly ordered AAO templates without any defect up to a square millimeter 

in size. Figure (8–1a-c) shows the Ni imprinting stamp which is applied to the imprinting 

process on Al foil. In a conventional template, there are limits to control the AAO growth, 

such as the diameter size (maximum 100 nm) or nanopore distance (around 105-110 nm), 

while in nanoimprint process possible get inter-distances of 350-400 nm and the wall 

thickness ~160 nm and diameter 250-300 nm as shown in Figure (8–1d,e). The deposition 

of TiO2/ZnO core-shell nanostructure arrays was conducted in a Picosun SUNALETM R150 

ALD System.  
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Figure 8–1. Schematic illustration of pre-patterned Al foils process and the SEM images (a) 

Al foil before the imprinting process (b) the prepared Ni imprinting stamp, (c) a typical 

imprint template after anodization, (d) a top view of conventional templates with highly 

ordered in large scale around μm2 (e) pre-structured AAO templates with hexagonal-shaped 

and a perfectly ordered pore array. 

The conditions of depositing ZnO and TiO2 by ALD have been described in section 

(4.2.2) and section (3.2.1.3) respectively. To fabricate the ZnS shell the samples immersed 

in 0.01 M sodium sulfide (Na2S) (98% Aldrich) solution at 60 oC. The reaction time 

controlled from 120-150 min to modulate the shell thickness and remove the AAO template 

gradually as shown in Figure (8–2).  
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Figure 8–2. Top view of SEM images of TiO2/ZnO/ZnS composite nanotube arrays in. (a) 

Imprinting AAO template depicted the perfect array of nonporous with the controllable 

diameter of 280 and 500. (b) 600 cycles of ZnO/ALD at 250 °C. (c) Magnified SEM image 

of TiO2/ZnO/ZnS composite nanotube arrays by using sulfidation process at 60 °C for certain 

time. (d) Cross–section of the composite arrays (e) EDX pattern. 

8.2.  Gallium Nitride Beaded Nanowires 

Beaded-shape one-dimensional (1D) semiconducting materials are of great interest and 

are under intensive focus due to their potential applications in optoelectronics and power 

devices. Such unique types of nanoscale building blocks are significant for the realization of 
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nanodevices. Here we report the synthesis of single crystalline GaN beaded nanowires 

(BNWs) by the catalyst assisted chemical vapor deposition method. The diameter of the 

BNWs has been measured in the range of 100- 150 nm whereas of the beads is in the range 

of 300-500nm. The length of BNWs is in a tenth of microns. The room temperature 

photoluminescence measurements of BNWs have shown strong near-band-edge emission at 

372 nm (3.33 eV) and comparatively weak defect related emission peak at 445nm (2.79 eV) 

which lies in the blue luminescence region. The electrical properties of these GaN BNWs 

have also been measured at low voltage, which shows a reproducible behavior. The 

conductivity (𝜎), carrier concentrations (Nd) and electron mobility (µ) measured for BNWs 

are 50-175(Ω-cm)-1, 2- 5×1018cm−3 and 100-500cm2/Vs respectively. As a distinctive type 

of building blocks, these GaN BNWs having good optical and electronics properties can be 

potentially applied in future optoelectronics and low power devices. (This work cooperation 

with Ghulam Nabi from Gujrat, Pakistan) 

 

Figure 8–3. (a) Schematic diagram of M-S-M model and its equivalent circuit (dotted 

line).(b) I-V characteristics of GaN BNWs prepared at 1200 °C (Five samples) whereas top 

left inset is one BNW whose I-V curve was measured and bottom right is the logarithmic 

plot of the current as a function of the bias V. 

8.3.  Highly-Ordered 3D Vertical Resistive Switching Memory Arrays 

Resistive switching random access memories (RRAM) have attracted great scientific and 

industrial attention for next generation data storage because of their advantages of 

nonvolatile property, high density, low power consumption, fast writing/erasing speed, good 

endurance, and simple and small operation system. Here, by using a template-assisted 
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technique, we demonstrate a three-dimensional highly ordered vertical RRAM device array 

with density as high as that of the nonporous of the template (108~109 cm-2), which can also 

be fabricated in a large area. The high crystalline of the materials, the large contact area and 

the intimate semiconductor/electrode interface (3 nm interfacial layer) make the ultra low 

voltage operation (millivolt magnitude) and ultra low power consumption (picowatt) 

possible. (This work cooperation with Ahmed Al-Haddad, TU–Ilmenau). 

 

Figure 8–4. Top view of SEM images of as-prepared AAO template with the controllable 

diameter of. (a) 250 and. (b) 300 nm. (c) Magnified SEM image respectively. SEM images 

of the sample (d) after deposition of TiN. (e) After surface etching. (f) After deposition of 

TiO2, (g) after deposition of Pt, (h) after surface etching to display the core-shell 

nanostructure of TiN, TiO2, and Pt, respectively. (i) SEM image of the backside of the sample 

after removing the Al and the barrier layer. (j) Schematic outline of the TiN@TiO2@Pt core-

shell nanotube/nanowire array. 
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8.4.  Synthesis, Characterization, Growth Mechanism, Photoluminescence and 

Hydrogen Storage Properties of Gallium Nitride 

A novel morphology of gallium nitride (GaN) hexagonal nano-sheets (HNSs) has been 

synthesized by the chemical vapor deposition (CVD) method at 1200 °C. Photoluminescence 

(PL) and hydrogen storage capabilities of hexagonal nano-sheets (HNSs) at different 

temperatures have been investigated for the first time. Maximum hydrogen storage 

capacities of 1.45wt%, 1.71wt %, and 2.12 wt% have shown an increasing trend of hydrogen 

absorption capacity with increasing the temperature at a fixed pressure of 5MPa. 

 

Figure 8–5. present the results data of the work (1) proposed growth mechanism of the 

synthesis of GaN hexagonal nano-sheets,(2) (a)XRD pattern of the GaN HNSs (b) EDX of 

the GaN HNSs whereas inset is the area whose EDX was conducted (c) TEM of single GaN 

HNS (d) HRTEM of the HNS and inset is corresponding SAED (3) a) Hydrogen adsorption 

curves measured at different temperatures (b) relationship between temperature and the 

hydrogen storage capacity (c) hydrogen desorption at different temperatures (d) relationship 

between temperature and hydrogen desorption 

During a desorption process under ambient pressure, about 79%, 79% and 78% 

releasing of the stored hydrogen has been noted at 100 °C, 200 °C, and 300 °C 

respectively. Highly reversible absorption/desorption results exhibited by GaN HNSs 

are encouraging and promising for hydrogen storage applications. The PL spectrum 

has exhibited strong near-band-edge emission at 367 nm (3.38 eV). Defects related 
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broad yellow band emission at 553 nm (2.24 eV) has also been observed, which plays 

a significant role in the hydrogen absorption. The effect of hydrogen absorption on 

PL properties of GaN HNSs has also been studied that showed H2 absorption has a 

passivation effect on the point defects or impurities (This work cooperation with 

Ghulam Nabi from Gujarat,Pakistan). 
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1 Appendix: The properties of Zinc sulfide and Zinc oxide 

Table A.1: The chemical properties. 

Name of the property Zinc sulfide Zinc oxide 

Chemical Formula ZnS ZnO 

Molecular Weight(g/mol) 97.46 81.38 

CAS No. 1314-98-3 1314-13-2 

Group II-VI semiconductors II-VI semiconductors 

Crystal Structure Cubic,hexagonal Hexagonal 

Lattice Constant (Å) 
a=c=5.4093 , a=b=3.82, 

c=6.26 
a=3.25, c=5.2 

Table A.2: The electrical properties. 

Name of the property Zinc sulfide Zinc oxide 

Dielectric Constant 8.9 8.5 

Band Gap (eV) 
3.54 (cubic,300k), 

3.9,(hexagonal 300K) 
3.32  

Electron Mobility (cm2/Vs) 180  200 

Hole Mobility (cm2/Vs) 5  180 

Table A.3: The thermal, mechanical and optical properties. 

 

Name of the property Zinc sulfide Zinc oxide 

Melting point(°C) 1,830 1975° 

Heat of Formation (kJ/mol) -202.9 -348.0 

Thermal Expansion 

Coefficient[1/℃] 
6.6×10-6 6.0×10-6, 3.0×10-6 

Solubility in water negligible 0.0004% (17.8°C) 

Thermal Conductivity 

(W/mK) 
25.1   

Density (g/cm3) 4.079  5.66 

Flexural Strength(MPa) 103  53.5 

Modulus of Elasticity(GPa) 75  91.5 

Poisson’s Ratio 0.27 0.27 

Mohs Hardness 3.8 4.5 

Knoop Hardness 1780 1878 

Refractive Index 2.356 2.0041 
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