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摘要 

 

    由於在製作電子和光電元件應用方面有很大的潛力，最近低維度半導體例如

奈米線、奈米柱和奈米管已經吸引很多人的注意。在此論文中，我們報告有關於

II-VI 族奈米線的成長及特性分析和光電性質。在 ZnO 奈米線和 ZnO/ZnTe 核殼

奈米線的研究方面，我們使用化學氣相沉積法和有機金屬化學氣相沉積法，成功

地製作出 ZnO/ZnTe 核殼奈米線結構。我們使用多種結構分析儀器也確認樣品具

有良好結晶結構。在光學儀器分析下，結果也顯示樣品是具有好的光學性質。然

後我們取單根 ZnO/ZnTe 核殼奈米線製作成單根的電晶體，研究它的電學特性，

結果顯示出施加的電壓可以控制它的電流大小。除了在 ZnO/ZnTe 系統中，我們

也成功地成長出 ZnO/ZnSe 核殼奈米線。這 ZnO/ZnSe 核殼奈米線也是具有好的結

晶結構和光學性質。 
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Abstract  

Because of their potential applications in making electronic and opto-electronic 

devices, low-dimensional semiconductor systems such as nanowires, nanorods and 

nanotubes have attracted great attention recently. In this thesis we report our studies 

on the growth and characterization of II-VI semiconductor nanowires and the 

opto-electronic properties of these nanowires. ZnO/ZnTe core-shell nanowires were 

successfully fabricated by first growing the ZnO core then ZnTe shell by CVD and 

MOCVD, respectively. Structure characterization of the core-shell nanowires were 

carried out by using X-ray diffraction, transmission electron microscope and scanning 

electron microscope and the core-shell nanowires were found to have good crystalline 

quality. Optical properties of nanowires were studies by using Raman scattering, 

confocal laser scanning microscope and the transmission measurements and the 

results also indicate the nanowires have good optical properties. The nanowire is then 

made into a single nanowire transistor and its electric properties were studied and the 

result indicates that it has proper biasing properties and can be use as a functional 

transistor. In addition to the ZnO/ZnTe system, the ZnO/ZnSe core-shell nanowires 

were also grown successfully by using the same growth methods. The ZnO/ZnSe 

nanowires were also found to have good crystal structure and optical properties.  
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Chapter 1 

Introduction 

 

1.1 Growth and characterization of type-II ZnO/ZnTe core-shell 

nanowire array  

Type-II semiconductor heterojunction solar cells have attracted much attention 

recently because the type-II band alignment of these heterostructures separates the 

electron and hole in different regions of the samples naturally and is thus are ideal 

candidates for making solar cell. Although there are many reports on the investigation 

of organic/inorganic heterostructure for making solar cell such as combining CdSe 

nanorods with poly (3-hexylthiophene) (P3HT) [1, 2] and combining CdTe nanorods 

with polymer (P3OT) [3]. However, there are very few reports on the synthesis of all 

semiconductor core-shell nanowires with type-II band alignment for solar cell 

application [4]. J. Schrier et al. [5] studied theoretically the optical properties of 

ZnO/ZnS and ZnO/ZnTe heterostructures and they found that the ZnO/ZnS core-shell 

nanowire structure has wider absorption spectrum than that of ZnO/ZnS planar 

structure as shown in figure 1.1.1. They also concluded that the theoretical limit of 

ideal solar cell efficiency was 30 ％ for ZnO/ZnTe heterostructures, which is higher 

than that of ZnO/ZnS structure. The results indicated that the ZnO/ZnTe structure has  
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Fig 1.1.1 Absorption length as a function of the energy of the incident light for 

various semiconductor structures. The blue and green lines are the values 

calculated for the ZnO/ZnS and ZnO/ZnTe planar heterostructures as 

discussed in Section IIIA; the red line is the value calculated for the 

ZnO/ZnS core/shell nanowire discussed in Section IIIB. The dotted black 

line shows the experimental data for bulk Si at 300 K. (Joshua Schrier et al. 

Nano Lett. 7, 2377-2382 (2007)) 
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great potential application in making photovoltaic devices. 

In this study, we report the growth and characterization of large area, well-aligned 

type-II ZnO/ZnTe core-shell nanowire arrays. The morphology and size distribution 

of the ZnO/ZnTe core-shell nanowire arrays were studied by scanning electron 

microscopy and it was found that the surfaces of the well-aligned ZnO nanowires 

became rougher after the growth of ZnTe layer and the diameter of the nanowire 

increase from 70-100 nm to 150-300 nm. X-ray diffraction and transmission electric 

microscopy show that the ZnO core has wurtzite structure, the ZnTe shell has 

zinc-blende structure and both materials have good crystalline quality.  

 

1.2 The optical properties of ZnO/ZnTe core-shell nanowire  

and its device applications 

In addition to making photovoltaic devices ,one-dimensional ZnO nanowires have 

also attracted a great deal of attention for their potential applications in making 

electronic, opto-eletronic and sensor devices such as ultra-violet photodetectors [6, 7], 

chemical sensors [8], biological sensors [9] and UV laser [10]. Because the nanowires 

have large surface to volume ratio, the surface effect, especially the effect of surface 

defects on the performance of ZnO-nanowire-based device can not be overlooked. For 

example, it is known that oxygen chemisorption plays a central role in regulating the 
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photosensitivity of ZnO [11, 12]. Oxygen molecules adsorbed on the nanowire surface 

behaved as negatively charged ions by capturing free electrons from ZnO, thereby 

creating a depletion layer with low conductivity near the surface as shown in figure 

1.2.1 [13]. In addition, the effects of both oxygen and water molecules adsorbed on 

ZnO nanowires on the UV photoresponse of ZnO nanowires have also been studied. 

The band alignments of the ZnO nanowires in the presence of oxygen and water 

molecules are depicted in figure1.2.2 [14]. In order to improve the stability of the 

performance of the ZnO-nanowire-based devices, it is desirable to passivate the 

surface of the ZnO nanowire. In this study, we report the growth and characterization 

of ZnO/ZnTe core-shell nanowires and their electrical and optical properties. In this 

structure the ZnTe layer not only serves the purpose of passivating the ZnO surface; it 

also forms a type-II semiconductor heterosructure with the ZnO core layer. Raman 

scattering and laser scanning confocal microscopy is used for analyzing optical 

characterization of nanostructures. In Raman spectrum the A1 (LO) made of ZnO at 

574 cm-1, the LO mode of ZnTe at 412 cm-1 and the TO mode of ZnTe at 206 cm-1 

indicate that the core cell structure have high-quality crystalline quality. The three 

dimension photoluminescence image indicates that the light emission along nanowire 

is quite uniform. The nanowire is then made into a single nanowire transistor and its 

electric properties were studied and the result indicates that it has proper biasing  



 

 5 

 

 

 

 

 

Fig 1.2.1 Schematic diagram illustrating the effect of gate bias sweep rate in a 

ZnO nanowire field effect transistor. A larger depletion region is formed 

with slower gate bias sweep rates (a) than the case for faster gate bias 

sweep rate (b). (J. Maeng et al. , Appl. Phys. Lett. 92, 233120 (2008)) 
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Fig. 1.2.2 Schematic diagrams of the valence band and the conduction band of a ZnO 

nanowire in [(a)-(d)] dry air, and [(e)-(f)] wet air. Blue and orange dots 

represent electrons and holes, respectively. (Y. Li et al. , Appl. Phys. Lett. 

94, 023110 (2009)) 
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properties and can be use as a functional transistor. 

 

1.3 Growth and characterization of ZnO/ZnSe core-shell nanowires  

  Vertically aligned, large area ZnO/ZnSe core-shell nanowires were synthesized by 

using chemical vapor deposition and metal-organic chemical vapor deposition 

techniques. The samples were than studied X-ray diffraction, Raman scattering, and 

laser scanning confocal microscopy. The results show the ZnO nanowire has wurtzite 

structure along the [002] direction and the ZnSe shell has zinc-blende structure. Bothe 

the ZnO and ZnSe phonon modes can be observed in Raman spectrum, it indicates 

that the sample is a core-shell structure and the strain is fully relaxed at the interface.   

Three-dimensional photoluminescence image indicates that the light emission along 

nanowire is quite uniform. The results demonstrate that ZnO/ZnSe core-shell 

nanowires have both good structural and optical properties.  
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Fig 1.3.1 (a) Illustration of a CuInSe2 solar cell, and (b) Illustration of a 

ZnO/ZnSe/CuInSe2 nanowires solar cell structure. 

(a) 

(b) 
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Chapter 2 

Growth methods and measurement techniques  

2.1 The growth of ZnO nanowires  

Many different methods can be used to grow ZnO nanowires and nanorods. 

Vapor-phase transport via a vapor–liquid–solid (VLS) mechanism [1, 2], vapor solid 

mechanism [3, 4], gas reaction [5], and oxidation of metal in the pores of anodic 

alumina templates [6] are just few examples. In this thesis, the vapor-phase transport 

was used to synthesize the nanowires. The detailed growth mechanisms of the 

nanowires are discussed as follows. 

Among the vapor based methods, the VLS method is the most successful one for 

fabricating large area nanowires with single crystalline structures. This process was 

first developed by Wagner et al. to produce Si single crystalline micro-whiskers in 

1960s [7], and recently rediscovered and used successfully by Lieber [8] and Yang [3, 

4]. The critical step of the VLS growth is to deposit metal particles such as Pt, Ag, Cu, 

and Au as the catalysts. A typical VLS process starts with the dissolution of gaseous 

reactants into liquid droplets of catalyst metal when the liquid droplets are 

supersaturated with the reactant materials, followed by nucleation and growth of 

single crystalline nanowires. The 1D growth is mainly induced and dictated by the 

liquid droplets, whose size remains essentially unchanged during the entire process of 
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nanowire growth. On the other hand, each of liquid droplets serves as a template to 

restrict the lateral growth of an individual nanowire. A major requirement for VLS 

process is that there should be a good solvent capable of forming liquid alloy with the 

reactant materials [9] and they should be able to form a low melting point eutectic 

alloy. The major steps involved in a VLS process are schematically illustrated in 

figure 2.1.1 Reactant materials and metal catalysts form liquid alloy when the 

temperature is raised above the eutectic point. The growth of nanowire begins after 

the liquid becomes supersaturated in reactant materials and continues as long as the 

reactant materials are available and the catalyst alloy remains in a liquid state.  

 

2.2 Metal-organic chemical vapor deposition (MOCVD) 

Metal-organic chemical vapor deposition (MOCVD) has become one of the most 

widely used techniques for the growth of advanced semiconductors thin films, 

quantum well, quantum dots and devices at the commercial scale. The technology also 

has now established its ability to produce high-quality epitaxial layers with sharp 

interfaces and to grow multilayer structures with thickness as thin as a few atomic 

layers. The MOCVD growth process is based on the pyrolysis of alkyls or 

metal-organics in an atmosphere of hydrides. The controlled amounts of volatile 

compounds of alkyls and hydride gases are introduced into a reaction chamber in 
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Fig. 2.1.1 (a) Schematic illustration of vapor-liquid-solid growth mechanism, which 

includes three stages, (I) alloying, (II) nucleation and (III) axial growth. 
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which a substrate is placed on a heated holder. The latter has a catalytic effect on the 

decomposition of the gaseous products, such that the semiconductor crystal growth 

takes place in this hot region. The schematic diagram of an MOCVD reactor is shown 

in figure 2.2.1, which depicts the gas handling system and the reactor chamber. 

The gas handling system includes the alkyl and hydride sources and the valves, 

pumps, and other instruments necessary to control the gas flow and mixtures. 

Hydrogen (H2), nitrogen (N2), argon (Ar), and helium (He) are the common inert 

carrier gases used in the MOCVD growth process. 

Therefore, we can control the epitaxial temperature, pressure and the flow of 

reactant. There are four models of mechanism in reaction on the surface: 

(1) Phsisoption: Two or more organic metal molecular sources are transported by 

carrier gases to the reactor, and deposited on the surface of substrate. This is 

so-called gaseous phase deposition.  

(2) Chemisoption: After organic metal deposition, heating makes the bonds between 

metal and organic molecules broken. Thereafter, metals are bound together due to 

chemical reaction, and organic molecules dissociated with metal. The organic 

molecules with carrier gases are drawn away by pump. 

(3) Diffusion: The semiconductor molecules are still grown slowly on the reacting  

surface. 
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Fig. 2.2.1 Reaction regimes on the substrate surface. 
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 (4) Incorporation: The epilayer is formed on the substrate. The thickness of the 

epilayer is determined by the duration of the epitaxial process. The lattice 

mismatch between epilayer and substrate would produce a strain, so two 

dimensional layer formation is not maintain steadily and it is replaced by three 

dimensional island formation when the thickness of the epilayer is over a critical 

thickness.  

When the process is a heteroepitaxial growth, especially growing thin film or 

quantum well structures, the growth mode is very important and there are three 

well-known heteroepitaxial growths: Frank-Van der Merwe mode (FvdM), 

Volmer-Weber mode (V-W) and Stranski-Krastanow mode (S-K). They represent 

layer-by-layer growth (FvdM, 2D), island growth (V-W, 3D), and layer-by-layer plus 

island (S-K), respectively (see figure 2.2.2). The particular growth mode for a given 

system depends on the interface energies and on the lattice mismatch. 

In lattice-matched systems, the growth mode is solely governed by the interface 

and surface energies. If the sum of the epilayer surface energy γ2 and of the interface 

energy γ12 is lower than the energy of the substrate surface γ1 (γ2+γ12<γ1), the FvdM 

mode occurs. A change in γ2+γ12 alone may drive a transition from the FvdM to the 

V-W growth mode. For a strained epilayer with small interface energy, initial growth 

may occur layer by layer, but a thicker layer has large stain energy and can lower its 



 

 17 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2.2 Schematic diagram of various growth modes: (a) Frank-van der Merwe, (b) 

Volmer-Weber, and (c) Stranski-Krastanov. 
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Fig. 2.2.3 Schematic diagram of MOCVD system. (G. B. Stringfellow. Organometallic 

Vapor-Phase Epitaxy：Theory and Practice, 2nd ed. Academic Press (1999)). 

 

 

 

 

 

 

 

 



 

 19 

energy by forming isolated islands in which strain is relaxed. Thus the S-K growth 

mode occurs. 

The MOCVD system is shown in figure 2.2.3 [10], which includes reactor 

chamber, gas handling and mixing system, precursor and scrubber.  

 

2.3 Photoluminescence (PL)  

An optical excitation with photon energy exceeds the bandgap of the 

semiconductor to be examined incident on the semiconductor will cause the 

semiconductor to emit a specific spectrum, which is optical characterizations of the 

sample and the process is called photoluminescence. The details of PL include the 

following processes: when electrons in valence band absorb the energy from laser 

beam, they are excited to conduction band and leave vacancies (holes) in valence 

band. Electrons and holes arrive at the bottom of conduction band and the top of 

valence band respectively through rapid relaxation. The emission of photons in 

luminescence processes is due to an electronic transition between an initial state Ei 

and the final state Ef. The energy of the emitted photon can be found from the relation  

hν= Ef - Ei. From the peak position and line-width in the spectrum obtained from PL 

experiment, the bandgap and quality of the material can be obtained [11]. In addition, 

many kinds of recombination could occur as were shown in figure 2.3.1. The intensity 
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and peak position of the PL emission depends on optical qualities of a sample. 

 

2.4 Scanning electron microscopy (SEM)  

The basic components of a SEM are lens system, electron gun, electron collector, 

and visual system [12]. Figure 2.4.1 shows the schematic of a scanning electron 

microscope, containing the secondary electron detector. Energetic electrons are 

injected into the system as an electron gun.  

In a SEM system, a source of electrons is focused into a beam, with a fine spot size 

of ~5 nm and having energy ranging from about 1 keV to 50 keV. As the electrons 

strike and penetrate the surface, a number of interactions occur that result in the 

emission of electrons and photons from the sample. Various SEM techniques are 

differentiated on the basis of what is subsequently detected and imaged, and the 

principle images produced in the SEM are of several types, such as the secondary 

electron images, backscattered electron images and elemental X-ray maps [13, 14]. 

When the electron interacts with an atom, it undergoes either inelastic scattering with 

atomic electrons or elastic scattering with the atomic nucleus. In an inelastic collision 

with an electron, the primary electron transfers part of its energy to the loosely-bound 

conduction band electrons in the sample. 

When the energy transfer is large enough, the conduction band electron will emit 
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Fig. 2.3.1 Schematic diagram of the mechanisms for the photoluminescence. 
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Fig. 2.4.1 Basic components of the SEM system. (G. I. Goldstein, D. E. Newbury, P. 

Echlin, D. C. Joy, C. Fiori, and E. Lifshin, Scanning electron microscopy 

and X-ray microanalysis, Plenum Press, New York and London (1981)). 
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from the sample, which calls secondary electrons. The secondary electrons are emitted 

from the atoms occupying the top surface layer and produce an image of the surface. 

The amount of energy given to these secondary electrons as a result of the interactions 

is small, and so they have a very limited range in the sample (a few nm). Because of 

this, only those secondary electrons that are produced within a very short distance of 

the surface are able to escape from the sample. This means that this detection mode 

boasts high resolution topographical images, making this the most widely used of the 

SEM modes. 

Backscattered electrons are primary beam electrons, which are reflected by the 

atoms in the surface layers. The contrast in the image produced is determined by the 

atomic number of the elements in the surface layers. Therefore, the image will show 

the distribution of different chemical phases in the specimen surface. Because 

backscattered electrons are emitted from a depth in the specimen, the resolution in the 

image is usually not as good as for secondary electrons. The probability of 

backscattering increases with the atomic number of the sample material. Although 

backscattering images can not be used for elemental identification, useful contrast can  

develop between regions of the specimen that differ widely in atomic number. 

When the primary electron collides with a sample and ejects a core electron from 

an atom, the excited atom will decay to its ground state by emitting a characteristic 
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X-ray photon, and the emitted X-ray has an energy that is characteristic of its parent 

element. Thus detection and measurement of X-ray energy permits elemental analysis 

and is commonly referred to as Energy Dispersive X-ray Spectroscopy (EDS). EDS 

can provide rapid qualitative, or with adequate calibration standards, quantitative 

analysis of elemental composition in a depth of 1~2 micro meters for a sample. 

X-rays may also be used to form maps or line profiles, showing the elemental 

distribution in a specimen surface. Combining with chemical analytical capabilities, 

SEM not only can provide the image of the morphology of nanostructure materials 

but also can confirm detailed information of chemical compositions and distributions. 

The depth of electron penetration is the electron range re, defined as the average 

total distance from the sample surface that and electron travels in the sample along a 

trajectory. A number of empirical expressions have been derived for re. One such 

expression is  

)(1028.4 75.16

cmEre r

-´
= ,                           (2.4-1) 

where r  is the sample density (g/cm3) and E the electron energy (KeV). Besides, 

the theoretical limit to an instrument's resolving power is determined by the 

wavelengths of the electron beam used and the numerical aperture of the system. The 

resolving power of an instrument is defined as: 

NA
R

2
l

= ,               (2.4-2) 
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Where R is resolution, λ is the wavelength of incident electrons, and NA is the 

numerical aperture. The resolution is engraved on each objective and condenser lens 

system, including a measure of the electron gathering ability of the objective and the 

electron providing ability of the condenser.  

In the SEM setup, the focused electron beam is scanned over a sample surface at 

the same time as the acquired signal is projected on to a CRT or into an image 

memory. Figure 2.4.1 shows the basic components of the SEM system. The scanning 

electron microscopy generates a beam of electrons under high vacuum at the top of 

the microscope by heating a metallic element. That beam is collimated by 

electromagnetic condenser lenses, focused by an objective lens and scanned across the 

surface of the sample by electromagnetic deflection coils. The magnetic condenser 

and objective lens system shown in figure 2.4.1 serve to reduce the image at the 

crossover (10 to 50 μm) to a final spot on the sample of 5 to 200 nm. The condenser 

lens system, which may consist of one or more lenses, is responsible for the 

throughput of the electron beam reaching the objective lens; the objective lens is 

responsible for the size of the electron beam impinging on the surface of the sample. 

Typically, an individual lens is cylindrically symmetrical and between 10 an 15 cm in 

height. The primary imaging method is by collecting secondary electrons that are 

released by the sample. The secondary electrons are detected by a scintillation 
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material that produces flashes of light from the electrons. The light flashes are then 

detected and amplified by a photomultiplier tube. By correlating the sample scan 

position with the resulting signal, an image can be formed that is strikingly similar to 

what would be seen through an optical microscope, which shows a quite natural 

looking surface topography.  

 

2.5 X-ray diffraction (XRD)  

X-ray diffraction is a nondestructive technique for analyzing sample crystal 

properties, and it also can identify crystalline phases and orientation. Moreover, X-ray 

powder method is based upon the fact that an X-ray diffraction pattern is unique for 

each crystalline material. Thus the pattern of an unknown structure can be contrasted 

with the database of these crystalline powders, and then the structural identity can be 

carried out. In a diffraction experiment, the X-rays are produced whenever high-speed 

electrons collide with a metal target. A source of electrons-hot W filament, a high 

accelerating voltage between the cathode (W) and the anode and a metal target, Cu, Al, 

Mo, Mg. The anode is a water-cooled block of Cu containing desired target metal. 

The wavelength of the incident X-ray must be similar to the spacing between atoms. 

The incident X-ray is absorbed by the sample or transmits through it and only the 

diffracted beam can be detected by the detector. The basic process is shown in 
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Fig. 2.5.1 Basic features of a typical XRD experiment 
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Fig. 2.5.2 Illustration of Bragg diffractions [15]. 
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figure 2.5.1. Diffraction occurs only when Bragg’s Law is satisfied the condition for 

constructive interference (X-rays 1 & 2) from planes with spacing d. 

Bragg’s Law:  n λ = 2 dhkl sinθ                                     (2.5-1) 

Where d is the distance between atomic layers in a crystal, λ is the wavelength of the 

incident X-ray beam; n is an integer and θ is measured from the plane as shown in 

figure 2.5.2 [15]. In the diffraction experiment, we use a known λ and a measurement 

θ to obtain values of d/n for the sample. The slow rotation of the sample about its axis 

virtually ensures. In this experiment, XRD measurements are carried out using Cu Kα 

(λ=0.1542 nm) radiation at 45 KV and 40 mA. 

 

2.6 Confocal laser scanning microscope (CLSM) 

Confocal measurement approach is widely used as important tools for measurement 

of three-dimensional photoluminescence properties and surface contours because of 

its good 3D chromatographic imaging capability. In addition, three-dimensional (3D) 

mapping of the photoluminescence emission of single vertical nanowires was 

performed using UV-laser scanning confocal microscopy. This unique method of 

high-resolution microscopy combines a UV laser focused to a diffraction-limited spot 

(∼220 nm) with digital scanning electronics and a UV-enhanced detection system to 

image the PL emission from planar sections of a ZnO vertical nanowire from base to 
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tip. The capability of this technique to selectively excite nanoscale regions of 

semiconductor nanowires in both horizontal and vertical geometries demonstrates a 

promising method for optically characterizing heterogeneous nanostructures for solar, 

LED, and optoelectronic applications. 

The principle of a measurement system for a confocal microscopy [16, 17] is 

shown in figure 2.6.1. A laser light is used as excitation source, and the measuring 

lens is both the imaging lens and collecting lens in the setup. The laser is focused on a 

plane of a sample to excite the fluorescence by passing through a high resolution 

objective lens. However the reflective light from the defocal plane or the fluorescence 

excited from the sample can affect the photon excited from the focal plane, which 

makes the image not clear enough. The reflective light or the fluorescence from focus 

of the objective lens passes through these lenses to project on a small pinhole. In 

addition, the focus and the pinhole can be operated each other to detect a conjugate 

image which corresponds to the point light source from the sample. This is also why it 

is called confocal laser scanning microscope. The important advantage of the pinhole 

is that it can filter the most noise around the pinhole and make the detector collect the  

photons which reflect from the confocal plane. This characterization method could 

provide highly selective optical characterization of nanostructures emerging in the 

eld of optoelectronics and nanophotonics that is unattainable by conventional 
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Fig. 2.6.1 Schematic diagram of a confocal microscopy system. 
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microscopy. 

 

2.7 High-resolution transmission electron microscopy (HRTEM)  

Direct imaging of nanostructures is only possible using TEM and scanning probe 

microscopy although some structural features can be revealed by X-ray and neutron 

diffraction. On the other hand, TEM is probably the most important and widely used 

characterization tool to study the nano-structrual characteristics of materials. In 

addition, TEM provides not only atomic-resolution lattice images but also chemical 

component at a spatial resolution of 1 nm or better.  

The basic reason for utilizing the electron microscopy is its superior resolution, 

resulting from very small wavelengths as compared to other forms of radiation (light, 

X-rays, neutrons). The resolution is given by the Rayleigh formula, which is derived 

by considering the maximum angle of electron scattering, α, which can pass through 

the objective lens. This formula is  

R=0.61λ/α                                                      (2.7-1)  

Where R is the size of the resolved object, λ is the wavelength, and α is identical to 

the effective aperture of the objective lens. Equation (2.7-1) is the classic Rayleigh 

criterion for resolution in light optics.    

In a conventional TEM setup, a thin specimen is irradiated with an electron beam 
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of uniform current density; the electron energy is in the range 60-150 keV (usually 

around 100 keV) or 200 keV-300 MeV in the case of intermediate or high-voltage  

electron  microscopy. Electrons are emitted in the electron gun by thermionic 

emission from tungsten hairpin cathodes or LaB6 rods or by field emission from 

pointed tungsten filaments. The letter is used when high gun brightness is needed. A 

two-stage condenser-lens system permits variation of the illumination aperture and the 

area of the specimen illuminated. The electron intensity distribution behind the 

specimen is imaged with a three- or four-stage lens system, onto a fluorescent screen. 

The image can be recorded by direct exposure of a photographic emulsion inside the 

vacuum or digitally by CCD or TV cameras.    

 

2.8 Electron beam lithography (EBL) 

Electron beam lithography (EBL) is a lithographic process. In contrast with optical 

lithography which uses light to form patterns needed for materials deposition on the 

wafer, electron beam lithography uses a focused beam of electrons for the same 

purpose. Because of the shorter wavelength (0.2-0.5 Å) exhibited by the EBL systems, 

electron beam lithography offers higher patterning resolution than optical lithography 

which is limited by diffraction.  

The primary advantage of electron beam lithography is that it is one of the ways to 
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beat the diffraction limit of light and make features in the nanometer regime. This 

form of maskless lithography [18] has found wide usage in mask-making used in 

photolithography, low-volume production of semiconductor components, and research 

and development. 

 

2.8.1 Electron energy deposition in matter 

The primary electrons in the incident beam lose energy upon entering a material 

through inelastic scattering or collisions with other electrons. In addition to producing 

secondary electrons, primary electrons from the incident beam with sufficient energy 

to penetrate the photoresist can be multiply scattered over large distances from 

underlying films and/or the substrate. This leads to exposure of areas at a significant 

distance from the desired exposure location. For thicker electrons, as the primary 

electrons move forward, they have an increasing opportunity to scatter laterally from 

the beam-defined location. This scattering is called forward scattering. Sometimes the 

primary electrons are scattered at angles exceeding 90 degrees, i.e., they no longer 

advance further into the resist. These electrons are called backscattered electrons and  

have the same effect as long-range flare in optical projection systems. A large enough 

dose of backscattered electrons can lead to complete exposure of resist over an area 

much larger than defined by the beam spot. The smallest features produced by 
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Fig. 2.8.1 Proximity effect due to electron scattering. (D. F. Kyser and N. S. 

Viswanathan, J. Vac. Sci. Technol. 12(6), 1305 (1975)) 

 

 

Fig. 2.8.2 Monte Carlo simulation of electron scattering in resist on a silicon substrate 

at (a) 10 kV and (b) 20 kV. (D. F. Kyser and N. S. Viswanathan, J. Vac. Sci. 

Technol. 12(6), 1305 (1975)) 
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electron beam lithography have generally been isolated features, as nested features 

exacerbate the proximity effect, whereby electrons from exposure of an adjacent 

region spill over into the exposure of the currently written feature, effectively 

enlarging its image, and reducing its contrast, i.e., difference between maximum and 

minimum intensity [19]. Figure 2.8.1 shows the proximity effect of interaction 

volume and figure 2.8.2 shows electron scattering in the matter [20].  

 

2.9 The Schottky barrier diode [21]     

The ideal energy-band diagram for a particular metal and n-type semiconductor 

before making contact is shown in figure 2.9.1(a). The parameter ψm is the metal 

work function, ψs is the semiconductor work function, and χ is the electron 

affinity. In figure 2.9.1(a), we have assumed that ψ m ＞ ψ s. The ideal 

thermal-equilibrium metal-semiconductor energy-band diagram is shown in figure 

2.9.1(b). Before contact, the Fermi level in the semiconductor was above that in the 

metal. In order for the Fermi level to become a constant through the system in the 

thermal equilibrium, electrons flow into the lower energy states in the metal from the 

semiconductor. Hence positive charged donor atoms remain in the semiconductor, 

creating a space charge region. The parameter ψBO is the barrier height of the 

semiconductor contact, the barrier is known as the Schottky barrier and is given by 
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ψBO＝(ψm－χ). On the semiconductor side, Vbi is the built-in potential barrier, and 

the built-in potential barrier is given by Vbi＝ψBO－ψn.  

The energy-band diagrams for the reverse and forward bias are shown in Figures 

2.9.2(a) and 2.9.2(b), where VR is the magnitude of the reverse-bias voltage and Va is 

the magnitude of the forward-bias voltage. 

 

2.10 Metal-semiconductor ohmic contacts [21] 

Figure 2.10.1 shows an ideal contact between a metal and a p-type semiconductor. 

Figure 2.10.1(a) shows the energy levels before contact for the case when ψm＞ψs. 

When contact is made, electrons from the semiconductor will flow into the metal to 

achieve thermal equilibrium, leaving behind more empty states, or holes. The excess 

concentration of holes at the surface makes the surface of the semiconductor more p 

type. Electrons from the metal can readily move into the empty states in the 

semiconductor. This charge movement corresponds to holes flowing from the 

semiconductor into the metal. This junction is an ohmic contact. 
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 Fig. 2.9.1 (a) Energy-band diagram of metal and semiconductor before contact； (b) 

ideal energy-band diagram of a metal-n-semiconductor junction forψm＞

ψs. (Donald A. Neamen, Semiconductor Physics and Devices. P.327-476) 
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Fig. 2.9.2 Ideal energy-band diagram of a metal-semiconductor junction (a) under 

reverse bias and (b) under forward bias. (Donald A. Neamen, 

Semiconductor Physics and Devices. P.327-476) 
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Fig. 2.10.1 Ideal energy-band diagram (a) before contact and (b) after contact for a 

metal-p-semiconductor junction for ψ m ＞ ψ s. (Donald A. Neamen, 

Semiconductor Physics and Devices. P.327-476) 
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2.11 The energy-band diagram of the metal-oxide-semiconductor 

field-effect transistor [21]   

Figure 2.11.1 shows the structure of basic MOS. The parameter tox in the figure is 

the thickness of the oxide and εox is the permittivity of the oxide. The traditional MOS 

structure is obtained by depositing a layer of silicon dioxide on the doped silicon 

substrate, and then a layer of metal is evaporated on back of the substrate as a gate.  

The energy-band diagram of the MOS structure with the p-type substrate, for the 

case when a negative voltage is applied to the top of the metal, is shown in the figure 

2.11.2(a). Figure 2.11.2(b) shows the energy-band diagram of the MOS structure with 

the p-type substrate when a positive voltage is applied to the gate. As a result, the 

conduction and valence band edges bend as shown in the figure 2.11.2 when a 

negative or positive voltage is applied to the gate. The induced space charge width is 

xd. When a still large positive voltage is applied to the gate of the MOS structure, an 

inversion layer of electrons at the oxide-semiconductor interface is created. This result 

implies that the surface of semiconductor has been inverted from a p-type to an n-type 

semiconductor.  

 

 

 



 

 42 

 

Fig. 2.11.1 Basic MOS capacitor structure. 

 

 

 

(c) 

Fig. 2.11.2 Energy-band diagram of an MOS structure with a p-type substrate for  

(a) a negative gate bias and (b) a moderate positive gate bias (c) a large 

positive gate bias. (Donald A. Neamen, Semiconductor Physics and 

Devices. P.327-476) 
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Chapter 3 

Sample preparation 

 

3.1 Growth of ZnO nanowires and ZnO/ZnTe core-shell nanowires 

A two-step synthesis was used to fabricate the ZnO/ZnTe core-shell nanowire 

arrays. In the first step, the ZnO nanowires were grown for 40 minutes at T= 930 °C 

in a furnace by chemical vapor deposition with gold as catalyst. The detailed 

mechanism is shown in figure 3.1.1. ZnO and carbon powders mixed in the weight 

ratio of 7：1 was chosen as reactant materials. High-purity argon gas (99.99％) was 

introduced into the quartz tube at a constant flow rate of 100 sccm at a growth 

temperature of 930 ℃.  

In the second step, after the sample was cooled down, it was then transferred to the 

MOCVD chamber to deposit ZnTe shell on ZnO nanowire surface for 150-600 

seconds at T= 550 °C. DMZn and DMTe were used as precursors, the molar flow rate 

of DMZn and DMTe is 1：2 and the reactor pressure were kept at 760 torr during the 

growth process. Finally, the ZnO/ZnTe core-shell structure was fabricated by using 

CVD and MOCVD methods. The illustration of the core-shell nanowires is shown in 

figure 3.1.2. 
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Fig. 3.1.1 (a) ~ (d) Schematic diagrams of ZnO nanowires grown on a-plane sapphire 

by using CVD with gold as catalyst. 
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Fig. 3.1.2 Schematic diagram of growing ZnO/ZnTe core-shell nanowires (a) ZnO 

nanowires were grown on a-plane sapphire by using CVD. (b) and (c) The 

ZnTe shell was grown on the ZnO surface by using MOCVD. 
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3.2 Fabrication of single ZnO/ZnTe core-shell nanowire field-effect 

transistor  

In order to study the electric properties of a single core-shell nanowire, we fabricate 

a field-effect transistor (FET) device by using photo lithography and e-beam 

lithography. After the growth of the ZnO/ZnTe core-shell nanowire, the nanowire was 

then placed on top of a 300 nm SiO2 layer which in term was on top of a p-type Si 

substrate to form a field effect transistor with the heavily doped silicon substrate 

served as a metal gate. Before scraping the core-shell nanowires onto the SiO2/Si 

substrate, we use photo lithography to make electrode and alignment marks and then 

sputter Ti/Au to the substrate. The following procedures are used and figure3.2.1 is 

the schematic diagram of the procedures： 

Step 1：Photo Lithography  

(1) Clean the substrate by using GP solution, acetone and DI water. 

(2) Spin coating with photoresistor DMP3020. 

(First, the sample is controlled by 3000 rpm for 10 seconds. Second, it is 

controlled by 5000 rpm for 30 seconds) 

(3) Soft Bake：110 ℃ for 10 minutes. 

(4) Exposure：32 seconds. 

(5) Development：20 seconds. 
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Fig 3.2.1 Schematic diagram of the photo lithography process and lift-off technique. 
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(6) Hard Bake：110 ℃ for 30 minutes. 

(7) Sputter Ti/Au (10 nm/80 nm). 

(8) Lift off. 

The square shown in figure 3.2.2(a) is of size 75×75 μm2, and the alignment marks 

are at the outer edges. Then the core-shell nanowires were scraped onto the square, as 

can be observed in figure3.2.2(b). We can measure their position relative to the 

alignment marks as shown in figure 3.2.2(b). Then metallic electrodes consisting of 

Ti/Au were deposited on the two ends of the nanowire by an electron beam evaporator 

and defined as source and drain electrodes by using e-beam lithography and lift-off 

process.  

The process for e-beam lithography is as following： 

Step 2：Electron Beam Lithography 

(1) Spin coating with ZEP520. 

(step1：500 rpm for 5 seconds； step 2：5000 rpm for 90 seconds) 

(2) Baking 180 ℃ for 5 minutes. 

(3) Exposure by E-beam Lithography. 

(4) Development (20 seconds ~ 120 seconds). 

(5) Sputter Ti/Au (10 nm/80nm). 

(6) Lift off. 
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After these processes, the single core-shell nanowire FET was successfully 

fabricated, as is shown in figure 3.2.2(d). The electric properties of the core-shell 

nanowires FET are discussed in chapter 5.  

 

3.3 Growth of ZnO nanowires and ZnO/ZnSe core-shell nanowires 

The methods used for growing ZnO nanowires and ZnO/ZnSe core-shell nanowires 

are also the CVD and MOCVD growth methods. The growth time of the ZnO 

nanowires is for 8 hrs in a CVD system. During the growth, high-purity argon gas 

(99.99％) was introduced into the quartz tube and the flow rate is set a 100 sccm at a 

growth temperature of 930 ℃. After the sample was cooled down, the sample was 

then transferred to the MOCVD chamber to deposit ZnSe shell on ZnO nanowire 

surface for 25 minutes at T= 550 °C and the growth pressure were kept at 760 torr. 

Dimethylzinc (DMZn) and Dimethylselenide (DMSe) were used as precursors, and 

the molar flow rate of DMZn and DMSe is set at 1：2 during the growth. 
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Fig 3.3.1 Square shown in figure (a) is of size 75×75 μm2, and alignment marks are at 

the outer edges. The core-shell nanowires were scraped onto the square 

as can be seen in the figure (b). The metallic electrodes were deposited on the 

two ends of the nanowire by using e-beam lithography and lift-off process as 

were shown in figure (c) and (d). 
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Chapter 4 

Growth and characterization of type-II ZnO/ZnTe core-shell 

nanowire arrays  
 

4.1 Introduction 

Recently, quasi-1D systems might be the optimized choice for making 

opto-electronic devices due to the advantage of the reduced dimensionality. Besides, 

to synthesis core-shell nanowires [1-3] play an important part in quai-1D systems 

because they can reinforce the functions of nanowires synthesized by one material. In 

this study, we report our studies on the growth and characterization of the vertically 

aligned ZnO/ZnTe core-shell nanowires. Chemical vapor deposition and 

metal-organic chemical vapor deposition were used to grow ZnO core and ZnTe shell 

and our results revealed the ZnO/ZnTe core-shell structures are good crystalline 

quality.  

 

4.2 Experimental details 

The process for synthesizing the ZnO core and the ZnTe shell were motioned in 

section 3.1. The growth time of ZnO core is for 40 minutes at T=930 ℃. The ZnTe 

shell was grown at T=530 ℃ for 150-600 seconds. The morphology and size 
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distribution of the ZnO/ZnTe core-shell nanowire arrays were studied by scanning 

electron microscopy (SEM), the crystal structures were examined by x-ray diffraction 

(XRD) and transmission electron microscopy (TEM). 

 

4.3 Results and discussion 

Figure 4.3.1(a) shows the tilt-view SEM image of ZnO nanowire arrays on the 

sapphire substrate. This image revealed that the ZnO wires are vertically aligned, the 

length of nanowire is around 1~2 μm and the diameter are in the range of 70-100 nm. 

The SEM picture of the core-shell ZnO/ZnTe nanowires with coating time of 600sec 

is shown in figure 4.3.1(b) and the inset is enlargement of one of the nanowire. 

Comparing figure 4.3.1(a) with figure 4.3.1(b), it was found that the surface of ZnO 

wires became rougher after the growth of ZnTe shell, and the diameter of the 

nanowire increase from 70-100 nm to 150-300 nm. From the images it can be 

observed that ZnTe shell was successfully grown on the ZnO nanowire in large area.  

The thickness of the ZnTe shell grown on the ZnO nanowire core was controlled by 

adjusting the coating time. Figure 4.3.2 shows the TEM images of ZnO/ZnTe 

core-shell nanowire synthesized using different ZnTe shell coating time. Compare 

figure 4.3.2(a) with figure 4.3.2(b), we can find that when the depositing time of ZnTe 

shell was increased form 150 to 300 sec, the thickness of the ZnTe shell from 10 to 25  
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Fig. 4.3.1 Tilt-view SEM images of (a) aligned ZnO nanowire arrays (b) ZnO/ZnTe 

core-shell nanowires arrays with depositing time of 600 sec. The inset is 

high-magnification SEM image of a single ZnO/ZnTe core-shell nanowire.  
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Fig. 4.3.2 (a) and (b) are the TEM images of ZnO/ZnTe core-shell nanowire and the 

growth time of ZnTe shell are 150 and 300 sec for (a) and (b), respectively.  

 

 

(a) 

(b) 
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nm. We can also find in these figures that when the depositing time is short, the 

ZnO/ZnTe core-shell nanowire has a better surface morphology. 

Figure 4.3.3 shows the XRD patterns of ZnO nanowires and ZnO/ZnTe core-shell 

nanowire arrays with ZnTe depositing time of 600 sec. In figure 4.3.3(a) the peak 

occurs at 2θ=34.2° is the diffraction peak from the (002) plane of the ZnO nanowires 

with wurtzite structure (a = 0.3253 nm and c = 0.5213 nm) and it also indicated that 

the ZnO nanowires were oriented in the c-axis direction. The ZnO (101) peak in the 

figure is attributed to the diffraction peak from the thin layer of ZnO which was 

grown before ZnO nanowires. From the narrow half width of the XRD peak, we 

conclude that the ZnO nanowires have good crystalline quality. The XRD result of the 

ZnO/ZnTe core-shell structures is shown in figure 4.3.3(b). Although the (002) and 

(101) peaks from ZnO are still observable in this figure, the spectra is now dominated 

by the diffraction pattern from ZnTe. The diffraction peaks at 25.0°, 41.7° and 49.4° 

are attributed to the diffraction from the (111), (220) and (311) planes of ZnTe with 

zinc-blende structure (a = 0.610 nm), respectively. As the diffraction peak from (111) 

plane has much higher intensity than that from the (220) and (311) plane, the majority 

ZnTe layer are in [111] direction. From the quality of the diffraction peaks we can 

also conclude that the crystalline quality of the ZnTe shell is also of good quality. As 

the position of the diffraction peaks of ZnTe shell is the same as the position of the  
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Fig. 4.3.3 XRD patterns of (a) ZnO nanowire arrays (b) ZnO/ZnTe core-shell 

nanowire arrays with coating time of 600 sec. 
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diffraction peaks of bulk ZnTe and the ZnTe layer is apparently fully relaxed in the 

ZnO/ZnTe nanowires. These results are consistent with the results obtained from the 

SEM image that a layer of ZnTe with thickness of around 100 nm was coated on the 

surface of the ZnO nanowires. 

High-resolution TEM characterization was carried out to study the crystal structure 

of ZnO nanowire core and to obtain more detailed information about the structure of 

ZnTe shell. Figure 4.3.4(a) shows the HRTEM image of ZnO nanowire. It is clear 

from this figure that the nanowire is a single crystal and the separation between the 

crystallographic planes is 0.26 nm. This separation corresponds to the spacing 

between (002) planes of ZnO with wurtzite structure, and it confirms the growth 

direction of the ZnO nanowires was along the [002] direction. The inset of figure 

4.3.4(b) shows a typical low-magnification TEM image of the core-shell nanowire. 

After the ZnO nanowire was coated with ZnTe shell, the ZnO nanowire not only 

increases its diameter but also have ZnTe grains attached to its surface. We can found 

from the high-resolution TEM image shown in figure 4.3.4(b) that the distance 

between the crystallographic planes is 0.35 nm, which corresponds to the spacing 

between (111) planes of zinc-blende ZnTe. The dark region in the figure is attributed 

to the overlap between the signals from ZnTe shell and underlying ZnO core. The 

TEM results demonstrate that the shell is indeed a ZnTe layer with good crystalline  
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(a) (b) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.4 (a) High-resolution TEM image of the ZnO nanowire core (b) is HRTEM 

image of the ZnTe grain corresponding to the rectangle in the TEM image 

in the inset; the inset is low-magnification TEM image of the ZnO/ZnTe 

core-shell nanowire. 
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quality. 

 

4.4 Conclusion  

In conclusion, large area, vertically aligned ZnO/ZnTe core-shell nanowire arrays 

were successfully grown by using CVD and MOCVD for the growth of ZnO core and 

ZnTe shell and their crystal structures are examined in details. SEM, XRD and TEM 

characterization indicate that the ZnO core has wurtzite structure, ZnTe shell has 

zinc-blende structure and both materials have good crystalline quality.  
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Chapter 5 
 

The optical properties of ZnO/ZnTe core-shell nanowires 

and single core-shell nanowire field effect transistor 

 

5.1 Introduction 

Among one-dimensional structures, ZnO has been the most extensively studied 

system because good quality vertically aligned ZnO nanowires can be easily grown 

with simple and inexpensive methods [1-5]. However, in order to improve the 

stability of the performance of the ZnO-nanowire-based devices, it is desirable to 

passivate the surface of the ZnO nanowires by using core-shell structures. This 

structure is also a novel method which can be applied to measure the electric 

properties of nanotubes because the carrier can be confined in the shell. So far, there 

are only limited reports on optical properties and electrical transport properties of the 

ZnO-based II-VI core-shell nanowires. In this paper we report the growth and 

characterization of the ZnO/ZnTe core-shell nanowires, and the electrical properties 

of the field effect transistor (FET) made by using the ZnO/ZnTe core-shell nanowire. 

 

5.2 Experimental details 

The process for fabricating ZnO/ZnTe core-shell nanowires were described in 
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chapter 4. The morphology and size distribution of the ZnO/ZnTe core-shell 

nanowires were studied by scanning electron microscopy (SEM). The optical 

properties of the ZnO/ZnTe core-shell nanowires were measured by Raman scattering, 

transmission and laser scanning confocal microscopy at room temperature. Raman 

scattering was measured by using the 325 nm light emitted from a He-Cd laser as 

excitation source. For the optical transmission measurement, a Xe lamp was used as 

light source. Laser scanning confocal microscopy was measured by using 488 nm 

light emitted from an Ar＋ laser as excitation source.  

For the fabrication of the single-nanowire FET, ZnO/ZnTe nanowire was placed on 

top of a 300 nm SiO2 layer which in term was thermally grown on top of a p+-Si 

substrate to form FET with the heavily doped silicon substrate served as a metal gate. 

Ti/Au electrodes defined by standard e-beam photolithography and lift-off techniques 

were used to serve as metallic source and drain contacts on two ends of the ZnO/ZnTe 

core-shell nanowire. 

 

5.3 Results and Discussion 

Figure 5.3.1(a) shows the tilt-view SEM image of the as-grown ZnO nanowires on 

the a-plane sapphire substrate. We can find in this figure that the length of the ZnO 

nanorwire is around 5~10 μm long and the diameter are in the range of 70-100 nm. 
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The Au nanoparticle on the tips of the ZnO nanowires indicates the growth mode is  

vapor–liquid–solid (VLS) growth [6, 7]. Figure 5.3.1(b) is the SEM image of 

ZnO/ZnTe core-shell nanowires. Comparing figure 5.3.1(a) with figure 5.3.1(b), we 

can find that the surface of ZnO nanowires became rougher after the growth of ZnTe 

shell, and the diameter of the nanowires increase from 70-100 nm to 150-300 nm. 

From these images we can conclude that ZnTe shell was successfully grown on the 

ZnO nanowire surface.  

It is known that Raman spectra are sensitivity to crystallization, structural disorder 

and defects in nanostructures. Raman spectra taken with the ZnO nanowires and  

ZnO/ZnTe nanowires are shown in figure 5.3.2 For the sample consisting of only ZnO 

nanowires the spectrum is dominated by the ZnO LO phonon peak that occurs at 576 

cm-1 (A1 LO mode) [8, 9], and the peak position suggest that ZnO nanowires has good 

crystallization. For the ZnO/ZnTe core-shell nanowires, the Raman spectrum is now 

dominated by the signal originated from the ZnTe shell. There are three peaks in the 

Raman spectrum for the ZnO/ZnTe core-shell nanowires. The peak at 176 cm-1 

corresponds to the ZnTe TO phonon emission [8], the peak at 206 cm-1 can be 

attributed the ZnTe LO phonon emission and the third peak at 412 cm-1 are the two 

LO phonon emission peak [10-13].  From the Raman spectra we can conclude that 

ZnTe layer was grown on the surface of ZnO nanowires to form the ZnO/ZnTe 
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Fig. 5.3.1 (a) and (b) are the tilted-view SEM images of ZnO nanowire arrays and 

ZnO/ZnTe core-shell nanowire arrays. 
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Fig. 5.3.2 Raman spectra of ZnO nanowires (dashed line) and ZnO/ZnTe core-shell 

nanowires (solid line). The spectra were taken with He-Cd laser excited at 

325 nm. 
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core-shell structures and both the ZnO and the ZnTe are of good crystalline qualities. 

The results of the optical transmission measurement on the ZnO nanowires and 

ZnO/ZnTe core-shell nanowires are shown in figure 5.3.3. For the sample consists of 

only ZnO nanowires we could see that the sample is transparent in the visible range 

and the most importance feature in this transmission curve is the strong increase of 

light absorption near and above the energy gap of ZnO. But for the ZnO/ZnTe 

nanowires sample, we could find that the transmission curve is quite different from 

that of the ZnO nanowire sample. There are two sudden drops in the transmission 

curves of ZnO/ZnTe nanowires sample, one is near 375 nm and the other is near 550 

nm, corresponding to the bandgap energy of ZnO and ZnTe, respectively. We also 

notice in this curve that the transmission intensity of the ZnO/ZnTe nanowires 

decrease gradually from 550 nm to 375 nm. For the staggered type-II band alignment, 

the band gap of the composite structure could be much smaller than the individual 

material that it was made of. In the case of ZnO/ZnTe the band gap is near 1.17 eV. 

Theoretical calculation taking into the proximity effect of the electron and hole 

wavefunctions in the nanostructure into consideration predicted that for the type-II 

core-shell nanostructure [14], the light absorption will start from the band gap energy 

and increase gradually as the photon energy increases, which is consistent with our 

results. In addition, we also found that the overall transmission intensity is much 
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Fig. 5.3.3 Transmission spectra of ZnO nanowires (dashed line) and ZnO/ZnTe 

core-shell nanowires (solid line).   
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smaller for the ZnO/ZnTe sample than that of the ZnO sample, indicating that the 

ZnO/ZnTe sample has light trapping effect.   

Laser scanning confocal microscopy is a promising method for optical 

characterization of nanostructures; it can excite selective nanoscale region in the 

sample and can map out not only horizontal but also vertical luminescence properties  

of the nanowires. Figure 5.3.4(a) shows the top view of the photoluminescence image 

of the ZnO/ZnTe core-shell nanowires, and figure 5.3.4(b) shows the 

three-dimensional photoluminescence image of the nanowires when the image is tilted 

at 45° and the inset is the scale bar of the PL emission intensity. Figure 5.3.4(b) is 

constructed by stacking 40 images, each at a different depth, of the planar PL 

emission, after the laser scan. The PL emission in figure 5.3.4(b) detected at around 

2.3 eV corresponds to the band gap emission of the ZnTe layer. The uniform PL 

emission intensity that can be observed in the 3D image indicates that the ZnO/ZnTe 

core-shell nanowires have good optical qualities and the ZnTe grown on ZnO are 

quite uniform. 

To measure the electric properties of a single ZnO/ZnTe core-shell nanowire, 

ZnO/ZnTe nanowires were dispersed on a doped Si substrate with a SiO2 layer and 

made into the FET as was described previously. Figure 5.3.5(a) shows a schematic 

diagram of the single ZnO/ZnTe core-shell nanowire FET device. Figure 5.3.5(b) is 
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Fig. 5.3.4 (a) Top view of the photoluminescence image of the ZnO/ZnTe core-shell  

nanowires. (b) Three-dimensional photoluminescence image of the  

nanowires were detected at around 2.3 eV when the image is tilted at 45° 

and the inset is the scale bar of the PL emission intensity. 
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the SEM image of the nanowire FET. We can find from this figure that the distance 

between the source and drain electrodes was about 0.5 μm for this device. 

Figure 5.3.5(c) shows typical current versus source–drain voltage ( ds dsI V- ) curves 

at different gate voltages ( gV ), obtained from the single ZnO/ZnTe core-shell 

nanowire. It can be observed clearly that the source–drain current increases with 

increasing negative gate voltage and the device can be turned off completely at 

positive gate voltage. It’s worth noting that the I V- curves are robust and 

reproducible, chemisorption of ambient gas does not appear to have any effect on the 

performance of the FET. From the I V-  curves we can conclude that the main 

transport channel in the ZnO/ZnTe core-shell NW is made of p-type material and thus 

the electrical conduction can be attributed to the hole-conduction in the ZnTe shell. It 

is known that as-grown ZnO is usually weakly n-type behavior, and the as-grown 

ZnTe usually exhibits a p-type behavior [15, 16]. The reason for p-type behavior of 

the ZnTe is usually attributed to the Zn vacancies [17] in as-grown ZnTe layer. In 

addition, ZnTe nanobelts were also shown to exhibit p-type characteristics [18]. The 

measured resistance of the ZnO/ZnTe core-shell nanowire is about 2.9×106 Ω and the 

resistivity (ρ) of the ZnTe shell can be calculated to be about 11.1 Ω cm, which is one 

order of magnitude lower than that of ZnTe nanowires (~369.1 Ω cm) [19]. Figure 

5.3.5(d) shows source–drain current ( dsI ) versus gate voltage ( gV ) taken at  
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Fig. 5.3.5 (a) Schematic diagram of the single-nanowire FET. (b) SEM image of the 

single ZnO/ZnTe core-shell nanowire FET, the distance between the source 

and drain electrodes is about 0.5 μm. (c) Current versus source–drain 

voltage ( ds dsI V- ) curves at different gate voltages (
gV ), obtained from the 

single ZnO/ZnTe nanowire FET. (d) Source–drain current (
dsI ) versus gate 

voltage ( gV ) taken at source-drain voltage dsV ＝1 V. 
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source-drainc voltage dsV ＝1 V. From the figure we found that the threshold gate 

voltage thV  is around -1.65 V. The transconductance /m ds gg dI dV=  can be 

estimated to 3.4×10－7 A/V at dsV ＝1V. Furthermore, the channel mobility of the 

device can be estimated to be about 13.3 cm2/V s with the equation 2( / )h m dsg L CVm = , 

where C is the capacitance of the nanowire and the L is the channel length of the 

nanowire FET. Here, C is given by 1
02 / cos (1 / )C L h h rpee -= + , where e  is the 

relative dielectric constant of SiO2=3.9, h is the thickness of the silicon oxide layer 

(h=300 nm), and r is the nanowire radius (r=150 nm). The mobility is one order of 

magnitude higher than that of as-grown ZnTe nanowires [15]. The result indicates that 

low dimensional shell could have higher mobility than that of solid wires, which is 

consistent with that was reported by Z.H. Chen et al. [20].These results indicate that a 

FET with good properties could be made from the core-shell nanowires. 

 

5.4 Conclusion 

In conclusion, Raman scattering and the photoluminescence measured by laser 

scanning confocal microscope confirm that the core-shell nanowires have good 

crystalline quality and good optical properties. Transmission measurement show that 

the core-shell nanowire could absorb light with energy well below the band gap 

energy of ZnO and the nanowire arrays appears to have good light trapping ability. 
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Furthermore, the single core-shell nanowire field effect transistor was successfully 

fabricated. Electrical measurements of the p-type ZnO/ZnTe FET device reveal that 

the turn on voltage for the device is about -1.65 V and the hole mobility is 13.3 cm2 

/V s, which is one order larger than that of ZnTe. These results indicate the core-shell 

structure could have potential for applications in optoelectric devices.  
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Chapter 6 

Growth and characterizations of the ZnO/ZnSe core-shell 

nanowires  

 

6.1 Introduction 

In this chapter, we report our studies on the growth and optical characterizations of 

the aligned ZnO/ZnSe core-shell nanowires. Chemical vapor deposition (CVD) and 

metal-organic chemical vapor deposition (MOCVD) were used to grow ZnO core and 

ZnSe shell, and our results show that the ZnO/ZnSe core-shell structures are of good 

crystalline quality and optical properties.  

 

6.2 Experimental details 

The vapor–liquid–solid (VLS) [1, 2] and the vapor–solid (VS) [3, 4] methods and 

other mechanisms for the growth of 1D ZnO nanostructures are well recognized, and 

these methods have been used to synthesize various compound semiconductor 

nanostructures. The process of growing ZnO core and ZnSe shell has been described 

in section 3.3. 

The morphology and size distribution of the ZnO/ZnSe core-shell nanowire arrays 

were studied by scanning electron microscopy (SEM) and crystal structure was 
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examined by x-ray diffraction (XRD). Raman spectroscopy, transmission and laser 

scanning confocal microscope were used to study the optical properties of the 

ZnO/ZnSe core-shell nanowires. For the UV resonant Raman scattering, the sample 

were excited by the 325 nm line of a He-Cd laser at room temperature.  

 

6.3 Results and discussion 

The morphologies of the ZnO nanowires and ZnO/ZnSe core-shell nanowires 

obtained by SEM are shown in figure 6.3.1. Figure 6.3.1(a) shows vertical ZnO 

nanowire arrays with length of 7-14 μm and diameter of 100-180 nm, and the inset is 

the enlargement of one of the ZnO nanowire. Figure 6.3.1(b) is the SEM image of the 

ZnO/ZnSe core-shell nanowires. Comparing figure 6.3.1(a) with figure 6.3.1(b), we 

can find that the surface of ZnO nanowires become rough and thick after depositing 

ZnSe layer, and the diameter of the nanowire increase from 100-180 nm to 150-350 

nm, which indicates that ZnSe shell was successfully grown on the surface of ZnO 

nanowires. The inset in figure 6.3.1(b) is an enlargement of one of ZnO/ZnSe 

core-shell nanowires. From these figures we can find that the ZnSe shell is smoother 

than ZnTe shell because the lattice mismatch between ZnSe and ZnO (~8.8 %) is 

smaller than the lattice mismatch between ZnTe and ZnO (~17 %). 

Figure 6.3.2 shows the measured X-ray diffraction patterns of ZnO nanowires and 
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ZnO/ZnSe core-shell nanowires. The diffraction peak in figure 6.3.2(a) corresponds to 

the (002) plane of ZnO with wurtzite structure (wurtzite ZnO: a = 0.325 nm and c = 

0.521 nm) (JCPDS No 36-1451) and it also demonstrates that the ZnO nanowires are 

preferentially grown in the c-axis direction. In figure 6.3.2(b), the diffraction peak at 

2θ=27.2∘corresponds to the (111) plane of ZnSe with zinc-blende structure 

(zinc-blende ZnSe: a = 0.567 nm) (JCPDS No 80-0021). It is known that ZnSe can 

crystallize in zinc-blende and wurtzite structures. For bulk ZnSe, the zinc-blende 

structure transforms to the wurtzite structure when the temperature is above the 

transition temperature of 1411 ℃. However, decreasing the particle size reduces the 

transition temperature [5].In our synthesis, the growth temperature of ZnSe is at 530 

℃and at a pressure of 760 torr. Therefore, zinc-blende ZnSe crystal is obtained. We 

can find in the XRD pattern of ZnO/ZnSe core-shell structure that the peak position of 

the ZnSe diffraction peak is the same as the diffraction peak of bulk ZnSe , which 

indicates that the ZnSe layer is fully relaxed due to the large lattice mismatch (~ 8.8 

％) [6] between ZnO (c = 0.521 nm) and ZnSe (a = 0.567 nm), and that ZnO and 

ZnSe have different crystal structures.  

It is well-known that Raman scattering are sensitivity to crystallization, structural 

disorder and defects in nanostructures. Hexagonal wurtzite ZnO belongs to 

the 4
6VC (P63mc) symmetry group [7]. At the Γ point of the Brillouin zone, the group  
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Fig. 6.3.1 (a) and (b) SEM images of ZnO nanowire arrays and ZnO/ZnSe 

core-shell nanowire arrays. The insets in (a) and (b) are the enlargements 

of ZnO nanowires and ZnO/ZnSe core-shell nanowires, respectively. 
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Fig. 6.3.2 X-ray diffraction patterns of (a) ZnO nanowire arrays and (b) ZnO/ZnSe 

core-shell nanowire arrays.  
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theory predicts the existence of the following optic modes：Γopt = A1+2B1+E1+2E2. 

These two B1 modes, B1 (low) and B1 (high), are normally silent, and A1, E1, and E2 

modes are Raman active. The displacement vectors of the phonon normal modes 

reported by F. Decremps et al. [8] are illustrated in figure 6.3.3. Room-temperature 

Raman spectra of ZnO nanowires and ZnO/ZnSe core-shell nanowires are shown in 

figure 6.3.4. In figure 6.3.4, for ZnO nanowire (black line in the figure), the phonon 

frequency at 576 cm-1 is the A1 (LO) mode of ZnO, and the phonon with frequency at 

1152 cm-1 is 2LO mode of ZnO. The E1 (LO) mode at 584 cm-1 is not observed 

because the ZnO nanowires are orienting along c-axis. After depositing the ZnSe shell 

on ZnO surface to form core-shell structure, the intensity of A1 (LO) mode of ZnO 

decreases because incident light is scattered partly by ZnSe shell (red line in figure 

6.3.4). But we can find that for the ZnO/ZnSe core-shell structures, a new peak 

appears at 252 cm-1, which can be attributed to the emission of ZnSe LO phonon. As 

the LO phonon energy of the ZnSe phonon in the ZnO/ZnSe core-shell nanowires is 

the same as that of bulk ZnSe [9, 10], the result indicates that the strain in ZnO/ZnSe 

interface is relaxed by misfit dislocation [10]. The results of the optical transmission 

measurement on the ZnO nanowires and ZnO/ZnSe core-shell nanowires are shown in 

figure 6.3.5. For the sample consists of only ZnO nanowires we could see that it is 

transparent in the visible range and strong increase of light absorption occurs  
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Fig 6.3.3 Displacement vectors for Raman modes of the wurtzite structure. (F. 

Decremps et al. , Phys. Rev. B 65, 092101 (2002)) 
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Fig. 6.3.4 Raman spectra excited at 325 nm of ZnO nanowires (solid line) in 

comparison with that of ZnO/ZnSe core-shell nanowires (dashed line). 
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near and above the energy gap of ZnO, it indicate that ZnO is only suitable for UV 

light absorption. But for the ZnO/ZnSe nanowires, the transmission curve is clearly 

different from that of the ZnO nanowires. We can find that the visible light absorption 

of ZnO/ZnSe core-shell nanowires is stronger than that of ZnO nanowires. In addition, 

there are two drops in the transmission curves of ZnO/ZnSe nanowires, one is near 

380 nm and the other is near 500 nm, corresponding to the bandgap energy of ZnO 

and the defect emission energy of ZnSe. The results show the ZnO/ZnSe core-shell 

nanowires structure has good light-trapping effect due to multiple reflections and has 

better light absorption because it has a ZnSe shell. Comparing ZnO/ZnSe core-shell 

nanowires with ZnO/ZnTe core-shell nanowires, we can find that the visible light 

absorption of ZnO/ZnSe core-shell nanowires is smaller than of ZnO/ZnTe core-shell 

nanowires. This is because the absorption coefficient of ZnSe (~2×104 cm－1) [11] is 

smaller than that of ZnTe (~4.5×104 cm－1) [12] and the ZnSe layer is thinner than 

ZnTe layer.  

Laser scanning confocal microscope is a useful technique to study optical 

properties of different planes in z-axis (vertical to the substrate) and 3D-luminescence 

intensity in nanostructures. Figure 6.3.5(a) and figure 6.3.5(b) are the top view and 

45°-view of the luminescence image of the ZnO/ZnSe core-shell nanowires. From 

figure 6.3.5(a) we can find that the distribution of nanowires is uniform around the  
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Fig. 6.3.5 Transmission spectra of ZnO nanowires (dashed line) and ZnO/ZnSe 

core-shell nanowires (solid line).   
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sample and the density of nanowires is high. The 3D-luminescence image is shown in 

figure 6.3.6(b). From this image we can see that the intensity of bandgap emission of 

the ZnSe is uniform along the z-axis and the light emission properties of the ZnSe 

shell grown on the ZnO core is also quite similar. Room-temperature PL spectrum of 

ZnO/ZnSe core-shell nanowires is shown in figure 6.3.6(c). The spectrum consists of 

three Gaussian curves with the peak energies corresponding to 2.84 eV, 2.72 eV and 

2.56 eV, respectively. The peak energy at 2.84 eV could be attributed to the defect 

emission of ZnO core. The peak energy at 2.72 eV is attributed to bandgap emission 

of ZnSe shell, and the weak emission around at 2.56 eV is called the Y line emission, 

which is the result from the structure defects of the ZnSe crystal such as dislocations 

[13, 14]. These results show that the ZnO/ZnSe core-shell nanowires have good 

optical properties. 

 

6.4 Conclusion  

We have successfully synthesized ZnO/ZnSe core-shell nanowires by using CVD 

and MOCVD. Detailed structural studies showed that the core-shell nanowires are 

composed of ZnO core with hexagonal wurtzite structure and ZnSe shell with 

znic-blende structure. From transmission measurement we can find that the vertically 

aligned ZnO/ZnSe core-shell nanowire arrays have a good light-trapping effect. In the  
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Fig. 6.3.6 (a) Top view of the photoluminescence image of the ZnO/ZnSe  

core-shell nanowires. (b) is the three-dimensional photoluminescence image 

of the core-shell nanowires when the image is tilted at 45°. (c) PL spectrum 

of the ZnO/ZnSe nanowires was measured at room temperature under 

excitation by the 405 nm line of a diode laser. 

(c) 
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PL spectrum the defect emission and bandgap emission from ZnSe layer were 

observed. From the XRD pattern and the Raman spectrum, we can find that the strain 

between the ZnO and ZnSe layer is relaxed by misfit dislocation. This work showed 

that the ZnO/ZnSe core-shell nanowirs have good optical and structural properties and 

have potential in making photovoltaic cell and optoelectronic devices. 
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Chapter 7 

Conclusions 

 

  In this thesis, we have presented some novel methods of growing nanowires and 

core-shell nanowires structure of II-VI semiconductor. In addition, their morphology, 

structure and optical properties have been confirmed by scanning electron microscopy 

(SEM), X-ray diffraction (XRD), transmission electron microscope (TEM), Raman 

scattering, laser scanning confocal microscope (LSCM), and field effect transistor 

have been measured and analyzed.  

  In chapter 4, vertical ZnO nanowires and ZnO/ZnTe core-shell nanowires have 

been fabricated by using CVD and MOCVD methods. The TEM images can be 

observed that the dependence of the thickness of ZnTe shell grown on ZnO nanowire 

surface and the deposited time of ZnTe is about linear. The crystal structures were 

confirmed by XRD patterns and HRTEM, these results showed that the ZnO nanowire 

has the (002) plane of wurtzite structure and the ZnTe shell has the (111) plane of 

znic-blende structure. In chapter 5, the ZnO/ZnTe core-shell nanowires with 5-10 μm 

long have been fabricated and the single ZnO/ZnTe core-shell nanowire FET was 

measured. In the Raman spectrum, the A1 (LO) mode of ZnO nanowires and the LO 

mode of ZnTe shell can be observed. The transmission curves showed that the visible 
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light absorption increased strongly after coating with ZnTe layer on the ZnO 

nanowires surface. The Electrical measurements showed that the turn on voltage of 

the p-type ZnO/ZnTe FET device is about -1.65 V, and the hole mobility of the FET is 

about 13.3 cm2 /V s, which is one order of magnitude larger than that of solid wire. In 

chapter 6, we have successfully synthesized the ZnO nanowires and the ZnO/ZnSe 

core-shell nanowires by using CVD and MOCVD. The structural studies showed that 

the core-shell nanowires are composed of ZnO core with wurtzite structure and ZnSe 

shell with znic-blende structure. XRD patterns and Raman scattering showed the 

strains in the ZnSe layer are relaxed by misfit dislocation. Both band edge emission 

and defect emission from ZnSe layer can be observed in PL spectrum. From the 

confocal scanning PL measurement we find that the emission intensity along the 

nanorod is quite uniform. 

 

 

 

 


