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Abstract 

 

 Cu-based and ZnTe nano/micro materials are of interest due to their availability 

in tremendous applications such as broadband pulses emission in terahertz (THz) regime 

under femtosecond laser irradiation. Firstly, syntheses of these materials based on bottom-

up and top-down approaches are discussed. In particular, Cu-based nanoparticles 

dispersion can be synthesized via sputter deposition, but the understandings to the 

sputtered nanoparticles are limited. ZnTe microstructures can be obtained via thermal 

decomposition, yet their formation mechanism remains unclear due to the unobservable 

characteristic of the solvothermal method. Secondly, with the development of ultrafast 

laser pulse technologies, the emission of X-ray and THz radiation as optical responses of 

materials to the laser excitation is concerned. Cu-based and ZnTe nano/micro materials 

are potential THz radiation sources as a semiconductor for Cu-based materials and as a 

nonlinear crystal for ZnTe. This dissertation focuses on the optical responses of Cu-based 

and ZnTe nano/micro materials to the ultrafast laser pulse excitation while elucidating 

their properties, structures, and formation mechanisms obtaining via different synthetic 

routes. The above research background and the objectives are given in chapter 1. 

 

 Chapter 2 presents the properties and structural characterization of Cu and Cu-

Pd nanoparticles synthesized via sputter deposition onto a polymer matrix. Size of all 

nanoparticles obtained were less than 5 nm. Growth in size and the oxidation of 

monometallic Cu nanoparticles were monitored after synthesis. Cu-Pd alloy nanoparticles 

were synthesized by co-sputtering of each metal target. Compositions of Cu-Pd alloy 

nanoparticles obtained through alternating the sputtering currents were diversely 



 xx 

characterized using UV-vis, TEM, STEM-EDS, XRD and XPS. The findings revealed 

that co-sputter deposition is a facile method of having composition-tunable bimetallic 

alloy nanoparticles dispersion. Low crystallinity and degradation during storage of these 

nanoparticles were discussed. This chapter provided detail information of Cu and Cu-Pd 

alloy nanoparticles synthesized via sputter deposition. 

 

 Chapter 3 studies the stability of Au@Cu2O core-shell nanoparticles synthesized 

via wet-chemical route and stored in water/ethanol mixed solvents. Thickness-tunable 

Cu2O shells (2 to 40 nm) grew epitaxially on 16 nm-sized Au nanoparticles to give 

metal/semiconductor heterostructure. Shell thickness altered the absorption peak in UV-

Vis region of the nanoparticles. The stability of Au@Cu2O core-shell nanoparticles was 

poor in the solvents that contain > 50 vol % water content. This study showed the 

Au@Cu2O core-shell nanoparticles dispersed in aqueous solvents was not an appropriate 

candidate for THz wave emission test due to their instability. 

 

 Chapter 4 presents THz wave emission from semiconductor/metal interface 

using aqueous free Cu and Cu/Au thin film (80nm-thick Cu, 55nm-thick Au) samples. Cu 

oxides as the semiconductor layer were obtained through oxidative annealing (80 to 300 

ºC, 2.5 h). Samples were irradiated by femtosecond laser (35 fs, 800 nm). THz wave 

emission intensity with respect to the oxidation temperature for annealing Cu layer was 

discussed. Results showed that Cu2O/Cu interface was the key feature of THz wave 

emission. The further THz wave emission enhancement can be achieved by underneath 

Au film as a reflector of laser light and THz wave. This chapter explained the THz wave 

emitting mechanism from Cu oxides and the function of Au film in the heterostructure. 



 xxi 

 

 Chapter 5 performs syntheses of ZnTe microspheres in a PVP contained polyol 

system via a hot injection method, with the investigation of their possibility as a THz 

wave emitting source. A retrospective study was conducted to evaluate the formation 

process of ZnTe microspheres from 0.2 to 48 h. It was found that the initially formed Te 

rods in the reaction system were sacrificial templates for the growth of ZnTe. Amount of 

PVP controlled dimensions of Te rods formed at the initial stage as well as the sizes of 

ZnTe microspheres by influencing the nucleation and growth rate of ZnTe. Although the 

ZnTe microspheres were polycrystalline, they emitted THz wave under ultrafast laser 

pulse irradiation. The larger ZnTe microspheres (> 1.0 𝜇m) were prone to generate THz 

wave in higher intensity, which was originated from the nonlinear effect by ZnTe. This 

chapter discussed the formation of ZnTe microspheres and gave a preliminary report on 

THz wave emission from polycrystalline ZnTe microspheres. 

 

 Chapter 6 gives the general conclusion of the research topics covered by the 

dissertation, including the understanding on the properties of Cu-based and ZnTe 

nano/materials synthesized via different approaches, and the THz wave emission from 

these materials under ultrafast laser pulse excitation. The findings are significant to widen 

the availability of nano/micro materials for broadband THz pulse technologies. 
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CHAPTER 1 

Research Background 

 

1.1 Nano/Micro Materials 

Nanomaterials are defined to have at least one physical dimension in the range 

of 1 to 100 nm. Micro materials are defined to have a physical dimension between 0.1 to 

100 𝜇m. Alternative physicochemical properties can be obtained through scaling down 

materials from bulk form due to the change in interatomic interaction and increasing 

surface-to-volume ratio. Nano/micro materials are in concerned because desired 

properties can be obtained through tuning the parameters in producing them. Nowadays, 

nano/micro materials have been emerged to medical diagnoses[1-3], drug delivery[4-6], 

optoelectronics[7-8], catalysis[9-11], and other interdisciplinary applications. The 

following sub-sections mainly list the unique properties and application examples of the 

Cu-based and ZnTe nano/micro materials. 
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1.1.1 Cu-based nano/micro materials 

Cu metals. Cu is earth-abundant and thus inexpensive. Emerging Cu nano/micro 

materials can facilitate and enhance the practical use. Garg et al. have reported that the 

thermal conductivity of ethylene glycol as a coolant can be enhanced by dispersing 200 

nm-sized Cu nanoparticles (NPs) into the ethylene glycol.[12] Park et al. have 

demonstrated direct ink-jet printing of ~50 nm-sized Cu NPs on a glass substrate, which 

had comparable conductivity with Au and Ag inks.[13] Yonezawa and his co-workers 

have took the advantages of lower melting point in nanomaterials and used different low 

temperature sintering processes to obtain a continuous Cu film with high 

conductivity.[14-18] Wang et al. have synthesized water-dispersible, red fluorescence ~3 

nm-sized Cu NPs, that were used as probes for cellular imaging (Figure 1.1).[19] 

Venkatakrishnan et al. have synthesized air stable ~5 nm-sized Cu NPs under room 

temperature with catalytic function towards the reduction of nitro-aromatic 

compounds.[20] Several reports have also showed that Cu in nanowires form can be used 

as the transparent conducting electrode for optoelectronic devices.[21-26] 
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Figure 1.1 Red fluorescence properties from Cu NPs. Photographs of Cu NPs (a-b) 

aqueous solution and (c-d) powder under (a,c) visible and (b,d) UV-light of 365 nm. 

Reproduced with permission from ref. [19] Copyright 2014 Royal Society of Chemistry. 

 

 Cu-based alloys. Cu has been used as an alternative to the rare and expensive 

noble-metals. Particularly, alloying Cu with a noble metal in designing a catalyst can 

achieve cost reduction while maintaining a good catalytic performance. Xu et al. have 

improved the Pt monometallic catalysts on the oxidation of methanol by adapting 

nanotubular mesoporous Cu-Pt bimetallic catalyst.[27] Gong et al. also reported Cu-Pt 

alloy nanodendrites as catalyst for oxidation of methanol.[28] Jia et al. [29] and Huang et 

al.[30] have reported the catalytic functions of Cu-Au nanostructured alloy towards 

reduction of CO2 to alcohols and reduction of CO to CH4, respectively. The enhancement 

in catalytic activities is based on the higher activity of transition metals compared with 

noble metals [27] and Cu can be stabilized by alloying with noble metals to prevent 

degradation. Apart from catalytic function of Cu-based alloys, Chiba et al. have 
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synthesized Cu-Pd NPs at different compositions and stronger photoluminescence was 

observed from bimetallic NPs than that from single-metal NPs (Figure 1.2).[31] 

Chowdhury et al. have also conducted similar studies on compositional luminescence 

enhancement for the Cu-Ag alloys NPs.[32] Cu-Ag alloy NPs also served antibacterial 

functions by continuously releasing ions to suppress the bacterial activities.[33] Therefore, 

Cu-based alloy NPs can be used as the fluorescence probe for detecting and killing germs.  

 

 
Figure 1.2 Cu-Pd NPs show blue fluorescence under UV-light irradiation. Photograph of 

Cu-Pd alloy NPs at different compositions under room light (upper row) and under UV 

light of 365 nm (lower row). Reproduced with permission from ref. [31] Copyright 2015 

Royal Society of Chemistry. 
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Cu oxides. Cu has two types of oxides under atmospheric conditions – cuprous 

oxide (Cu2O) and cupric oxide (CuO). Cu2O is readily formed on Cu surfaces when 

exposing to ambient air at room temperature as a protective layer. Cu2O is known to be a 

p-type semiconductor (direct bandgap 2.1 eV). CuO is formed when Cu2O further 

interacts with oxygen at temperature above 250 ºC.[34-35] CuO is also a p-type 

semiconductor (indirect bandgap 1.35 to 1.5 eV). The semiconducting properties of Cu2O 

and CuO provide photocatalytic functions.[36-37] CuO can also to be used in gas sensing 

application based on the change in electrical resistivity. For instance, the resistance of 

CuO was lowered by losing electrons when it contacted with NO2 molecules [38] and 

increased by gaining electrons when it contacted with H2 molecules [39]. Furthermore, 

the Cu2O can be used as broadband pulse emission source under ultrafast laser 

excitation.[40] 

 

Cu-based heterostructures. Heterostructures are referred to structures that 

contain an interface between different materials. Metal/semiconductor heterostructure has 

drawn attention because the interface of metal/semiconductor NPs provides outstanding 

properties for designing photovoltaic devices, catalysts and ion batteries.[41] Cu-based 

heterostructures are also having such characteristics without exception. Heterostructures 
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can be formed by, for instance, (1) core@shell nanoparticles, and (2) metal NPs embedded 

in host semiconductor NPs, and vice versa. In particular, Ag@Cu2O core-shell NPs have 

better photocatalytic performance compared with Cu2O NPs. It is because the Ag core 

can transfer plasmonic energy to the Cu2O shell via plasmon resonance for the generation 

of electron-hole pairs in Cu2O (Figure 1.3).[42] The electrons and holes in conduction 

and valance bands prone to react with the water molecules in the surrounding to form O2- 

(superoxide) and •OH (hydroxyl radical) and thus resulting better photocatalytic 

performance. The metal core can also enhance the light absorption and tune the absorption 

spectra of the core@shell NPs so as to enhance photocatalytic activity over an extended 

wavelength range.[43] 

 

Figure 1.3 Ag@Cu2O core-shell NPs as photocatalyst. Absorption peaks in UV-vis 

spectra red shifted with increasing the Cu2O shell thickness. Reproduced with permission 

from ref. [42] Copyright 2013 The American Chemical Society. 
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Instead, electrons can be transferred to conduction band of semiconductor from 

the core metal as one of the photocatalytic mechanisms (also called ‘hot electrons’).[44] 

However, the route of transferring electron from metal to semiconductor might be long 

for the core@shell structure.[45] Therefore, the heterostructure of metal NPs embedded 

in semiconductor microparticles was suggested. Ma et al. have synthesized a 

heterostructure with Au NPs embedded on Cu2O microparticles.[46] The surface existed 

Au NPs exhibited strong plasmonic enhancement, which can promote the electron-hole 

pairs generation in Cu2O. The structure was also benefits to the transfer of hot electrons 

from Au to the neighbor Cu2O to facilitate the photocatalytic performance (Figure 

1.4).[46] Moreover, metal/semiconductor interfaces are also used for designing 

semiconductor junction devices. When a semiconductor contacted to a metal, either 

ohmic or Schottky junction will be formed.[47] Each junction has its unique function for 

fabricating transistors, photovoltaic devices, etc. There are reports on low resistive 

Schottky junctions given by Au/Cu2O interface [48-50]. Recent research have found the 

broadband pulse in terahertz (THz) frequency range emitted from Au/Cu2O [51-54] and 

Ag/Cu2O [55] interfaces under ultrafast pulse irradiation, making Cu-based 

heterostructures become applicable to more practical use (details in section 1.4.1.2). 
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Figure 1.4 Au NPs embedded in Cu2O heterostructure as photocatalyst. (a-d) 

Micrographs of the heterostructure. (e) HR-TEM micrographs with labeling d-spacing of 

Au (yellow) and Cu2O (red). (f) EDS mapping to show the distribution of Au on Cu2O. 

(Lower) Schematic diagram of the photocatalytic activity given by the heterostructure. 

Reproduced with permission from ref. [46] Copyright 2021, Elsevier, Ltd. 
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1.1.2 ZnTe nano/micro materials 

ZnTe QDs. ZnTe is an II-IV semiconductor material with a wide and direct band 

gap of 2.26 eV (~ 548 nm) at room temperature. It has been considered as a prospective 

material for optoelectronic devices and green ( 𝜆  = 550 nm) light-emitting-diodes 

(LEDs).[56-57] Like other quantum dots (QDs), ZnTe has special properties of narrow 

emission spectrum and wide excitation spectrum. It is usually emerged with other QDs 

by doping or in the form of core-shell structures to tune the energy band gap and achieve 

desired optical properties. Figure 1.5 shows photoluminescence (PL) from ZnTe@ZnSe 

core@shell structure with 4.4 nm-sized ZnTe cores and different ZnSe shell 

thickness.[59] ZnTe itself can be used as heavy ions sensor to detect existence of heavy 

metals in aqueous media and anode materials for rechargeable Li-ion batteries through 

hybridizing with other conductive materials.[60-62] It can also be applied in solar cells 

such as enhance the photo-response to photoexcitation by tuning the energy bandgap 

through doping with other substances.[63] 
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Figure 1.5 Photoluminescence from ZnTe@ZnSe core-shell QDs. Micrographs of (a) 

ZnTe cores and (b) ZnTe@ZnSe core@shell QDs. (c) UV-vis absorption spectra of ZnTe 

core (black), ZnTe@ZnSe core@shell QDs with 1.0 (violet), 1.4 (blue), 2.0 (green), 3.3 

(orange), and 5.0 (red) monolayers of ZnSe shell. (d) Corresponding PL spectra with 

respect to different numbers of shell monolayers. Reproduced with permission from ref. 

[59] Copyright 2010, The American Chemical Society. 

 

ZnTe single crystal. ZnTe belongs to the family of electro-optic (EO) crystals, 

those have non-centrosymmetrical crystal structure including GaAs, InP, ZnTe, CdTe, 

GaP, BBO and LiTaO3. Zincblende structured ZnTe is particularly important among other 

EO crystals because it is suitable for both generation and detection of broadband THz 

pulses (Figure 1.6).[64] (details in section 1.4.1.1) 
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Figure 1.6 Broadband THz pulse emitted and detected by ZnTe crystal. (a) Temporal 

waveform of the THz pulse from 30 𝜇m ZnTe emitter and measured by a 27 𝜇m ZnTe 

sensor. (b) Power spectrum of the waveform in (a). Reproduced with permission from ref. 

[64] Copyright 1998, AIP Publishing. 

 

ZnTe microspheres. ZnTe has negative conduction band position at –1.7 V vs 

NHE.[65] It can be used as the photocatalyst for CO2 reduction and yielding CH4.(Figure 

1.7a) Ehsan et al. have found the mesoporous ZnTe microspheres [66] can provide more 

catalytic active sites for CO2 reduction compared with ZnTe nanocrystals (Figure 1.7b-

c)[67-70], but ZnTe nanocrystals serve better catalytic performance when they formed 

heterostructures with other n-type semiconductors such as TiO2.[71] 
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Figure 1.7 ZnTe microspheres as photocatalysts for CO2 reduction. (a) Negative band 

position of ZnTe and reduction potential of products against CO2. Reproduced with 

permission from ref. [70] Copyright 2019, Elsevier, Ltd. (b) Micrographs of mesoporous 

ZnTe microspheres. (c) Higher yield of methane by using ZnTe mesoporous compared 

with ZnTe nanocrystals. Reproduced with permission from ref. [69] Copyright 2014, 

Royal Society of Chemistry. 
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1.2 Syntheses of Nano/Micro Materials 

There are two generic approaches for synthesizing nano/micro materials – 

Bottom-up and top-down. Bottom-up approach is to build up a larger structure from small 

components. Most of the materials are chemically synthesized with bottom-up approach. 

On the other hand, top-down approach is to break down a large structure to obtain smaller 

components.  

 

1.2.1 Bottom-up 

Wet-chemical synthesis. The method generally requires hydrolysis of the 

precursors (metal salts) followed with the addition of reducing agent. Nuclei/clusters of 

metal are then formed and proceed aggregation and coalescence to minimize their free 

surface energy, resulting in zerovalent metal nanomaterials in aqueous or organic media 

(Figure1.8).[72] This method is popular nowadays since it was firstly reported in 1857 

by Faraday.[73] One of the most famous wet-chemical syntheses is the synthesis of 20 

nm-sized gold colloids by reduction of [AuCl4]- with sodium citrate, reported by 

Turkevich et al.[74] Cu colloids can also be synthesized by using wet-chemical methods. 

However, the limitation of synthesizing Cu colloids is that the colloids easily get oxidize 

during the after the reaction. So that, the methods are preferably performed in aqueous 
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free and under an inert atmosphere.[75] In case of compound formation, precursors for 

both cation and anion are required. Some precursors need special handling because they 

are not stable under ambient. For instance, telluride ion (Te2-) has to be pre-prepared by 

dissolving semi-metallic Te into trioctylphosphone (TOP) solution, which stabilizes Te2- 

for further reaction.[76] Generally, the average size of colloids increases with the increase 

of reaction temperature. A wide range of stabilizers and surfactants are used to control the 

growth of the nuclei and to prevent the agglomeration of nuclei, so as to yield 

nanomaterials with different sizes and morphologies. 

 

Figure 1.8 Formation scheme of zerovalent metal colloids through bottom-up approach. 

Reproduced with permission from ref. [72] Copyright 2001, WILEY. 
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The growth of colloids in the reaction system can be explained based on Ostwald 

ripening (OR) and oriented attachment (OA). OR refers to the larger particles grow to the 

detriment of the smaller particles because of smaller particles are having higher solubility. 

In case of no ligands are being adsorbed on the particles’ surface, the smaller particles 

prone to dissolve into larger one for the latter to growth. OA refers to the self-organization 

of adjacent nanocrystals, which the crystals are sharing a common crystallographic 

orientation with each other, resulting in growth of colloids.[77-80] In OA mechanism, the 

primary particles are not necessary to be dissolved into others, but they likely assemble 

into larger agglomerates. The ZnTe microspheres given in Figure 1.7 is one of the 

examples of particles formed via OA mechanism. Particles synthesized via OA 

mechanism are usually with mesoporous characteristic because the assembly of 

nanocrystals are not highly compact. 

 

Thermal decomposition. This method uses a solvent under high pressure and 

temperature in a sealed vessel, that facilitates the interaction of precursors during 

synthesis. It is called ‘hydrothermal synthesis’ when water is used as solvent, otherwise 

it is called ‘solvothermal synthesis’. Some inorganic materials synthesized via the hydro-

/solvothermal method are predominantly having OA mechanism in their growth.[81] 
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Comparing with the conventional methods for making hollow structures, that require 

removable templates as the core and bring more procedures in the synthesis, 

hydro/solvothermal method can synthesize hollow/mesoporous structures in a template-

free manner.[82-86] Although the operation of thermal decomposition method is 

relatively easy, parameters are hardly controlled. Inhomogeneous products are usually 

yielded due to unquantified pressure inside the reaction tank and/or the mixture is not 

stirred during the reaction. It is also difficult to observe the subsequent growth of particles 

at a certain time because of the sealing characteristics of this method.[87] 
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1.2.2 Top-down 

Sputter deposition. Sputter deposition is a physical vapor depositions (PVD) 

technique. PVD techniques are traditionally referred to as a thin film deposition technique 

– the material goes from a condensed phase (solid) to a vapor phase and then back to a 

condensed phase on a solid substrate as the film structure with thickness in the range of a 

few nanometers to several micrometers. Sputter deposition has the advantage from 

traditional evaporation methods that materials which are difficult to evaporate can also 

be utilized for deposition. The inert ions, usually argon, create a plasma and accelerated 

in an electrical field. The kinetic energy of these ions is higher than the binding energy of 

the particles in the target material. The surface of the target material is then under 

bombardment by energetic gas ions and the particles on the surface are ejected due to the 

momentum transfer and relaxation processes (Figure 1.9). 

 

 

Figure 1.9 Schematic diagram of sputtering process. 
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Monometallic NPs dispersion via sputter deposition. Introducing liquid matrix 

as the substrate in the sputter deposition can easily generate NPs dispersion. Sputtering 

has advantages over using chemical reduction methods to synthesize NPs solution – it 

does not require high temperature for metal precursor reduction and free from 

contamination. Liquid media with low vapor pressure, e.g., silicon oil [88], ionic 

liquids[89], polymer[90], have been used in sputtering to make monometallic NPs. The 

liquid media are not only capturing NPs, but also provide steric effect to maintain the 

dispersiveness of NPs and control the sizes. The particle size is also tunable by varying 

(1) chamber pressure, (2) target-liquid distance, (3) applied voltage, (4) applied current, 

(5) existence of ligands in liquid matrix, (6) deposition time, (7) viscosity of liquid matrix, 

etc.[91] Figure 1.10 shows the micrographs of Ag NPs and Pt NPs in polymer matrix 

synthesized via sputter deposition. 
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Figure 1.10 TEM micrographs and size distribution of NPs synthesized by sputter 

deposition. (a) Ag sputtered into pentaerythritol tetrakis(3-mercaptopropionate) (PEMP), 

sputtering current = 30 mA, sputtering time = 20 min.[92] Reproduced with permission 

from ref. [67] Copyright 2016 Elsevier Ltd. (b) Ag sputtered into PEG, sputtering current 

= 20 mA, sputtering time = 20 min. [93] Reproduced with permission from ref. [93] 

Copyright 2015 The America Chemical Society. (c) Pt sputtered into PEG, sputtering 

current = 50 mA, sputtering time = 30 min.[94] Reproduced with permission from ref. 

[69] Copyright 2018 The America Chemical Society. 
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Alloy NPs dispersion via sputter deposition. Alloy NPs can be synthesized by 

sputtering. One way is using tailor-made alloy targets for making alloy NPs in desired 

composition. However, the sputtered product might not have the same molar ratio as the 

target because the sputtering yield is dissimilar for different chemical elements, and thus 

the target needs long conditioning through trial and error to yield alloy NPs with desired 

composition. Another way is ‘co-sputtering’, which atoms are sputtered from various 

targets simultaneously. Co-sputtering does not require tailor-made alloy targets but a 

sputtering system with multiple heads is needed. Ludwig and his co-workers have 

synthesized Au-Cu[95], Fe-Al[96], Cu-Ru[97] alloy NPs in ionic liquids via double target 

sputtering. Yonezawa and his co-workers have performed double head target sputtering 

for making Au-Ag[98], Au-Cu[99], Pt-Au[100], Pt-Ag[101], Pt-Cu[102] alloy NPs in 

PEG. The composition of alloy NPs are tunable through adjusting the sputtering current 

for each metal targets (Figure 1.11).[99,101] Instead, there are reports on multiple-

metallic alloy NPs. Garzón-Manjón et al. have used a high entropy alloy target of making 

Cr-Mn-Fe-Co-Ni NPs.[103] Zhu et al. have used a CuPt alloy target co-sputtered with Ag 

target to obtain CuPtAg alloy NPs dispersion with different composition.[104] From these 

findings, it is possible to synthesize multiple-metallic alloy NPs with different 

compositions if multiple sputtering heads are available. 
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Figure 1.11 (a) Schematic diagram of the double target sputtering chamber. (b) Cu 

content of Au-Cu alloy NPs against sputtering current for Cu target from 10-50 mA and 

sputtering current for Au target at 10 mA and 20 mA. Half-filled diamond data points 

represent the composition of alloy NPs sputtered by double head system using Au-Cu 

alloy target. (c) HAADF and EDS mappings [Au L (red), Cu K (green), and overlay] for 

nearly equimolar Au-Cu alloy NPs. Reproduced with permission from ref. [99] Copyright 

2017 The American Chemical Society. 
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1.2.3 Selecting an appropriate method: Bottom-up or top-down? 

Nanomaterials with well-defined sizes and shapes can be synthesized using 

bottom-up approach. It is because the reaction temperatures, concentration of reagents, 

reaction environments, etc. can be controlled. The bottom-up process is also low-cost 

compared with the physical methods, which generally involve sophisticated equipment. 

However, there are some limitations of using bottom-up approach – (1) although the 

approach possibly proceeds large-scale syntheses for industrial-scale production of 

nanomaterials, trial-and-error tests are needed. It is because large-scale syntheses are not 

simply done by only scaling up all reagents and solvents. The different reaction volumes 

would affect the reaction kinetics of nuclei, causing different morphologies and sizes 

compared with the small-scale synthesis. (2) Separation of desired products from by-

products is necessary. Product lost might happens during the purification steps. Also, the 

reagents used/by-products are possibly toxic to environment. (3) Making alloy 

nanomaterials is not as simply as reducing single element precursors. The difference in 

reduction potential should be taken into account when handling multiple metal 

precursors.[105-109] Galvanic reaction is preferably taken place when two metal 

precursors with large difference in reduction potential value, which forms a 

heterostructure instead of an alloy. 
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Top-down approach, such as sputter deposition, does not involve any toxic 

substance. It is a facile approach of making thin film on solid substrates. Multiple-layered 

thin film structures are also available by arranging the order of sputter deposition, and 

they are usually ready-to-use. The synthesis of NPs dispersion introduced in previous 

section has opened a new page for preparing NPs in an eco-friendly manner. Particularly 

it can synthesize alloy NPs with different compositions by simply alternating the 

sputtering current of the metal targets. Nevertheless, the method remains issues – (1) The 

volume of NPs dispersion is limited by the sputtering chamber, which is not suitable for 

large-scale production. Even though a large-scale chamber is available, high vacuum 

usage during the operation would consume much energy, and thus making the method is 

not eco-friendly in some extent. (2) Sputter deposition is likely producing solid NPs. 

Wire- and tube-liked morphologies and hollow structures synthesized by sputter 

deposition are not yet reported to the best of author’s knowledge. (3) Only liquid 

substrates with low vapor pressure can be used. NPs dispersed in aqueous phase are not 

available by this approach because water molecules easily evaporate under high vacuum 

conditions. (4) The alloy NPs synthesized via sputter deposition are having low 

crystallinity.[103,104] This is a double-edged characteristic because some applications 

would require the use of highly crystallite materials (and some may not). 



 24 

There are more ways to obtain precise nanomaterials, e.g., chemical vapor 

deposition, microwave-assisted synthesis, electrospinning, laser ablation, etc. However, 

there is no ‘golden method’ suits for synthesizing all kinds of nanomaterials. The 

properties of nanomaterials highly depend on the preparation method. Therefore, an 

appropriate method should be chosen with considering the desired characteristics. 

 

1.3 Femtosecond Laser Technologies 

1.3.1 Brief introduction of ultrashort pulsed laser: How it is happened? 

“Laser” is an acronym for “Light Amplification by Stimulated Emission of 

Radiation”. It is a spatial and temporal coherent light source, which allows lights to be 

focused to a tight spot and travels for long distances with very narrow spectrum. Unlike 

the continuous-wave that we commonly use in laser pointers, ultrashort pulsed laser has 

duration in nanosecond to femtosecond (10-15 s) scale and the pulses are emitted from the 

source periodically in certain rate. When nanosecond laser interacts with a solid target, 

thermal expansion of the target surface will happen because of the relatively long duration 

of laser pulse, which is known as laser ablation process. When shortening the pulse 

duration to femtosecond laser, the laser pulses are deposited into the solid target faster 

than the occurrence of laser ablation. The characteristics of femtosecond laser have 
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brought a new laser-solid interaction regime for new applications. Therefore, ultrashort 

pulsed lasers are of interest. 

Q-switching and mode-locking are two mechanisms used for producing 

ultrashort laser pulses.[110] Q-switching usually generates nanosecond laser pulse, which 

is commonly used in precise laser beam machining. On the other hand, the mode-locking 

technique can reach to femtosecond level. Ultrafast mode-locked lasers usually consist of 

four components: (1) pump source, (2) reflector to form resonant cavity, (3) rare-earth-

doped fibers, (4) mode-locked modulation device. Titanium-doped aluminum oxide 

(Ti:sapphire) is the predominant gain medium of femtosecond laser systems because of 

its high thermal conductivity, so the crystal can tolerate high optical pumping power to 

20 W, and its short carrier lifetime (~3.2 ms). The mechanism of laser light generated 

from Ti:sapphire is illustrated in Figure 1.12. A green pump laser (~520 nm) excited the 

electrons, which then relax into lower and more stable states building up a population 

inversion and gives rise to stimulated emission near 800 nm. More examples of gain 

medium for femtosecond laser systems are listed in Table 1.1.[111] In the case of using 

Ti:sapphire as the gain medium, wavelength of femtosecond laser is not limited at 800 

nm. The wavelength of the femtosecond laser pulse is tunable via nonlinear optical 

process. For instance, the wavelength is converted from 800 nm to 400 nm by second 



 26 

harmonic generation (SHG) and even to about 250 nm by third harmonic generation. It 

can also be tuned to longer wavelength to about 1100 nm by optical parametric oscillator. 

 

 

Figure 1.12 Scheme of laser light generated from Ti:sapphire as the gain medium. 

 

Table 1.1 Gain media of laser and their spectra range.[111] 

Gain medium Spectra range 

Rhodamine 6G 600-650 nm 

Ti:sapphire 650-1100 nm 

Cr:LiSAF 800-1000 nm 

Nd:glass 1040-1070 nm 

 

“Mode-locking” means the phase of all oscillating modes in the resonant cavity 

is locked, so it is able to generate short laser pulses. There are active and passive mode-

locking methods. Active mode-locking needs an external periodic signal to control the 

parameters of resonant cavity. Passive mode-locking uses the intracavity mode-locked 
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device by installing a saturable absorber[112,113] into the resonant cavity and make use 

of its nonlinear absorption characteristics to generate ultrashort pulses (Figure 1.13). 

Passive mode-locking is more commonly used because the energy loss of pulse when it 

passes through the saturable absorber is low, and the loss of the low-intensity part of the 

two ends is large, which results in pulse narrowing. 

 

 

Figure 1.13 Block diagram of resonant cavity of passive mode-locked laser. 

 

However, the output energy of mode-locked femtosecond laser is relatively weak 

(~1 nJ). Chirped pulse amplification (CPA) is the technique to enhance the output energy, 

which is invented by Mourou and Strickland (winners of The Nobel Prize in Physics 

2018).[114] In CPA, the mode-locked laser pulse is used as a seed laser. The seed laser 

passes through a stretcher, which ‘expands’ the pulse and gives a broad peak with lower 

peak power. Then it passes to the gain medium, which enhances the peak power while the 
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peak was still broad. Finally, the broad peak passes to a compressor, which ‘compresses’ 

the peak so as to achieve a laser pulse with high peak power (Figure 1.14). 

 

Figure 1.14 Process of chirped pulse amplification for mode-locked laser. 

 

1.3.2 X-ray emission from solid/liquid targets 

X-ray generation is one of the advanced photonic applications brought from the 

development of femtosecond laser. X-ray is categorized into hard and soft X-rays (Table 

1.2). Hard X-ray has drawn more attention because it shows features similar to the 

conventional X-ray tubes. Especially the characteristic line radiation from different 

targets is of interest for applications due to the unique emission wavelength and the 

narrow spectral line width. 
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Table 1.2 Difference between soft and hard X-rays. 

Item Soft X-ray Hard X-ray 

Frequency 30 to 3000 PHz 3 to 300 EHz 

Wavelength 10 to 0.1 mm 100 to 1 pm 

Photon energy < 0.2 keV > 1 keV 

Application Mammography Airport security, XRD 

 

 X-ray emission from bulk targets. Hard X-ray pulses can be generated through 

irradiating femtosecond laser to bulk metal targets (Figure 1.15), and polymers such as 

poly(vinyl chloride).[115-118] The X-ray generation is based on two phenomena – (1) 

laser-generated plasma and (2) hot electrons. Since the laser pulse energy is relatively 

high, ionization takes place when the laser pulse interacts with solid/gaseous atoms on 

the travelling path, forming plasma as the X-ray source. Then, electrons given from the 

plasma would penetrate into the solid target materials, knocking out bound K-shell 

electrons of target atom as another X-ray source. This latter process is also known as 

bremsstrahlung, i.e., kinetic energies of electron is converted to the photon energy. 
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Figure 1.15 (Top) Schematic diagram of the X-ray emission test from metal target in ref. 

[116]. (Bottom) Corresponding X-ray emission spectra of (a) Ti, (b) stainless steel, (c) Ni, 

(d) Cu, (e), Ta targets. Reproduced with permission from ref. [116]. Copyright 2003 

Springer. 
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X-ray emission from liquid targets. Additionally, liquid targets are used to 

generate hard X-ray. Tompkins et al. reported that the hard X-ray emission (5-20 keV) 

was observed from near-saturated aqueous copper nitrate solution and neat ethylene 

glycol.[119] Korn et al. has used the low-melting point property of Ga, making a liquid 

Ga jet as target and observed a broadband X-ray emission (4-14 keV) (Figure 1.16).[120]  

 

 

Figure 1.16 (Left) Schematic diagram of the X-ray emission test from Ga liquid jet in ref. 

[90] and (Right) X-ray emission spectrum of Ga jet target. Reproduced with permission 

from ref. [120] Copyright 2002 Optica Publishing Group. 

 

Hatanaka et al. has extensively evaluated the X-ray emission through focusing 

femtosecond laser pulses onto Cesium chloride (CsCl) electrolyte in the aspect of laser 

intensity, solute concentration, solute atomic number, double-pulsed effect, and chirp 
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effect.[121-125] The X-ray intensity from CsCl solution increased with higher 

femtosecond laser power. It is because intense, high laser power causes multiphoton 

ionization.[121] The conductive electrons produced from the ionization collide with 

atoms and ions in the liquid target and knock out the inner shells’ electron, resulting in X-

ray emission. Increasing the CsCl concentrations and solute atomic numbers are also 

effective ways to enhance X-ray emission as the electron temperatures increased with 

more atoms existed in the solution.[122] Moreover, X-ray emission intensity increases 

almost four orders when using double pulse laser because the pre-pulse generates small 

droplets from the liquid target surface, enhancing the surface area for the main pulse 

irradiation.[123] Nanocolloid dispersion have been used as an alternative hard X-ray 

source. Masim et al. reported X-ray emission (15 keV) from Au nanoparticle 

suspension.[126] The X-ray emission intensity is the highest for Au nanoparticles in 40 

nm of diameter, which have the strongest UV extinction (Figure 1.17). The X-ray 

intensity is driven by the absorbed energy and resonant absorption at the interface of 

water/air and Au/air. When Hsu et al. used double-pulse laser to irradiate the Au 

nanoparticles[127], the pre-pulse made the liquid surface became rough, and nanobubbles 

were generated, leading to a strong localization and absorption of light by Au 

nanoparticles. These resulted in higher electron temperature to achieve higher X-ray 
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emission intensity. 

 

 

Figure 1.17 X-ray emission intensity against diameters of Au nanoparticles. Au 

concentration was 1.2 × 10-3 M in all samples. Reproduced with permission from ref. 

[126] Copyright 2016 The American Chemical Society. 

 

X-ray emission from water. Instead of aqueous solution containing ions or 

nanocolloids with high atomic numbers, water itself can be a hard X-ray source. Huang 

et al. reported X-ray emission from a water film irradiated by femtosecond laser.[128-

129] The major mechanism of X-ray emission from water film is related to laser-induced 

plasma formation. The X-ray emission intensity was increased with the increasing laser 

power due to the absorption of thermal energy by water, giving high electron temperature 
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as the X-ray source. The most interesting is that both X-ray and terahertz (THz) waves 

emission from water have been driven by femtosecond laser simultaneously.[128] In other 

words, with the use of femtosecond laser and specific targets, there is a potential of 

combining X-ray and THz wave for future applications. 

 

1.4 Terahertz Wave Technologies 

 

Figure 1.18 Terahertz band in the electromagnetic wave spectrum. 

 

THz wave refers to those electromagnetic waves with frequency ranged between 

0.1 and 10 THz (1 THz = 1 ps = 300 𝜇m = 33.3 cm-1 = 4.1 meV = 47.6 K) (Figure 1.18). 

The spectral domain of THz hosts low frequency crystalline lattice vibrations, hydrogen-

bonding stretches, and intermolecular vibrations of many chemical and biological 

molecules (e.g., proteins[130], DNA[131-132]), including explosives and related 

compounds and drugs. Similar to the Fourier Transform Infrared Spectroscopy (FTIR), 

the transmitted and reflected THz spectra of these materials contain THz absorption 



 35 

fingerprints for us to distinguish the materials, but THz spectra can provide more 

information that is out of the detection range of FTIR and X-rays. Bessou et al. has 

compared the sensing capability of THz wave and X-ray for the same objects (Figure 

1.19).[133] The THz wave provides more detailed image than X-ray does. Followings are 

some features of THz wave which motivate the development of THz technologies in the 

past decade for defense and security applications: 

• Low photon energies (1 million times weaker than X-ray photons) 

• Can penetrate through many nonpolar dielectric materials 

e.g., paper, cardboard, textile, plastic, wood, leather, ceramic, etc. 

• Nondestructive and noninvasive 

THz wave is categorized into (1) broadband pulses and (2) continuous-wave and 

the detection and generation have been focused in developing THz wave technologies. 

The generation and detection for each consist of different methods. This dissertation only 

discusses approaches related to THz broadband pulses. 
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Figure 1.19 Comparison of sensing capability of THz wave and X-ray. (a) Photographs 

of model objects. (b) X-ray radiographs. (c) THz wave imaging. (d) Differential THz 

wave (subtraction image between filled jar and empty jar). Reproduced with permission 

from ref. [133] Copyright 2012 Elsevier Ltd.  

 

1.4.1 Terahertz wave generation 

The emission of THz only relies on the generation of a time-dependent 

polarization, varying on a short timescale. The emitted electric field is proportional to the 

second derivative of the induced polarization when the size of source is much smaller 

than the generated wavelength: 

𝐸(𝑡) ∝ 	 !
!"
!#!

 …(Eq 1.1) 

The following sub-sections will introduce recent research on the materials used for 

generating THz wave pulse via femtosecond laser excitation. 
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1.4.1.1 Nonlinear optics 

When electron interacts with incident light, both influence on the electrons’ 

motion and magnetic fields of the materials are negligible. The optical response, such as 

THz wave emission, is counted only on the electric dipole oscillations of electrons. When 

an intense light passes through a linear crystal sinusoidally, amplitude of transient 

polarization change with the amplitude of incident light, the net transient polarization is 

zero, i.e., Electrons bound like a simple harmonic oscillator and the electric dipole 

moments are proportional to the amplitude of the applied optical field. 

In case of a nonlinear crystal, the amplitude of transient polarization does not 

change with the amplitude of incident light, results in a time varying non-zero transient 

polarization. It should be noted that the spectral bandwidth (Tera = 1012) of the radiation 

is roughly the inverse of the optical pulse duration (femto = 10-15).This phenomenon is 

called optical rectification (OR). OR occurs in the crystals that lacking inversion 

symmetry (Figure 1.20). For instance, Yang et al. reported the generation of far-infrared 

radiation in LiNbO3 via OR.[134] Auston et al. generated broadband pulses with 

frequency up to 4 THz in LiTaO3.[135] THz pulses generation via optical rectification is 

also detected from GaAs [136], ZnTe [137], and dimethyl amino 4-N-methylstilbazolium 

tosylate (DAST) [138].  
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Figure 1.20 Crystal structure diagram of nonlinear crystals: (a) LiNbO3 [139] , 

Reproduced with permission from ref. [139] Copyright 2017 IOP Publishing. (b) ZnTe. 

 

All noncentrosymmetric crystals have non-zero second-order nonlinear 

susceptibility 𝜒(") . The relationship of applied electric field (ultrafast laser), E, 

polarization (source of THz), P, and the nonlinear susceptibility 𝜒(") is given by 

𝑷(𝑡) = 	 𝜖$𝜒(")𝑬"(𝑡) …(Eq 1.2) 

where 𝑬(𝑡) = 	𝜀 cos𝜔𝑡 …(Eq 1.3) 

From Eq 1.2, the THz wave emission can be enhanced by using more powerful incident 

laser or using nonlinear crystals with higher susceptibility. 

ZnTe. Among the THz generating crystals, ZnTe single crystal has drawn the 

most attention because it can be both emission and detection (details for detection part 

see section 1.4.2) medium for THz wave. THz wave emission from ZnTe via OR highly 
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depends on how the ultrafast laser pulse incident to the crystal. It is noteworthy that the 

intensity of THz emission is affected by the incident angle of laser pulse as well as the 

orientation of ZnTe crystal.[140-141] The THz intensity is maximum when the optical 

polarization lies on the {110} plane.[112] To achieve maximum intensity of THz wave 

emission from ZnTe, linearly polarized pulses are propagating along the [110] axis of 

ZnTe crystal and the angle of propagating direction of the pulses to the [001] axis of 

crystal should be 54º. Thus, ZnTe single crystal is used in THz wave technologies instead 

of polycrystalline ZnTe and the alignment of optical instruments are important. 

 

1.4.1.2 Semiconductors 

Auston and Lee applied a static electric field to amorphous Si and Cr-doped 

GaAs and observed THz pulse emission via ultrafast laser pulse from the materials.[142-

144] Within the bulk semiconductor, electron-hole pairs are generated through photo-

excitation and these carriers accelerate in a defined direction according to the applied 

electric field (bias). A transient photocurrent is induced during the process and thus 

resulting in THz wave emission. 

Concepts of Schottky/ohmic junctions. Same effect can be given by ‘built-in’ 

bias in the Schottky interface created through bringing metal and semiconductor into 
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contact. For an isolated metal, the states below Fermi energy (EF) are filled, while above 

EF is empty. When it is contacted with a semiconductor, a Schottky barrier is given, which 

is quantified by the Schottky barrier height (𝜙%). In n-type semiconductor, the barrier is 

against the electron flow, whereas it is against the hole flow in the p-type semiconductor. 

Electrons/holes tend to move toward to other side, but they are ‘trapped’ because of the 

barrier (Figure 1.21). Therefore, the build-in bias is formed at the interface. In fact, 

tendency of the charges move from one side to the other depends on the work function of 

materials. The Schottky only forms when the work functions of metal and semiconductor 

satisfy the conditions in Table 1.3. Otherwise, an ohmic contact forms, which has low 

resistivity and no voltage across it, thus no build-in bias. During the ultrafast pulse laser 

irradiation, excitation of electron-hole pairs in the depletion field forms a transient current 

to emit THz pulses. 

 

Table 1.3 Rules of Schottky/ohmic junction formation at metal/semiconductor interfaces. 

ΦM: Work function of metal; ΦS: Work function of semiconductor. 

 n-type semiconductor p-type semiconductor 

ΦM  > ΦS Schottky Ohmic 

ΦM  < ΦS Ohmic Schottky 
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Figure 1.21 Band diagrams showing Schottky barrier forms when metal and n-/p-type 

semiconductor are brought in contact. (EF: Fermi energy, EC: Energy level at conduction 

band edge, EV: Energy level at valence band edge.) 

 

Jin et al. reported the THz pulse generation by exciting the Schottky interfaces 

formed by Cr and GaAs with femtosecond laser pulses.[144] THz wave emitted from the 

sample is relatively weak because the Cr on the surface has blocked the incident laser 

pulses, weakening the photoexcitation. Recently, THz wave emission from thin film 

Cu2O/Au interface has been reported (Figure 1.22), which is more cost effective 
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compared with using Cr and GaAs.[145-148] The underlying Au film does not block the 

incident laser but works as a reflector of incident laser pulse to enhance the photo 

absorption for exciting carriers drift in the depletion field at Cu2O/Au interface, and thus 

resulting in stronger THz wave emission.[148] 

 

Figure 1.22 THz wave generated from CuxO/Au structure. (Top left) TEM micrograph 

of Cu/Au film on Si wafer. (Top right) SAED pattern of oxidized Cu film. (Bottom) THz-

TDS showing Cu/Au/Si heated at 110 ºC emits THz wave. Reproduced with permission 

from ref. [145] Copyright 2014 IEEE. 
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Photo-Dember effect. THz pulses via femtosecond laser excitation are also 

detected from the surfaces of semiconductors. The first one is known as photo-Dember 

effect, which happens to all semiconductors irrespective of the doping type.[149] Photo-

Dember effect is based on the diffusive and drift motion of charge carriers due to the 

excitation by intense laser pulse.[150] Due to the difference in mass diffusivity of holes 

and electrons, the electrons move faster and diffuse away in longer distance than holes. 

In such a way, a transient polarization is built up as the THz wave source (Figure 1.17).  

 

 

Figure 1.23 Transient polarization built from the diffusion of holes and electrons at 

different speeds in the region near to the surface of a semiconductor due to femtosecond 

laser irradiation. 

 

Surface depletion field. Energy band bending also occurred for air-exposed 

surface of semiconductor. Similar to the Schottky barrier, the surface depletion field 

means depletion of free carriers near the surface of semiconductor. This phenomenon 
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particularly applicable to doped semiconductors or those contain impurities. When charge 

carriers are generated in the surface depletion field by ultrafast laser irradiation, the 

charges drift under the depletion field and result in a transient current. THz wave emission 

contributed by surface depletion field usually happens in semiconductors with small 

energy band gap since the laser light wavelength is usually at 800 nm (corresponding to 

a photon energy of 1.55 eV). 

 

1.4.1.3 Water film 

Although bulk liquid water is known as a strong THz wave absorber, recent 

research found the generation of broadband THz waves from liquid water film via 

femtosecond laser pulses excitation.[151] Water film with thickness less than 200 𝜇m 

does not absorb THz as compared with bulk liquid water. Jin et al. did the experiments 

with different focal points of the laser and confirmed THz wave generation when laser 

focused near the water film.[151] Although they did not conclude the mechanism of such 

THz wave generation, their findings had turned the page in THz wave research on the 

universal solvent. Huang et al. set an experiment to show THz wave and X-ray emission 

happened simultaneously from a water film under femtosecond laser irradiation.[128] 

Although the highest intensity of X-ray can be generated when the laser tightly focuses 
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on the center of the water film, THz wave intensity in the transmission pathway was 

weakened (Figure 1.24). The author has assigned the THz wave generation from water is 

based on the laser-induced plasma at near surface of the water flow, but not at the center 

of the water film.[128] The author also reported using double-pulse excitation can 

enhance the THz wave emission.[152] The pre-pulse creates mist ejection from the water 

film, and the surface of water film becomes rougher, that creates interferometric effects 

spatially for THz wave emission by the main pulse.[152] The time delay between two 

pulses is also an important factor to achieve the highest THz wave emission from the 

water film and Huang et al. found that 4.7 ns of time delay is the optimal condition in 

their set up.[153] 

 

Figure 1.24 (Left) Femtosecond laser irradiates the water film created by collision of two 

water jets. (Right, top) X-ray emission intensity against laser focal point along the z-axis. 

(Right, bottom) THz emission intensity against laser focal point along the z-axis in 

reflection and transmission pathway, respectively. Reproduced with permission from ref. 

[128] Copyright 2018 MDPI. 
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Zhang et al. also attempted explaining the THz generation from water by 

irradiating near surface of a water line (thickness 200 𝜇m) with femtosecond laser.[154] 

Similar to ref. [128], THz pulse generation has been observed if the focal point deviated 

from the center by 60 𝜇m (both positive and negative directions). Experiments and 

computational simulations have been done to explain THz generation from the formation 

of nonzero net currents in the laser interactions with the water-column plasma.[154] 

Although the exact mechanism of THz emission from a water film is the fully elucidated 

yet, the above-mentioned research have confirmed that – (1) reducing thickness of water 

(from bulk to film) can prevent the water target absorbing THz wave; (2) THz emission 

is more significant when laser focuses at several micrometers from the central axis of the 

water film; (3) double-pulse excitation can enhance the THz emission from water film; 

(4) THz and hard X-ray emission can be achieved simultaneously. 

Additionally, Huang et al. reported THz wave enhancement from ZnTe nano-

colloidal aqueous dispersion compared with bare water film under femtosecond laser 

irradiation (Figure 1.25).[155] Their findings have risen an idea of making THz emitting 

materials (nonlinear crystals, semiconductors, etc.) in nanosized and merging them into 

aqueous-based suspension to provide stronger THz wave emission. 
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Figure 1.25 (Left) THz electric field emitted from aqueous film of ZnTe nanocolloids 

and bare water in ref. [155]. (Right) The corresponding powder spectra. The laser 

intensity is 0.75 mJ/pulse. Reproduced with permission from ref. [155] Copyright 2020 

The Chemical Society of Japan. 

 

1.4.2 Terahertz wave detection 

Terahertz time-domain (THz-TDS) spectroscopy is used to detect broadband 

THz pulses. The THz pulse emitted from sample via femtosecond laser excitation is 

usually directed to an electro-optic sampling (EO) sampling crystal by parabolic mirrors. 

The THz pulse is directly detected as a function of time which gives the amplitude and 

phase of the THz pulse. The power spectrum of the THz pulse can be obtained through 

Fourier transforming the THz-TDS spectrum. EO sampling takes the advantages of 

Pockels effect in EO crystals. Pockels effect is a second-order nonlinear effect and only 

occurs in non-centrosymmetric crystals. The EO crystal is always being focused by a 
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probe beam and the THz pulse emitted from samples. Birefringence is induced when the 

THz pulse electric field interacts with the probe beam in EO crystal. Probe beam is 

elliptically polarized due to the THz pulse electric field and that is proportional to the 

THz electric field. The polarized probe beam is propagating to the differential detector 

diodes. Then, the nonzero differential signal as THz electric field is than digitalized and 

displayed on the THz-TDS software. 

Figure 1.26 is a general set up of measuring THz pulse from sample (in 

reflection mode) by EO sampling. Since there is no absolute reference of time exists, the 

relative time delay between the pump and probe pulses is used as a temporal reference 

frame. The femtosecond laser beam is separated to two pathways by a splitter – probe 

beam and pump beam. Probe beam propagates through reflectors and mirrors and focused 

on the EO crystal. The relative time delay is adjusted by the translational stage that 

changes the path length of the pump line. With the excitation by the pump beam, the 

sample emits THz pulse, which is directed by set of parabolic mirrors and propagates 

toward to EO crystal. Finally, the electric field of THz pulse is recorded and displayed on 

THz-TDS. 
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Figure 1.26 Schematic illustration of a THz detection system (reflection mode: incident 

angle of pump beam to sample = 45º) 

 

Moreover, materials used for EO samplings are categorized by three types – (1) 

ionic crystals (e.g., LiTaO3, LiNbO3, BaTiO3), (2) organic materials, (3) covalent crystals. 

However, ionic crystals show strong dispersion and absorption in THz regime, so the 

thickness of ionic crystals should be minimized as the THz sensor. Organic materials also 

have thermal stability problem. Therefore, covalent crystals are the best in all. The 

covalent crystals give higher frequency response than that in ionic crystals. Also, covalent 

zincblende materials have relatively low dielectric constant, moderate EO coefficients 

and zero intrinsic birefringence.[156] From that, <110>-directional ZnTe single crystal is 

a suitable candidate used for EO sampling. 
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1.5 Summary 

Cu-based and ZnTe nano/micro materials are of interest because they have 

different characteristics with respect to oxidation states and/or sizes. Generally 

nano/micro materials are synthesized by top-down and bottom-up approaches. In the 

syntheses of NPs dispersion via sputter deposition, characterizations on products are still 

limited. On the other hand, bottom-up approaches such as wet-chemical method and 

thermal decomposition still remain unclear. For example, the formation scheme of 

microstructures synthesized using solvothermal method are not well elucidated, because 

the process is not observable during syntheses. Moreover, the interaction between 

ultrafast laser pulse and different nano/micro materials (nonlinear optics, semiconductors, 

water, etc.) have drawn attention since EM wave in X-ray and THz regime emission have 

been observed. Therefore, it is believed that the in-depth studies of synthesizing Cu-based 

and ZnTe nano/micro materials and their optical response to the ultrafast laser pulse are 

important to broaden the application of them. 
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1.6 Research Objectives 

This dissertation focuses on synthesizing Cu-based and ZnTe nano/micro 

materials. With the concern of novel approach to synthesize nano/micro materials, 

monometallic Cu and bimetallic Cu-Pd alloy NPs are synthesized via sputter deposition 

in a polymer matrix. Characterizations on the NPs are carried out to evaluate their stability 

in the liquid polymer. Interaction between nano/micro materials and ultrafast laser pulse 

is also of interest. For this purpose, Au@Cu2O core-shell structured NPs are synthesized 

and their stability in aqueous solvents are monitored as the potential candidate of THz 

wave emitter. Moreover, oxidized Cu thin film structures are fabricated for studying their 

THz wave emission mechanism from metal/semiconductor interfaces to avoid the 

influences due to the deterioration of Au@Cu2O core-shell in aqueous solvent. On the 

other hand, ZnTe microspheres are synthesized using a hot injection method. Unlike the 

solvothermal method used in other studies, the method used in this dissertation allows us 

monitoring the formation mechanism of ZnTe microspheres. Lastly, a preliminary report 

on ZnTe microspheres as a THz wave emitter is given. 
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CHAPTER 2 

Facile Synthesis of Cu and Cu-Pd alloy Nanoparticles  

in Polymer Matrix by Magnetron Sputtering 

 

2.1 Introduction 

Alloy NPs are applied as catalysts widely because of their high surface-to-

volume ratio.[1-9] Chowdhury et al. found the catalytic function of Pd NPs can be 

enhanced by alloying with Cu.[6] They synthesized bimetallic Cu-Pd alloy NPs with 

average particle diameters of 6-10 nm and reported that the Cu4Pd96 gives the greatest 

electrocatalytic activity among other compositions of Cu-Pd alloy NPs as well as 

monometallic Cu and Pd.[6] Therefore, it is of interest to synthesize Cu-Pd alloy NPs 

with various compositions, which would help the future research on the mechanism of 

their catalytic function. 

Cu-Pd alloy NPs are usually synthesized by chemical reduction strategies.[6-9] 

However, chemical reduction can give undesired by-products at the end of the synthetic 

route.[10] Magnetron sputtering, a physical deposition technique, has drawn attention in 

many research studies for making metal NP dispersions. NPs are knocked out from the 

metal target surface by excited argon atoms, and they fall into a liquid matrix substrate 
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during the sputtering deposition.[11] Monometallic Au,[12,13] Ag,[14] Cu,[15] and 

Pt[16] and bimetallic AuAg,[17] AuCu,[18] and PtCu[19] were successfully synthesized 

into ionic liquids[13,16] or polymers[12,14-16,18,19] via sputtering. 

This chapter aimed at introducing the syntheses of monometallic Cu and Cu-Pd 

alloy NPs via sputtering deposition. For Cu NPs, Nakagawa et al. found that the sputtered 

Cu NPs in pentaerythritol ethoxylate (PEEL) were completely oxidized in a week from 

as-synthesized.[15] A weak localized surface plasmon resonance (LSPR) of Cu NPs was 

measured from the Cu NPs dispersed in PEEL sputtered with low sputtering current. The 

phenomenon was possibly caused by the changing of particle size and/or the oxidation of 

Cu NPs. In this chapter, discussions on the oxidation of Cu NPs suspended in pure PEG 

were included. Furthermore, synthesis of Cu-Pd alloy NPs dispersion by sputtering 

deposition was conducted. Compositions of Cu-Pd alloy NPs were varied by controlling 

the sputtering current. The relation of particle size and composition with the sputtering 

currents and the stability of Cu-Pd NPs with respect to oxidation were characterized. 
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2.2 Experimental 

2.2.1 Preparation of Cu NPs in PEG 

PEG (M.W. = 600, Junsei, Japan) was stirred at 700 rpm under vacuum in a 

silicon oil bath at 80 ºC for 2 h to remove moisture and gases. 10 mL of vacuum-dried 

PEG was then put into a Petri dish with an inner diameter of 60 mm. It was then located 

at the center of the sputtering chamber. Vertical distance from single head target and the 

surface of PEG was 6 cm. A stainless stirrer was immersed in the PEG. The stirring speed 

was kept at 80 rpm during sputtering. 20 cycles of gas exchange at a base pressure of 5 

× 10-3 Pa were completed to remove ingredient molecules in PEG and oxygen in the 

sputtering chamber. Cu target (99.96 % in purity, 50 mm in diameter, Nilaco, Japan) was 

then sputtered in the argon gas filled environment with 2 Pa of chamber pressure. The 

target was firstly sputtered for 10 min for cleaning the surface. Cold ethanol at 0 °C was 

used for cooling the metal target during the experiment. Movable shutter was placed on 

top of the PEG to prevent the substance from dropping into the PEG during the cleaning 

process. Sputtering time and current were set to 30 min and 50 mA respectively. Figure 

2.1a shows the schematic diagram of the sputtering process. 
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Figure 2.1 Schematic illustration of (a) single target sputtering system for metallic Cu 

NPs and (b) double target sputtering system for bimetallic Pd–Cu alloy NPs. 

 

2.2.2 Preparation of Cu-Pd NPs in PEG 

 Same procedure was carried out to treat PEG before sputtering deposition, but 

double target sputtering system was used (Figure 2.1b). The distance between the metal 

target center and the center of the liquid PEG substrate was 110 mm. Similarly, Movable 

shutters were placed in front of the metal targets and above the PEG to prevent the 

substance from dropping into the liquid substrate during the cleaning process. Co-

sputtering was performed to obtain Cu-Pd alloy NPs. The sputtering current combinations 

set in the experiments are listed in Table 2.1. Sputtering was conducted for 30 min in all 

experiments. 
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Table 2.1 Sputtering currents used in the preparation of Cu-Pd alloy NPs. 

Sample 

Sputtering current, I (mA) 

ICu IPd 

I 50 10 

II 50 30 

III 50 50 

IV 30 50 

V 10 50 

 

2.2.3 Sputtering Cu-Pd NPs onto Al foil, glass slide, Si wafer and TEM grid 

 Sputtering currents of 10, 20, 30, 40 and 50 mA were applied to either the Cu or 

Pd target for 30 min in each experiment using aluminum (Al) foil as the substrate. The 

mass of Al foil was recorded before and after sputtering for calculating the estimated 

composition of the obtained Cu-Pd alloy when using different current pairs. Sputtering 

currents listed in Table 2.1 were used for co-sputtering of Cu and Pd on a TEM grid and 

a Si wafer for 60 s. Sputtering on a carbon-coated molybdenum (Mo) TEM grid for 1 s at 

50 mA for both Pd and Cu targets was also conducted for confirming if the quantitative 

analysis of STEM-EDS is consistent with the results from XRD, XPS and mass 

measurement when PEG is not used. Table 2.2 lists the sputtering time and the 

characterization methods used for different solid substrates. Each solid substrate was 
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located at the center of the Petri dish during sputtering. 

 

Table 2.2 Solid substrates used with their corresponding sputtering time and 

characterization methods. 

Substrate Sputtering time Characterization 

Glass slide 30 min XRD 

TEM grid 1 s, 60 s STEM, TEM 

Si wafer 60 s XPS 

 

2.2.4 Characterization 

The sputtered dispersions were filled into a quartz cuvette with a 1 mm optical 

path. Optical absorption onset in the UV-Vis region (300 to 1000 nm for Cu NPs, 200 to 

800 nm for Cu-Pd alloy NPs) of the as-synthesized dispersions was obtained with a UV-

Vis spectrometer (Shimadzu UV-1800). For Cu NPs, portion of the obtained dispersions 

were filled into a glass cuvette with 5 mm of optical path. The cuvette was placed in air 

with and without a plastic cap at room temperature, optical absorption onset in the UV-

Vis region was then monitored time by time. For Cu-Pd alloy NPs, portions of the 

obtained dispersions were taken from the incubator 4 days after synthesis for measuring 

the UV-Vis spectra to determine the oxidation of the dispersion. Baseline correction was 

done by using an empty quartz cuvette before each measurement. 
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A collodion coated Cu grid (for transmission electron microscopy (TEM)) or a 

carbon coated Mo microgrid (for scanning TEM (STEM)) was dipped into the dispersion 

for 15 s, followed with dipping into ethanol for 15 min to remove excess PEG. The grid 

was then dried in air at room temperature. The size of NPs was obtained by measuring 

about 150 NPs from images taken using TEM (JEOL JEM-2000FX, 200 kV). Particularly 

for Cu-Pd alloy NPs, high-angle annular dark-field (HAADF)-STEM images were 

obtained with a JEOL JEM-ARM200F system operating at 200 kV. Composition of NPs 

was obtained by elemental mapping using energy-dispersive X-ray spectroscopy (EDS) 

coupled with STEM. TEM grids prepared by direct sputtering (Table 2.2) were observed 

by STEM (sputtering time of 1 s) and TEM (sputtering time of 60 s), respectively. 

The values of mass difference of Al foil before and after sputtering were used to 

estimate the composition of Cu-Pd alloy NPs sputtered into PEG with the same sputtering 

current. mPd and mCu were the mass of Pd and Cu loaded on the Al foil with respect to the 

metal target and sputtering current used. wPd and wCu were the weight percent of Pd and 

Cu, respectively. The estimated Pd content of alloy NPs for each pair of sputtering 

currents was calculated by: 
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𝑤&' =	
(!"

(!")(#$
      … (Eq. 2.1) 

Number	of	Pd	atoms	(𝑛&') = 	𝑤&' ×
*%

+$,.."$
  … (Eq. 2.2) 

Number	of	Cu	atoms	(𝑛/0) = 	𝑤/0 ×
*%

,1.2.,
  … (Eq. 2.3) 

at%	of	Pd = 	 3!"
3!")3#$

× 100	%    … (Eq. 2.4) 

where NA is Avogadro’s constant. 

 

Crystal structure and composition of the CuPd alloys obtained by sputtering on 

glass substrates were also evaluated using X-ray diffraction (XRD, Rigaku MiniFlex II, 

Cu Ka radiation, 𝜆= 1.5418 Å, scan speed = 0.1° min-1, and scanning range = 30° to 70°). 

The electronic state of the samples was determined using a JEOL JPS-9200 X-ray 

photoelectron spectroscopy (XPS) device equipped with a monochromatic Al Ka X-ray 

source (1486.6 eV) operating at 100 W under ultrahigh vacuum (< 5.0× 10-7 Pa) 

conditions. Charge correction was performed by referring to the binding energy (BE) of 

Si 2p from the Si wafer substrate. 
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2.3 Results and Discussion 

2.3.1 Size change of Cu NPs dispersed in PEG after as-sputtered 

 The average size of as-sputtered Cu NPs was 3.1 ± 0.8 nm. This value is similar 

with the Cu NPs sputtered into PEEL with sputtering current of 50 mA.[15] Figure 2.2 

shows TEM images and size distribution curve of Cu NPs dispersed in PEG at different 

time from as-synthesized. The Cu NPs were observed growth to 3.4 ± 0.7 nm after the 

solution was transferred into the cuvette in ambient for 1 h. Further growth of Cu NPs to 

average size of 4.1 ± 0.8 nm were observed at 4 h after as-synthesized. The average size 

of Cu NPs at day 7 was 4.1 ± 0.8 nm. The sizes of Cu NPs did not have large variation 

from day 1 onwards. Figure 2.3 has summarized the average size of Cu NPs against time. 

Agglomeration of Cu NPs was not observed for entire 7 days from as-synthesized. Hence, 

PEG is effective for restricting agglomeration of Cu NPs. 
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Figure 2.2 TEM images and size distributions of PEG-coated Cu NPs prepared by 

sputtering (current = 50 mA, time = 30 min, Pressure = 2 Pa, Temperature = 30 °C, 

substrate rotation speed = 80 rpm) at (a) 0 h, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, (f) 1 d, (g) 4 

d, (h) 7 d. Scale bars in all images are in 10 nm. 
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Figure 2.3 Particle sizes versus time from 0 d to 7 d. 

 

2.3.2 Absorption peak of Cu NPs at 570 nm degraded due to oxidation 

As-synthesized dispersion showed LSPR at about 570 nm in UV-Vis spectra of 

Cu NPs (Figure 2.4a). This confirmed that the sputtered NPs are metallic Cu. A slightly 

blue shift in the LSPR was found for the first 2 days. There was an increase in the 

absorbance of the dispersion at day 1 accompany with the shift in LSPR of Cu NPs. This 

attributes to the increase of particle size. The absorbance of the dispersion showed a 

decreasing trend from day 1 after synthesized. The decreasing in absorbance at 570 nm 

was almost linear with time (Figure 2.4b). Meanwhile, the visual colour of the dispersion 

faded out significantly from dark brown to pale yellow with respect to time and clear pale 

yellow colour was observed at day 10 after synthesized. The shrinkage of dark brown 

coloured region in the cuvette happened along with the decreasing absorbance of the 
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dispersion. These results are in good agreement showing the oxidation of Cu NPs. 

To further confirm the oxidation of Cu NPs, UV-Vis spectra of the dispersion 

keeping in air without plastic cap and sealed with a plastic cap (as control) were measured. 

Cuvettes were kept in dark at room temperature. Figure 2.5a shows the opened cuvette 

resulted lower absorbance in the UV-Vis spectra when compared to the cuvette sealed 

with the plastic cap. It was considered that the solution in the opened cuvette oxidizes 

faster than the sealed cuvette. Until day 10 from as-synthesized, the colour of solution 

almost diminished. Since the plastic cap was not a perfect sealing, the dispersion in the 

sealed cuvette also experienced oxidation as shown in the visual images in Figure 2.4b 

but in slower rate. Selected area electron diffraction (SAED) image was taken for the 

sample synthesized for 8 days. Figure 2.5b shows the diffraction from (111) and (200) 

planes of CuO, suggested that the Cu NPs oxidized. 
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Figure 2.4 (a) UV-Vis spectra from day 0 to day 10. (b) Absorbance at 570 nm from UV-

Vis spectra versus time. Condition of cuvette indicated the colour faded out. 

 

 
Figure 2.5 (a) UV-Vis absorbance onset of sealed cuvette (control) and opened cuvette at 

1 hour. (b) SAED of the sample after 8 days from sputtering. 
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2.3.3 Formation of Cu-Pd alloy NPs 

Cu-Pd alloy NPs were synthesized by sputtering deposition onto PEG. The UV-

Vis spectra with range from 200 to 800 nm in Figure 2.6a illustrates dispersions 

containing metal had higher absorbance among the spectra than pure PEG, which showed 

negligible absorption above 250 nm and very weak absorption from 230 to 250 nm. 

Monometallic Cu in PEG had localized surface plasmon resonance (LSPR) at 570 nm 

which is typical for Cu.[15] Dispersion of monometallic Pd NPs gave an absorption 

shoulder in the short wavelength region (230-250 nm) and monotonically decreased at 

higher wavelength region. Similar phenomenon was observed for Pd NPs in ionic liquid 

and water.[20-21] All Cu-Pd alloy NPs (samples I to V) did not show LSPR peak at 580 

nm and exhibited a decrease in absorbance from short to long wavelength. Figure 2.6b 

shows the dispersion in quartz cuvette with 1 mm of optical path, which was taken to the 

UV-Vis measurement. No precipitation was observed with the naked eyes. The UV-Vis 

spectra indicated that Cu and Pd can form alloy NPs instead of monometallic Pd NPs, Cu 

NPs, and Pd-Cu core-shell structure.[22] A decrease in the absorbance for the whole 

measurement range was observed when the sputtering current for Cu decreased from 50 

mA to 10 mA and keeping the sputtering current of Pd was kept constant at 50 mA 

(samples III, IV, V). This can be explained by the lower amount of Cu in the alloys in the 
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dispersion when decreasing the sputtering current of Cu. Similar phenomenon occurred 

when keeping the sputtering current for Cu constant at 50 mA and decreasing the 

sputtering current of Pd from 50 mA (sample III) to 30 mA (sample II). However, the 

further decrease in the sputtering current of Pd to 10 mA did not result further decrease 

in the absorbance. 

 

 

Figure 2.6 (a) UV-Vis absorption spectra of as-sputtered alloy samples I to V, 

monometallic Pd, monometallic Cu and vacuum dried PEG. (b) Dispersions of Pd-Cu 

alloy NPs (sample III), monometallic Pd NPs and monometallic Cu NPs in quartz cuvettes 

with a 1 mm optical path. 
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2.3.4 Size of Cu-Pd alloy NPs against sputtering currents 

TEM images and the particle size distributions of samples I to V are given in 

Figure 2.7 and Figure 2.8. The average size of CuPd alloy NPs was 2.4–2.5 nm despite 

the different combinations of sputtering currents. Research on monometallic NPs and 

alloy NPs in PEG synthesized by single target sputtering deposition had found a 

dependency of NP size on sputtering current.[15] It had been reported that bigger NPs 

were often observed for a higher sputtering current.[13,16] On the other hand, for alloy 

NPs prepared by double target sputtering, or sequential sputtering, the relation of particle 

size and sputtering currents is more complicated. Some researchers observed an increase 

in particle size of alloy NPs with increasing sputtering current, while others observed the 

opposite.[18,23] However, in the case of bimetallic Cu-Pd alloy NPs, particles in all 

samples had an average size of 2.4-2.5 nm despite the sputtering current (10-50 mA). In 

the case of Cu NPs synthesized via single target sputtering, the sizes of Cu NPs sputtered 

with sputtering current of 10-50 mA were about 2.7-3.9 nm in size. This suggested that 

the sputtering currents used in the double target sputtering system (10-50 mA) were not 

sufficient to show the effectiveness of increasing or decreasing particle size by increasing 

sputtering current of the Cu and Pd metal pair. No aggregation was found in all samples 

since PEG can act as a protective layer to the single particle and has the function of 
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suppressing NP aggregation.[16]  

 

 

Figure 2.7 TEM images of samples I–V. Scale bar in all images is 10 nm. 

 

 

Figure 2.8 Size distributions of the samples I–V. 
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2.3.5 Particle Composition against Sputtering Currents 

For the purpose of knowing the structure of the NPs and alloy formation, XRD 

and XPS were performed. The reason for performing the direct deposition on the solid 

substrate but not using the alloy NPs synthesized in PEG for XRD and XPS measurement 

was that the NPs were unable to be separated from the PEG even using ultra speed 

centrifugation. 30 min of sputtering time was used to make the sample for XRD 

measurement to obtain enough signal from the alloy structure. 

The XRD patterns of the sputtered thin film on glass slide substrate are displayed 

in Figure 2.9. A single peak was located between the (111) peaks of pure Cu and Pd for 

all samples. The (111) diffraction peak in the XRD pattern were (I) 42.69°, (II) 41.75°, 

(III) 41.55°, (IV) 41.03 and (V) 40.46° respectively. The peak was shifted from Pd 

towards Cu with the increase of Cu content according to the change of sputtering current 

for Cu and Pd. The peak positions obtained for the (111) plane was used to determine the 

d-spacing for each sample via Bragg’s law[24]: 𝑑 = 		𝑛𝜆/(2	𝑠𝑖𝑛𝜃), whereas n is unity, λ 

= 1.5418 Å, θ is the angle of the peak located. The composition of the alloy was then 

calculated with the d-spacing via Vegard’s Law.[25] Table 2.3 lists Pd content interpreted 

from XRD result in sample I – V. Figure 2.10 shows the d-spacing calculated using the 

(111) peak in the XRD patterns of all samples linearly decreased when Cu content 
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increased, which follows Vegard’s law for a bimetallic solid solution. This suggested that 

a solid solution alloy of cubic structure was obtained for Cu-Pd sputtered on the solid 

substrate. Thus, we believed that the NPs sputtered into PEG were also a solid solution 

because they had a higher surface energy and atomic diffusion processes were more 

favourable in NPs dispersion compared with those of a thin film on a glass slide. 

 

 

Figure 2.9 Left XRD patterns of the Cu-Pd alloy sputtered on a glass slide for 30 min 

with the same sputtering current as samples (I–V). Below is the enlargement of the (111) 

peaks in the XRD patterns from 38° to 45°. Standard patterns of Cu (JCPDS no. 46-1043) 

and Pd (JCPDS no. 04-0836) for reference. 
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Figure 2.10 d-spacing determined from the (111) peak in the XRD patterns with respect 

to the Cu content calculated with Vegard’s Law. 

 

Table 2.3 Summary of the Pd content in samples I–V determined by Vegard’s law using 

XRD patterns, quantitative analysis by XPS, mass measurement, and elemental mapping 

by STEM-EDS. 

 Pd content determined by different methods (at %) 

Sample XRD XPS Mass measurement STEM-EDS 

I 18 11 17 74 ± 2 

II 47 45 45 66 ± 3 

III 53 57 55 77 ± 3 

IV 70 64 71 84 ± 5 

V 89 86 88 89 ± 2 
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The binding energies of the Cu 2p level and Pd 3d level in samples I–V sputtered 

directly on the Si wafer for 1 min are shown in Figure 2.11. Since many reports mentioned 

that the particle size would affect the binding energies of core levels,[26-29] 1 min of 

sputtering time was used to avoid particle growth happening on the solid substrate. Direct 

sputtering was performed on the TEM grid and 150 NPs were taken for size measurement. 

The average size of alloy NPs in all samples sputtered for 1 min was 2.3–2.6 nm (Figure 

2.12). In addition, 1 min of sputtering time was still not enough for the NPs to form a film 

structure although the NPs were very close to each other compared with those in the PEG.  

Thus, the XPS results, i.e., the electronic structure and composition, of the sample 

sputtered on Si wafer can be used for discussing the alloy formation in close relation to 

the Cu-Pd NPs obtained in PEG. The graph on the left of Figure 2.11 shows the Cu 2p1/2 

and Cu 2p3/2 peaks. The difference of the binding energies of these peaks was 19.8 eV in 

all spectra, which is typical for a Cu 2p spectrum.[30] For the Pd 3d level spectra (right 

of Figure 2.11), the Pd 3d3/2 and Pd 3d5/2 peaks had a binding energy difference of 5.3 eV, 

which is the same as the standard spectrum of Pd at the 3d core-level.[31] The 

composition of samples I–V was determined by quantitative analysis is given in Table 

2.3. 
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Figure 2.11 XPS spectra of Cu 2p (left) and Pd 3d (right) of samples I–V. The dotted 

black curves are the actual spectra. The blue and red curves are the fitting spectra with an 

asymmetric Gaussian–Lorentzian sum function (70% L–G) and a Shirley background. 

The dashed lines showing the reference peak positions of Cu and Pd are visual guides of 

the peak shifts. 
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Figure 2.12 TEM images of samples I–V directly sputtered on a TEM grid for 1 min. The 

scale bars in all images are 5 nm. 

 

Figure 2.13 shows the trend of binding energy shifting of the Pd 3d5/2 peak and 

Cu 2p3/2 peak against the Cu content. The core-level binding energy (BE) shifted from 

335.30 to 335.33 eV for Pd 3d5/2, and from 931.76 to 932.50 eV for Cu 2p3/2 when the Cu 

content was increased by lowering the sputtering current for Pd and increasing the 

sputtering current for Cu. The BE shifting was observed in all samples compared with the 

BE of pure Cu (932.8 eV) and Pd (335.1 eV), whereas the BE shifted negatively for Cu 

2p3/2 and positively for Pd 3d5/2 (Table 2.4).[32-35] BE shifting can be due to the size 

effect and alloying.[36] The size effect on BE shifting should be taken into account if the 

NP size difference was about 5 to 10 nm.[37] In our samples, the NP size difference was 

less than 1 nm. Therefore, it is considered that the BE shifting was due to alloy formation 

but not due to the size effect. The shifting of BE might be ascribed to the occurrence of 
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electron transfer between Pd and Cu within the alloy NPs.[38] The magnitude of BE 

shifting in Cu 2p was significantly higher than that in Pd 3d. A similar finding was 

reported elsewhere.[39] The results from XRD and XPS confirmed that the formation of 

the solid solution with different sputtering current pairs for Pd and Cu. 

 

 

Figure 2.13 Shift of binding energies (ΔBE) of Pd0 3d5/2 (left y-axis) and Cu0 2p3/2 peak 

(right y-axis) with respect to the Cu content (at%) by quantitative analysis in XPS. 
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Table 2.4 Binding energies of Pd0 3d5/2 and Cu0 2p3/2 peaks in samples I–V. 

 Binding energies (eV) 

Sample Pd0 3d5/2 Cu0 2p3/2 

I 335.33 932.50 

II 335.31 932.23 

III 335.30 931.90 

IV 335.30 931.85 

V 335.30 931.76 

 

Masses of the sputtered Pd and Cu on Al foil were obtained from the mass 

differences of the Al foil before and after sputtering. The sputtered amounts of Pd and Cu 

were directly proportional to the sputtering current used (Figure 2.14). For Cu, 10 mA, 

30 mA and 50 mA sputtering currents yielded 0.1 mg, 0.3 mg, and 0.6 mg of Cu; the same 

current conditions yielded 0.2 mg, 0.8 mg, and 1.2 mg of Pd, respectively. The estimated 

average amount of Pd in the Cu-Pd alloy obtained by co-sputtering was then calculated 

from the mass of Pd and Cu complying with Eq. 2.1 – 2.4. and the results are shown in 

Table 2.3. The compositions estimated from mass measurement can be considered as the 

theoretical composition of Cu-Pd alloy if they form a solid solution. 

Composition of Pd in NPs of samples I–V was analyzed with STEM-EDS results. 

The Pd content in the samples was (I) 74 ± 2 at%, (II) 66 ± 3 at%, (III) 77 ± 3 at%, (IV) 
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84 ± 5 at% and (V) 89 ± 2 at%, respectively. STEM-EDS mapping in Figure 2.15 shows 

that the particles from sample III have both Pd and Cu co-existing in the same place, 

suggesting the formation of the alloy structure. The content of Pd in the alloy NPs in PEG 

measured by STEM-EDS for all samples was higher than the estimated values from XRD 

peak position, XPS quantitative analysis and the mass measurement of the samples on 

solid substrates. The carbon coated Mo grid containing alloy NPs prepared by direct 

sputtering with the same sputtering current as that of sample III, i.e. IPd = 50 mA, ICu = 

50 mA, was also subjected to STEM-EDS analysis. In contrast, the result showed that the 

sample has a Pd content of 58 ± 6 at%, which is very close to the estimated value 

determined by XRD (53 at%), XPS (57 at%), and mass measurement (55 at%). The 

increase in Pd at% with increasing sputtering current for Pd or lowering sputtering current 

for Cu so far was observed in STEM-EDS mapping for sputtered Cu-Pd alloy NPs in PEG 

as expected. This revealed the capability of varying the sputtering current to tailor the 

particle composition. However, it was found that the average Pd content in Cu-Pd NPs of 

all samples measured by STEM-EDS is higher than the value determined by other 

methods. This might be because some atoms/clusters were not included in NPs and stay 

as free atoms/clusters as in the HAADF-STEM images (Figure 2.15). The free 

atoms/clusters can be stabilized in PEG from collision and growth to form NPs but the 
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signal from very small NPs, clusters, and free atoms is too weak to be sorted out from the 

background signal and counted in STEM-EDS analysis. Furthermore, the measurement 

of STEM-EDS in this research was performed by detecting the signal from particles of 

narrow area but not the whole sample (yellow circle in Figure 2.15), while obtaining 

accurate compositions of the particles in the sample requires STEM-EDS mapping of all 

particles and sizes. Thus, we think that there were NPs/clusters with smaller sizes that 

maybe richer in Cu existing in the sample. For example, the composition of alloy NPs 

observed in Figure 2.16 was calculated with Vegard’s Law from their lattice spacing.[25] 

It was found that NPs in sample II have 37 at% Pd and the ones in sample III have 58 at% 

Pd. 

Compared with the estimated content of Pd by mass measurement, the Pd content 

of NPs in sample III was close to the value obtained by XPS measurement (57 at%), 

whereas that of the NPs in sample II (37 at%) was lower than the value obtained by XPS 

(45 at%) and XRD (47 at%) measurement. As a result, it is also possible that there were 

some alloy NPs containing more/less Pd than the neighbour NPs and what we obtained 

for each pair of sputtering currents was a mixture of alloy NPs. The obtained NPs had a 

range of composition, wherein Pd and Cu contents were not uniform throughout all alloy 

NPs. 
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Figure 2.14 Masses of Pd and Cu obtained at the center area of the sputtering chamber 

with a diameter of 60 mm with respect to the sputtering currents from 10 to 50 mA. 

 

 

Figure 2.15 Top HAADF-STEM image and STEM-EDS mapping images of the 

overlapping of Pd and Cu, Cu, and Pd of a NP in PEG of sample III. Bottom HAADF and 

mapping images of Cu-Pd NPs sputtered on a carbon coated Mo microgrid (IPd = 50 mA, 

ICu = 50 mA). Yellow circle indicates the NPs of interest. Scale bar in all images is 3 nm. 
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Figure 2.16 HAADF-STEM images of Cu-Pd alloy NPs in samples II and III. The scale 

bars in all images are 2 nm. 

  

2.3.6 Oxidation of Cu in Cu-Pd alloy NPs in PEG 

Because Pd rich Cu-Pd alloy NPs were often observed among the Cu-Pd alloy 

NPs in STEM-EDS mapping and Cu is prone to oxidation, we also suspected that Cu 

atoms from the formed Cu-Pd alloy NPs were also possibly oxidized. The Cu 2p3/2 XPS 

spectra (Figure 2.11) of all samples clearly show the existence of CuxO judging from the 

presence of the satellite peak (940–945 eV) and the high binding energy part near Cu0. In 

addition, Gabrielli et al. suggested that the presence of PEG would increase the oxidation 

potential of Cu, causing Cu dissolution.[40] To check the oxidation of the dispersion, 

samples II, III and IV were subjected to UV-Vis measurement at day 4 after the synthesis. 

The UV-Vis spectra (Figure 2.17) show a decrease of absorbance of these samples at day 

4 after the synthesis. This phenomenon was also found in the synthesis of monometallic 
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Cu in ionic liquids[41,42] by sputtering and this might be due to the formation of CuxO 

at the surface of Cu atoms/clusters in the dispersion. Furthermore, using the same 

sputtering configuration of sample III to synthesize Cu-Pd alloy NPs on the TEM grid 

without PEG resulted in a content of Pd (58 ± 6 at%) that is much closer to the content 

(57 at%) found by XPS measurement. Therefore, Cu atoms in the alloy NPs dispersed in 

PEG possibly oxidized and migrated into the liquid polymer due to weak chemical 

interaction between metal and polymer,[43] causing less Cu to be observed in the alloy 

NPs by STEM-EDS mapping. Although sputtering deposition is a direct top-down 

approach for producing NPs, which does not require the use of a variety of reducing 

agents, the problem of oxidation of Cu atoms in the alloy NPs and the dissolution should 

be solved before promoting the dispersion made by sputtering for catalytic reactions 

reported elsewhere.[6-9,44] 

 

Figure 2.17 UV-Vis spectra of samples (solid line) as-synthesized and (dashed line) at 

day 4 after synthesis: (A) II, (B) III and (C) IV. 
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2.3.7 Crystallinity of the Cu-Pd alloy NPs in PEG 

Under the observation of STEM, many of the NPs had very low crystallinity and 

do not show clear atomic columns in HAADF images. After the electron beam scanning 

by STEM-EDS mapping, crystallinity of the CuPd alloy NP was increased (Figure 2.18). 

Similar results were found by Garzón-Manjón et al. while they made Cr–Mn–Fe–Co–Ni 

alloy NPs by magnetron sputtering onto ionic liquid.[45] This indicates the impact of the 

focused electron beam on improving the crystallinity of the alloy NPs. Heat energy 

(temperature of 30 °C) of PEG for capturing the NPs was not sufficient for NPs to be well 

crystallized. Also, particles tended to aggregate and fuse together after EDS mapping for 

1 min (Figure 2.18). Thus, post-treatment (electron irradiation, heat treatment, etc.) can 

be considered to improve the crystallinity of the sputtered NPs. 
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Figure 2.18 HAADF-STEM images of NPs in sample III before and after STEM-EDS 

mapping for 60 s. 
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2.4 Conclusion 

Cu NPs sized less than 4 nm were synthesized in PEG by single target sputtering 

deposition. When PEG was used as the substrate, it could avoid aggregation of NPs. 

Shoulders at 570 nm in UV-Vis spectra assigned to the LSPR of metallic Cu NPs. Cu NPs 

oxidized in PEG after sputtered in few hours. If adopting Cu NPs in PEG by sputtering 

deposition in practical usage, oxidation and growth of particles are the major concerns. 

On the other hand, bimetallic Cu-Pd alloy NPs with size less than 3 nm were synthesized 

by double target sputtering deposition. No absorption shoulder/peak was found at 570 nm, 

indicated that the product contained Cu-Pd alloy NPs dispersion, but not the mixture of 

single element Cu and Pd. From the results of XRD and XPS, wherein alloy NPs were 

directly sputtered onto a solid substrate, the composition of the alloy NPs was found to 

vary with different combinations of the sputtering current for Cu and Pd targets. However, 

the composition of NPs sputtered onto PEG had an exceptionally high content of Pd 

compared with the results of XRD and XPS, and the estimated value by mass 

measurement. It is suspected that Cu atoms in the alloy NPs oxidized and dissolved into 

PEG, so that all alloy NPs were found to be Pd-rich under STEM-EDS. The further study 

regarding to the mobility of Cu atom in the alloy NPs dispersed in PEG is required to 

understand the reason of Pd-rich particles found in liquid polymer only but not on the 
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solid substrates. One of the uncertainties is that the sputtering deposition could yield alloy 

NPs with deviation in the composition. Therefore, in order to determine the catalytic 

properties of the sputtered NPs, composition should be controlled precisely, and this 

remained a challenge for using sputtering technique to synthesize nano-scaled catalyst. 
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CHAPTER 3 

Degradation of Shell Thickness-Tunable Au@Cu2O 

Core-Shell Nanoparticles in Aqueous Solution 

 

3.1 Introduction 

Recent technological developments have made terahertz (THz) wave to be used 

in lots of fundamental studies and practical applications such as broadband 

communication, homeland security and medical imaging.[1-3] Development of THz 

wave source has accelerated in terms of higher output intensity, wider spectral generation 

and compact in size and at low cost. Huang et al. found a water film could generate both 

THz wave and X-ray under femtosecond laser excitation and the THz wave emission can 

be enhanced through dispersing ZnTe colloids in water.[4-5] The integration of the THz 

wave technology and nanomaterials is worthwhile. Thus, the colloidal aqueous dispersion 

is of interest for developing new source for THz wave. 

As discussed in chapter 1, metal/semiconductor interface leads to terahertz 

(THz) wave emission applications. With the reports by Huang et al., 

metal@semiconductor core-shell nanoparticles (NPs), which consist of metal-

semiconductor interface, also possibly enhance THz wave emission as like as ZnTe.[4-5] 
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Au@Cu2O is hereby chosen because Au core is stable, and the Cu2O shell recently 

becomes an attractive THz wave source.[6-10] With the enhancement of the localized 

surface plasmon resonance (LSPR) of Au, Au@Cu2O core-shell NPs are expected to be 

useful in terahertz wave emission. The synthetic route of Au@Cu2O core-shell NPs is 

relatively easy. It is because there is small lattice mismatches between the lattice planes 

of (111) for Au and (200) for Cu2O, which leads the epitaxial growth of Cu2O on the 

surface of Au cores.[11-12] This approach does not require any ligand to control the 

particles’ sizes and it is beneficial to the THz wave emission. It is because the commonly 

used ligands in NPs syntheses are usually organic, which possibly absorb the THz wave 

emitted from the NPs. 

However, the chemical stability of Au@Cu2O core-shell NPs in water should be 

evaluated before applying them since Huang et al. found the degradation of ZnTe colloids 

after several tests of THz wave emission.[5] This chapter presents a facile synthesis 

method of synthesizing Au@Cu2O core-shell NPs. The Cu2O shell thickness was 

controllable from 2 to 40 nm by adjusting the concentration of Cu precursor during the 

synthesis. Characteristic UV-Vis absorption bands of Au@Cu2O NPs dispersed in 

ethanol/water mixed solvent were monitored in 14 days, and to evaluate whether the 

Au@Cu2O NPs in aqueous solution suit for the THz wave emission test. 
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3.2 Experimental 

3.2.1 Materials 

 Anhydrous copper (II) chloride (CuCl2, 95%, Wako, Japan), hydrogen 

tetrachloroaurate (III) trihydrate (HAuCl4∙3H2O, 99.5%, Kanto, Japan), trisodium citrate 

dihydrate (SC, 99.99%, Wako), sodium dodecyl sulfate (SDS, 97 %, Junsei, Japan), 

sodium hydroxide (NaOH, 97%, Junsei), hydroxylamine hydrochloride (NH2OH∙HCl, 

98%, Kanto), and ethanol (99.5%, Wako) were used as received. Water used in 

experiments was purified using a PureLabo system (Organo/ELGA, resistivity > 18.2 

MΩ). 

 

3.2.2 Synthesis of Au NPs 

Spherical Au NPs were synthesized using the Turkevich method. Briefly, 500 

mL of 0.5 mM HAuCl4 (0.1030 g) aqueous solution was heated to boiling in a 1 L 

Erlenmeyer flask with stirring at 1000 rpm. A pre-heated 25 mL of SC solution (0.25 g, 1 

wt.%) was added to the HAuCl4 solution rapidly. The mixture was boiled for 15 min then 

cooled down to room temperature (25 ºC) naturally prior to use. 
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3.2.3 Synthesis of Au@Cu2O core-shell NPs 

 Figure 3.1 illustrates the steps of making Au@Cu2O core-shell NPs. 25 mL of 

0.1 M CuCl2 aqueous solution, 25 mL of SDS aqueous solution (80 g/L), 50 mL of 1 mM 

Au NP solution, and 6.3 mL of 1 M NaOH solution were sequentially added into 164 mL 

of DI water with vigorous stirring, followed by ultrasonication for 1 min. Then, 5 mL of 

0.2 M NH2OH∙HCl solution was injected into the solution, that was further stirred at 400 

rpm for another 1 h for the formation of Au@Cu2O core-shell NPs. Eventually, the 

solution was centrifuged at 10000 rpm for 5 min. After the supernatant was decanted, the 

precipitates were washed with ethanol three times using centrifugation (10000 rpm, 5 

min). 

 

2.2.4 Characterization 

 UV-Vis absorption spectra were measured using a JASCO V-630 

spectrophotometer. The size distribution based on the dynamic light scattering (DLS) 

technique and zeta potentials of obtained NPs samples were obtained by using a zeta-

potential and particle size analyzer (Photal Otsuka Electronics, ELSZ-1000ZS). The 

morphologies of core-shell NPs were observed using transmission electron microscope 

(TEM, JEOL JEM-2000FX, 200 kV) and scanning electron microscope (SEM, JEOL 
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JSM-6700F, 15 kV). The high-resolution transmission electron microscope (HRTEM) 

images were taken by using a high-resolution field-emission gun scanning TEM (STEM, 

JEM-ARM200F Cold, JEOL) operated at 200 kV. The X-ray diffraction (XRD) patterns 

were collected by using a Rigaku Miniflex II X-ray diffractometer with the Cu K𝛼 

radiation, 𝜆 = 1.5418 Å as the source. 

 

 

Figure 3.1 Procedure of synthesizing Au@Cu2O core-shell NPs. 
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3.3 Results and Discussion 

3.3.1 Formation of Au@Cu2O core-shell NPs 

Figure 3.2 shows TEM image, size distribution, and UV-Vis absorption 

spectrum of Au NPs that were used as the core. Figure 3.3 is the visual image of solution 

for showing the colour change during the synthesis. Cu2O was formed by reducing 

Cu(OH)2 to Cu2O with NH2OH ∙ HCl. Generally, core-shell NPs with bimetallic 

heterostructures can only formed when two metals have lattice well-matched to each 

other.[13-14] The formation of Cu2O shell on the Au NPs was owing to small lattice 

mismatch between Cu2O and Au, so that Cu2O could grow uniformly on the surface of 

Au NPs. 

 

 

Figure 3.2 (a) TEM image with scale bar 100 nm. Inset is the photo of solution. (b) size 

distribution and (c) UV-Vis absorption spectrum as-synthesized Au NPs. 
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Figure 3.3 Color change in the synthesis of Au@Cu2O NPs. 

 

 Analysis on a single Au@Cu2O core-shell NP captured by high-angle annular 

dark-field STEM (HAADF-STEM) image (Figure 3.4a) shows the Cu2O shell 

surrounded the central Au core. The bright-field TEM image (Figure 3.4b) indicates the 

diffraction contrast in the shell area, that is the polycrystalline Cu2O shell. The HRTEM 

image (Figure 3.4c) was captured at the interface of the Au core and the Cu2O shell. The 

interplanar spacing of Au core was 2.32 Å, matched with the d-spacing of Au (111) plane. 

It was parallel to the (111) lattice planes of the Cu2O shells, which had interplanar spacing 

of 2.46 Å. The image shows the good epitaxial growth of Cu2O on Au. Moreover, the 

spots in the fast Fourier transform (FFT) pattern (Figure 3.4d) were attributed to the (111), 

(200), and (311) reflections of cubic structured Cu2O and also the (111) reflection of face-

centered cubic structured Au. 
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Figure 3.4 (a) HAADF-STEM and (b) TEM images of Au@Cu2O core-shell NPs. (c) 

HRTEM image taken at the interface of Cu2O shell and Au core labeled in (b). (d) Fast 

Fourier Transform (FFT) of the image in (c). 

 

3.3.2 Tunable Cu2O shell thickness 

 XRD patterns of Cu2O and Au@Cu2O NPs are shown in Figure 3.5. The 

diffraction peaks at 29.6º, 36.4º, 42.3º, 61.3º, 73.7º, and 77.6º were attributed to the (110), 

(111), (200), (220), (311), and (222) planes of Cu2O. The crystalline size of Cu2O was 

38.5 nm, which was calculated using Scherrer’s equation with taking the full width at half 
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maxima (FWHM) of the main peak located at 36.4º. The crystalline size of Cu2O was 

close to the Cu2O shell thickness measured from TEM image (35.1 ± 4.0 nm). XRD 

pattern of Au@Cu2O matches with that of Cu2O, but a small peak contributed by the Au 

core was found at 38.2º. 

 

 

Figure 3.5 XRD patterns of as-synthesized Au@Cu2O core-shell NPs and Cu2O. 

Standard patterns of Cu2O (JCPDS no. 05-0667) and Au (JCPDS no. 04-0836) for 

reference. 
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 The shell thickness of Cu2O can be controlled over the range of 2-35 nm by 

varying the concentration of CuCl2 solution during the synthesis. When CuCl2 was 

dissolved in the alkaline medium, Cu(OH)2 colloids formed. These colloids were reduced 

by NH2OH∙HCl to form Cu2O. The more Cu(OH)2 colloids, the thicker Cu2O shell can 

be obtained. Figure 3.6a-d shows the TEM images of Au@Cu2O core-shell NPs 

synthesized using different concentration of CuCl2 aqueous solution – 100, 10, 2, and 1 

mM, respectively (named in order as Au@Cu2O-100, Au@Cu2O-10, Au@Cu2O-2, and 

Au@Cu2O-1). The shell thickness of Cu2O increased with the concentration of CuCl2 in 

the solution. The colours of the solution containing Au@Cu2O NPs with different Cu2O 

shell thicknesses were distinct. The Cu2O shell thickness was determined by subtracting 

the overall diameter of the NP by the diameter of the Au core. The average shell thickness 

of Au@Cu2O NPs were 2.1, 4.6, 16.6, and 35.1 nm with increasing the concentration of 

CuCl2 solution (Figure 3.6e-h). Moreover, the Au core was fully encapsulated in all NPs 

in the Au@Cu2O-100 sample and Au@Cu2O-10. Alternatively, thin Cu2O shells with 

irregular shapes were observed in Au@Cu2O-2 and Au@Cu2O-1 samples and even part 

of the surfaces of the Au cores were not encapsulated by Cu2O. 
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Figure 3.6 TEM images with scale bar 50 nm of as-synthesized Au@Cu2O core-shell 

NPs named (a) Au@Cu2O-100, (b) Au@Cu2O-10, (c) Au@Cu2O-2, and (d) Au@Cu2O-

1. The inset of each image shows the visual image of the solution with different Cu2O 

shell thickness. (e-h) Size distributions of Cu2O shell thickness correspond to (a-d). 
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3.3.3 Aggregations of Au@Cu2O core-shell NPs 

Although the visual images (Figure 3.2 and insets of Figure 3.6) show no 

aggregation/precipitations appeared during the synthesis. Size distribution obtained from 

DLS (Figure 3.7) was larger than those of the individual particles shown in the 

corresponding TEM images, indicating the existence of aggregated clusters of Au@Cu2O 

NPs. Also, the relatively small zeta potential (Figure 3.8) reveals that the Au@Cu2O NPs 

were prone to aggregate with an extended storage time. 

 

 

Figure 3.7 DLS results of as-synthesized Au@Cu2O core-shell NPs: (a) Au@Cu2O-100, 

(b) Au@Cu2O-10, (c) Au@Cu2O-2, (d) Au@Cu2O-1 (Concentration: 0.1 mM (based on 

Au); Solvent: ethanol). 
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3.3.4 Optical properties of Au@Cu2O core-shell NPs 

 The Au NPs had a surface plasmon resonance (SPR) absorption peak at 518 nm 

(Figure 3.2c). The SPR peak red-shifted when Cu2O shell with different thickness formed 

on Au core from 518 nm to 574 nm (Au@Cu2O-1), 641 nm (Au@Cu2O-2), and 667 nm 

(Au@Cu2O-10) (Figure 3.8). This was due to the increase in local dielectric constant 

resulted from the interfacial effect between the thicker Cu2O shell and the Au core. The 

SPR absorption peak of Au NPs was not observed in the case of Au@Cu2O-100, 

suggesting the Au core was fully encapsulated by Cu2O shell. In other words, other three 

samples probably contain Au cores that were not completely encapsulated by Cu2O shell 

and/or the Cu2O shell was thin that the UV-Vis radiation could reach to the Au core in the 

measurement. Moreover, the absorption peaks at 381 nm and 455 nm were attributed to 

the interband transitions in Cu2O and the scattering from the Cu2O shell.[15] These 

absorption peaks had higher intensity with increasing Cu2O shell thickness. In addition, 

Mie scattering also resulted in the higher absorbance at a wavelength below 500 nm for 

Au@Cu2O-10 and Au@Cu2O-100 samples. 
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Figure 3.8 UV-Vis absorption spectra of as-synthesized Au@Cu2O-100, Au@Cu2O-10, 

Au@Cu2O-2, and Au@Cu2O-1 core-shell NPs with decreasing Cu2O shell thickness. 

 

3.3.5 Stability of Au@Cu2O core-shell NPs in water/ethanol mixed solvent 

Au@Cu2O core-shell NPs were dispersed in aqueous solvent, ethanol/water 

mixed solvents with various compositions (ethanol/water vol/vol in mL) of 70:30 (#1), 

60:40 (#2), 50:50 (#3), 30:70 (#4), and 10:90 (#5). These dispersions were kept at room 

temperature. Figure 3.9 shows the Au@Cu2O-100 NPs dispersed in ethanol/water mixed 

solvents had characteristic absorption peak at 230, 296, 380, 458, and 480 nm in all 

solvent compositions. In the solvents of < 50 vol % water content (#1, #2, and #3), all of 

the characteristic absorption peaks of Au@Cu2O were preserved for 14 days without any 

changes (Figure 3.9a-c). In solvent #4, the characteristic absorption peak became weaker 
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after 5 days and disappeared after 7 days, leaving a broad absorption band with the 

maximum at about 360 nm (Figure 3.9d). In solvent #5, the characteristic absorption 

peaks almost disappeared after 5 days, leaving a broad absorption band with the 

maximum at about 370 nm (Figure 3.9e). The absence of absorption peaks was attributed 

to the structure of Au@Cu2O core-shell NPs had changed, or some reactions were taken 

place during the storage. 

 

 

Figure 3.9 UV-Vis absorption spectra of Au@Cu2O-100 core-shell NPs suspensions after 

synthesis for 1, 3, 5, 7, and 14 days stored in ethanol/water mixed solvents with different 

compositions (ethanol/water, vol %) of (a) 70:30 – #1, (b) 60:40 – #2, (c) 50:50 – #3, (d) 

30:70 – #4, (e) 10:90 – #5. 
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TEM images of Au@Cu2O-100 sample stored in solvent #4 – with ethanol/water 

ratio 30:70 – were taken time by time (Figure 3.10). The morphologies of the Au@Cu2O-

100 NPs changed from a spherical shape to an irregular core-shell structure with multiple 

Au cores in 5 days. Then the Cu2O shell aggregated with neighbor shells in 14 days, 

resulted in large aggregates of Cu2O attached to multiple Au cores. The selected-area 

electron diffraction (SAED) pattern in the inset of Figure 3.10c has the diffraction signals 

of both CuO and Au, indicating the phase transformation from Cu2O to CuO occurred. 

For comparison, UV-Vis absorption spectra of Cu2O NPs stored in solvent #4 

show the SPR absorption of Cu2O NPs diminished along with the storage time (Figure 

3.11). The corresponding TEM images and SAED pattern (Figure 3.12) of the Cu2O NPs 

stored for 30 days show the formation of CuO aggregates. Both Cu2O and CuO were 

typical p-type semiconductors but former has direct band gap (2.1 eV) and latter has 

indirect band gap (1.2 eV).[8] The phase transformation from Cu2O and CuO would 

change the properties of the NPs, and therefore challenges are remained to utilize 

Au@Cu2O core-shell NPs in practical use. 
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Figure 3.10 TEM images of (a) as-synthesized Au@Cu2O core-shell NPs, (b) after 5 days, 

and (c) after 14 days in an ethanol/water mixed solvent with composition of 30:70 in vol% 

(#4). The inset in (c) is the SAED pattern of the region labeled by dashed circle in (c). 

 

 

Figure 3.11 UV-Vis absorption spectra of Cu2O NPs stored in ethanol/water mixed 

solvent with composition of 30:70 in vol% (solvent #4). 
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Figure 3.12 TEM images of (a) as-prepared Cu2O particles and (b) Cu2O particles 

dispersed in ethanol/water mixed solvent with composition of 30:70 in vol% for 30 days 

at room temperature. 

 

3.4 Conclusion 

 Au@Cu2O core-shell NPs with a tunable Cu2O shell thickness of 2-40 nm were 

synthesized. The ethanol/water mixed solvent with high water content (>50 vol %) can 

deteriorate the chemical stability of the Au@Cu2O core-shell NPs by oxidizing the Cu2O 

shell to CuO. Although the Au@Cu2O core-shell NPs can initially provide 

metal/semiconductor interface, the degradation leads the loss of unique properties of 

Cu2O. The instability of Au@Cu2O core-shell NPs in high water content solution brings 

the difficulties to apply them to the THz wave emission test mentioned in reference 5 

because the THz wave emission set up requires NPs disperse in water. 
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CHAPTER 4 

Relation between Oxidative Temperature and 

Intensity of THz Wave Emission of Copper Thin Films 

 

4.1 Introduction 

 Studies of THz radiation are impelled by applications such as non-destructive 

examination[1-3], biological molecules detection[4-5] and broadband communication.[6-

7] It is known that gallium arsenide (GaAs) is a promised THz source under ultrafast 

pulse laser irradiation.[8-10] The laser pulses accelerate charge carriers at the 

air/semiconductor interface, where the depletion field (also known as Schottky field) 

exists and develop a transient current as the source of THz radiation.[11-12] Although 

Cu2O and Au@Cu2O were suggested for enhancing THz wave emission of water in 

chapter 3, the application remains challenged due to the degradation of Cu2O in aqueous 

solution. Therefore, aqueous-free thin film samples are proposed for evaluating the THz 

wave emission from Cu2O and Au/Cu2O interface in this chapter. 

Several reports found the THz wave emission enhancement from Cu2O, which 

was formed via oxidative annealing of Cu layer, on Au/Si substrate.[13-17] Ramakrishnan 

et al. demonstrated the THz wave emission intensity increased with the thickness of Cu2O 
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layer. A 420nm-thick Cu2O layer had the highest THz wave emission in their study. Such 

enhancement of THz radiation was due to more void spaces existed in a thicker layer, 

promoting laser absorption. They also found that Cu2O films with thickness less than 100 

nm, annealed at temperature of 250 °C for 3 h emitted almost no THz wave.[17] It is 

noted that the temperature for oxidizing a Cu film in air is an important factor since high 

temperature promotes the oxidation rate of Cu and influences the thickness, grain size 

and porosity of the oxide layer. We found different annealing temperatures (110 °C,[14-

15] 220 °C,[16] 250 °C[17]) and annealing duration (2.5 h,[14-15] 3 h[16-17]) were used 

in different literatures for oxidizing the Cu film to Cu2O as THz source, but there is no 

report regarding the effect of the oxidative annealing temperature of a Cu film at same 

annealing time to the THz wave emission intensity. The thickness of as-deposited Cu film 

in above mentioned literatures was also dissimilar to others. 

This chapter reports the THz wave emission from annealed Cu film with respect 

to the annealing temperature on Si or Au/Si substrates. The Cu/Si or Cu/Au/Si structures 

were prepared by depositing metal films on Si substrate. The thicknesses of as-deposited 

Cu and Au films were controlled by precise magnetron sputtering deposition technique. 

These structures were oxidative annealed at temperature ranged from 80 to 300 °C for 2.5 

h. Both structures had the highest THz wave emission intensity after annealing at 
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temperature of 80 °C for 2.5 h. THz wave emission decreased from Cu/Si or Cu/Au/Si 

structures by increasing the annealing temperature. The THz wave emission from 

annealed Cu film is owing to Cu2O/Cu interface based on the findings of material 

characterization. 

 

4.2 Experimental 

4.2.1 Materials 

 Non-doped <100>-oriented Si wafers (𝜙50 mm, 280 μm-thick, ≥ 1000 Ω cm-

1, Global Top Chemical, Japan), Cu target (99.99% in purity, 𝜙50 mm, Nilaco, Japan), 

Au target (99.99% in purity, 𝜙50 mm, Tanaka Precious Metals, Japan) and ultra-high 

purity hydrofluoric acid (HF, concentration 48 %, Stella Chemifa, Japan) were used as 

received. 

 

4.2.2 Preparation of oxidative annealed Cu/Si and Cu/Au/Si samples 

Si wafers as the thin film substrates were cut into 1 cm2 using a glass cutter. The 

wafers were immersed into acetone and washed with an ultrasonic bath for 5 min. The 

wafers were then put into 8% HF solution for 20 min to etch away the SiO2 on the surface 

followed with UV-ozone cleaning prior to use. 
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Magnetron sputtering was used for metal film deposition. The Si wafer was 

placed in the sputtering chamber, positioned 60 mm away normal to the sputtered target 

surface. After 20 times of Ar (99.99% purity) purging and evacuation, the pressure of the 

chamber was set at 2 Pa with Ar as the carrying gas. 50 mA of current was firstly applied 

to the target and sputtering performed at the first 10 min was to etch away the oxides on 

the target surface. During the cleaning process, a mechanical shutter was used to cover 

the substrate to avoid depositing oxides on it. After that, sputtering current was set to 30 

mA. Single layered Cu/Si was obtained via sputtering Cu for 25.5 min. For double layered 

Cu/Au/Si structure, Au was firstly sputtered for 6.5 min followed with sputtering Cu for 

25.5 min. Samples were taken out from the sputtering chamber and were transferred to a 

muffle furnace for oxidative annealing process. Annealing temperature was set to 80, 110, 

140, 170, 200, 250, 300 °C, respectively. The heating ramp rate was set to 0.5 °C min-1. 

A thermocouple equipped with a data logger was insert nearby the sample to monitor the 

actual annealing temperature. The samples were kept in a desiccator prior to characterize. 
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4.2.3 Characterization 

 The crystal structure and oxidizing condition of samples before and after 

annealing were measured by X-ray diffractometer (XRD, Rigaku MiniFlex II, Cu Ka 

radiation, λ= 0.15418 nm, scanning range = 30 to 75°). Focus ion beam (FIB) was used 

to cut the cross-sections of Cu/Au/Si sample annealed at 110 °C, which were then 

observed under transmission electron microscope (TEM, JEOL JEM-2000FX, 200 kV). 

 

4.2.4 THz wave emission measurement 

Laser irradiation experiments for THz time-domain spectroscopy (TDS) were 

carried out in a usual manner. Femtosecond laser pulses (35 fs/transform-limited, 800 nm, 

1 kHz, Mantis/Legend Elite HE USP, Coherent) were irradiated without focusing to the 

sample surface, which is held on a conventional mirror holder, with the incident angle of 

45°. The incident laser energy was fixed at 0.14 mJ/pulse and the beam diameter was 8 

mm. THz wave emission toward the reflection direction was transferred to a setup for 

electro-optic sampling with a <110>-oriented ZnTe single crystal (1-mm thick, Nippon 

Mining & Metals, Co. Ltd.). Measurements with lock-in detection were carried out with 

a chopper (3502, New Focus) and a lock-in amplifier (SR830, Stanford Research System), 

the effective laser repetition is 0.5 kHz. No apparent sample damages were recognizable 
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after the laser irradiation experiments. TDS signals were obtained, and THz wave 

emission spectra were calculated by discrete Fourier-transform (DFT) of the TDS signals. 

The optical path length from the sample surface to the ZnTe crystal is 70 cm. All the laser 

irradiation experiments were carried out in atmospheric pressure in air (23 °C with 40-50 

% humidity). Sharp absorption lines observed in DFT spectra, at 0.55 THz for instance, 

are due to THz absorption by water components[18] in atmosphere. 
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4.3 Results and Discussion 

4.3.1 Optical properties of prepared samples 

Reflectance spectra of all samples prior to proceed THz wave emission test 

(Figure 4.1) reflected less than 10% of light at visible wavelengths. Variation of 

reflectance among samples was possibly due to the change in surface roughness due to 

annealing, or some dust particles were loaded on the sample surface. After annealing, 

samples appeared in different colors because Cu films at the surface had various oxidation 

degrees with respect to the annealing temperature. In overall, the absorption of 800 nm-

wavelength femtosecond laser pulse occurred in all samples was expected. 

 

4.3.2 Oxidation degree of Cu layer at different annealing temperatures 

Figure 4.2 shows the XRD patterns (2𝜃 range = 34 to 50°) of as-sputtered and 

annealed Cu/Si. The raw data were normalized by taking the intensity of Si (400) peak 

appeared at 2𝜃 = 69° from the Si substrate as the highest point (not given in the figure) 

and the smallest value from the data as the lowest point. The as-sputtered Cu film had a 

broad peak located at 43.3° for the Cu (111) plane. The broad peak indicated that the 

crystalline size was small. The peak located at 36.4° in the pattern of (b) sample annealed 

at 80 °C represented the Cu2O (111) plane. The XRD patterns clearly demonstrated that 
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oxidation of Cu to CuO involves two steps with increasing temperature: 

1st step:   4 Cu + O2 → 2 Cu2O 

2nd step:   2 Cu2O + O2 → 4 CuO 

The formation of CuO requires more heat energy at the same annealing time under same 

ambient condition because CuO has greater enthalpy of fusion (∆4𝐻°
6789:  = -156.06 

kJ/mol) than Cu2O does (∆4𝐻°
6789: = -170.71 kJ/mol).[19] The grains in Cu film also 

grew with raising temperature as the main peaks in the XRD had narrower full-width at 

half maxima (FDHM). The intensity of the Cu2O (111) peak was increased relative to that 

of the Cu (111) peak by increasing the temperature from (b) 80 to (d) 140 °C. The 

intensities of the strongest peak of Cu and that of its oxides were used to estimate the 

relative content of Cu2O (wt.%) in the film using the method by Hu et al.[20]: 

Relative	content	of	Cu"O	(wt.%) 	= 	
𝐼;<&=

𝐼;<&= +	𝐼;<
 

Table 4.1 lists the calculated Cu2O content (wt.%) from the films annealed at 80, 110, 

and 140 °C. It should be noted that the as-deposited film contained lots of small grains 

which contributed to low and broad signals to the Cu and Cu2O peaks in the XRD pattern 

of the as-sputtered and annealed films. Thus, the estimated Cu2O contents listed in Table 

4.1 are approximated values. Raising the annealing temperature to (g) 250 °C resulted in 

both Cu2O and CuO phases and only CuO phase existed at (h) 300 °C.[21-22] All 
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characteristic peaks became less broad as the annealing temperature increased due to the 

crystal growth under high temperature. On the other hand, the Cu film kept under ambient 

for 1 week (Figure 4.3) had the characteristic peak of Cu2O (111) plane due to the 

oxidation behavior of Cu when it contacted with oxygen in the air.[23] 

 

Table 4.1 The estimated amount of Cu2O (wt.%) in the Cu film annealed at 80, 110 and 

140 °C. 

Condition Cu2O (wt.%) 

80 °C, 2.5 h 47.0 

110 °C, 2.5 h 49.0 

140 °C, 2.5 h 52.6 
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Figure 4.1 Reflectance spectra of Cu/Si and Cu/Au/Si samples at different annealing 

temperature. 
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Figure 4.2 XRD patterns of Cu films at conditions of (a) as-sputtered, annealed at (b) 80, 

(c) 110, (d) 140, (e) 170, (f) 200, (g) 250 and (h) 300 °C. 

 

 

Figure 4.3 XRD patterns of (a) as-sputtered Cu film and (b) that being kept under ambient 

(25 °C) for one week. 
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4.3.3 Cu2O in Cu layer 

The cross-sectional image of Cu/Au double-layered structure on Si substrate 

annealed at 110 °C was captured by TEM (Figure 4.4a). Average thickness of Au layer 

was 54 nm and that of Cu layer was 80 nm. It should be noted that thicker Cu film was 

formed during the oxidative annealing. For instance, Ramanandan et al. reported that the 

thickness of Cu film was increased for 1.5 times when it was completely oxidized to Cu2O 

from Cu at 220 °C for 3 h.[16] However, the film thicknesses in this study did not change 

much compared with the as-deposited film thickness reported by Xu et al. under the same 

film depositing condition.[14] Increase in thickness might have small significance under 

low temperature (≤ 140 °C) conditions, which was agreed by the characteristic peaks in 

XRD patterns (Figure 4.2a-d) that did not have large variation in the grain sizes at ≤ 

140 °C. A selected area electron diffraction (SAED) pattern (Figure 4.4c) was taken at 

the uppermost surface of the Cu layer (red circle (b) in Figure 4.4a). The diffraction rings 

were indexed as Cu2O (111), (200), (220), and (311) planes (JCPDS No. 005-0667). Then, 

SAED pattern was taken at the area having both Cu and Au layers (red circle (d) in Figure 

4.4a) and the diffraction rings of Cu (111) (JCPDS No. 004-0836) and Au (111), (200), 

(220) and (311) (JCPDS No. 041-0254) were observed (Figure 4.4e). The SAED results 

suggested that the Cu2O was at the uppermost surface of Cu layer and the structure could 
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be denoted as “Cu2O/Cu/Au” and it was the evidence of oxide layer migrates from the 

top to bottom of Cu film. 

Electron energy loss spectroscopy (EELS) was performed to precisely determine 

the thickness of Cu2O formed on the Cu layer after heating. Figure 4.5a-c shows cross-

sectional TEM image of Cu/Au/Si heated at 80 °C. EELS spectra were taken throughout 

the region marked with the green line. The distance at the spectrum that contains oxygen 

peak at about 513 eV to the spectrum that without oxygen peak was defined as the 

thickness of Cu2O (Figure 4.5d-e). The average thickness of Cu2O was about 9 nm. 

Furthermore, the total thickness of Cu layer after annealing at 80 °C was 71 ± 2 nm. It 

can be considered that the as-deposited Cu layer would have thickness about 60 nm. 
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Figure 4.4 (a) TEM image of the cross-sectional Cu/Au/Si structure annealed at 110 °C 

for 2.5 h. (b) and (d) are selected area of taking diffraction patterns of (c) Cu film and (e) 

interface of Cu and Au films. 
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Figure 4.5 (a-c) TEM image of Cu/Au/Si heated at 80 °C taken at different regions. Green 

line indicates the scan region of (d-e) corresponding EELS spectra. Only spectra that can 

identify Cu2O thickness are displayed in the EELS spectra. 
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4.3.4 Cu2O/Cu interface as THz wave source 

Figure 4.6 shows the TDS signals spectra measured from (a) bare Si wafer and 

(b) ZnTe <110> single crystals for comparison. Almost zero THz was emitted from a bare 

Si wafer via femtosecond laser excitation. 

 

 

Figure 4.6 THz-TDS measurement of (a) bare Si wafer and (b) ZnTe <110> single crystal. 

 

Figure 4.7 includes TDS signals and DFT spectra measured from Cu/Si 

structures treated with different annealing temperatures. Cu/Si annealed at 80 °C had the 

highest intensity of THz wave emission among samples. The intensity of the emission 

decreased steadily from samples treated at temperatures ranged from 110 to 140 °C. The 

emission was almost zero from samples treated at temperatures ≥  170 °C. Similar 
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findings were given by Cu/Au/Si structures (Figure 4.8). In accordance with the XRD 

results, only samples that contain both Cu2O and Cu emitted THz wave. THz wave 

emission was attributed to the Cu2O/Cu interface in the samples annealed at 80, 110, 140 

°C regardless to the existence of Au layer. It was because a depletion region was existed 

in the Cu2O/Cu interface. A depletion region is formed when a metal with a lower work 

function (Φ;< = 4.7 eV[24]) was in contact with a p-type semiconductor that had a higher 

work function (Φ;<&= = 4.84 eV[24,25]). An internal electric field was formed in the 

depletion region because of charge carriers (electrons and holes) are staying statically at 

the boundary of the region. When an ultrafast optical pulse irradiated samples, charge 

carriers interacted with the incident photon and moved to the depletion region. Those 

charge carriers accelerated within the internal electric field and generated a picosecond-

scale transient current (also called drift current) – that is the source of THz wave (Figure 

4.9).[26-27] 



 148 

 

Figure 4.7 (a-h) THz-TDS and (i-p) corresponding FFT treated emission spectra of Cu/Si 

structures annealed at different temperatures.  
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Figure 4.8 (a-h) THz-TDS and (i-p) corresponding FFT treated emission spectra of 

Cu/Au/Si structures annealed at different temperatures. 
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Figure 4.9 Scheme and mechanism of using Cu2O/Cu interface as the THz wave source 

under femtosecond laser excitation. Mobility of the holes is approximately one order 

lower than that of electrons. 
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Since the flow of transient current is the ingredient of THz wave emission, the 

mobility of charge carriers is an important factor to the emission intensity. Figueiredo et 

al. had determined that the mobility of charge carriers decreases with increasing the 

annealing temperature.[28] More oxygen vacancies were created in the Cu layer at higher 

temperature. Those vacancies became obstacles for the movement of charge carriers. 

Electrons in Cu side have the highest mobility, but holes in Cu2O side have less mobility 

when the oxidation degree increased. Therefore, THz wave intensity emitted from sample 

decreased with increasing the annealing temperature from 80 to 140 °C even these 

samples consisted of Cu2O/Cu interface. In addition, TEM images of sample heated at 

higher temperature showed more cavities (Figure 4.10b-c). These cavities made poor 

connectivity between grains within the Cu layer, which also unfavorable for the flow of 

transient current. As a result, less THz wave was emitted. 

 

 

Figure 4.10 Cross-sectional TEM images of Cu/Au/Si heated at (a) 80 °C, (b) 110 °C, 

and (c) 170 °C. Pink circle indicates the cavities inside of the Cu layer. 



 152 

4.3.5 Function of Au layer 

Total THz wave emission intensities of both Cu/Si and Cu/Au/Si structures 

against the annealing temperature was summarized (Figure 4.11). At annealing 

temperature ≤  170 °C, Cu/Au/Si structures generally emitted THz wave at higher 

intensity than Cu/Si. Cu/Au/Si structures annealed at 80 °C, that consisted of Cu2O/Cu 

interface, had the highest THz wave emission even though some literatures claimed that 

the greatest THz emission from a Cu2O/Au structure (without Cu to form Cu2O/Cu 

interface).[14-17] There were two reasons to explain the phenomenon – (1) THz wave 

emitted from the Cu2O/Cu interface propagated in all directions and the Au layer reflected 

the THz wave, therefore higher THz wave intensity was detected from Cu/Au/Si 

structures.[17] (2) The interaction of materials to the laser was increased with the sample 

thickness. An UV-vis measurement was carried out to evaluate the light absorption by 

single and double layer deposited on glass plate (Figure 4.12). It shows the absorption of 

Cu/Au heated at 80 °C had almost double value of absorbance compared with single layer. 

It might be due to some laser light was reflected at the Au layer surface. 

Furthermore, less THz wave emission was detected from both annealed Cu/Si 

and Cu/Au/Si structures when the annealing temperature was at ≥  200 °C. This is 

attributed to the lack of depletion region in those samples, which can also be explained 
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by the work function of materials. Work function of Cu2O (Φ;<&=  = 4.84 eV[24]) is 

smaller than Au (Φ>< = 5.1 eV[29]). An ohmic contact was formed in Cu2O/Au [30]. 

Although CuO has a greater work function (Φ;<= = 5.32 eV[24]) than Au, CuO is a 

semiconductor with indirect band gap. The combination of charge carriers may require 

higher excitation energy and thus not efficient enough to yield the transient current.[30,31] 

Therefore, almost zero-emission detected from samples annealed at ≥ 200 °C. On the 

other hand, diffusion also occurred in between Cu and Au layers during 

annealing.[15,16,32] When the Cu atoms diffused into the Au layer, the work function of 

the Au layer decreased. The work function of Au layer could be smaller than that of Cu2O 

and depletion region was formed.[16] Thus, the THz wave emission intensity from the 

Cu/Au/Si structure was higher than that of the Cu/Si structure at an annealing temperature 

of 170 °C. 

Nonetheless, both Cu/Au/Si structures kept in ambient for 1 week and annealed 

at 110 °C did not show significant enhancement in THz wave emission. The reason for 

the insignificant enhancement remains elusive. Other pieces of Cu/Si heated at 200, 250, 

and 300 °C were tested and a large variation of THz wave emission intensity was 

discovered (inset in Figure 4.11). The THz wave emission intensity from Cu/Si was 

higher than the Cu/Au/Si at ≥ 200 °C can be considered as experimental errors. The 
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results herewith found that the THz wave emission was enhanced by annealing samples 

at lower temperatures (80 °C), whereas the Cu2O film thickness was in the range of less 

than 100 nm. The findings were different with the literature by Ramakrishnan et al.[17]. 

The main difference is attributed to the smaller the grain size and higher porosity of the 

Cu2O layer formed by annealing at lower temperatures in this study. Contrastively, 

Ramakrishnan et al. annealed the Cu films at 250 °C to form Cu2O on Au and found the 

Cu2O films with a thickness less than 100 nm had almost zero THz emission.[17] At an 

annealing temperature of 250 °C and a Cu2O film thickness less than 100 nm, samples in 

this study also emitted zero THz radiation. 

 

Figure 4.11 Total THz wave emission intensity of annealed Cu/Si and Cu/Au/Si 

structures against different annealing conditions. 
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Figure 4.12 UV-Vis spectra of Cu/Au/Glass and Cu/Glass annealed at 80 °C. A bare glass 

slide was used as the baseline. 

 

4.3.6 No THz wave emission from the inverted double-layered structure 

The double-layered structure was inverted, i.e., Au/Cu/Si by depositing the Au 

layer on top of an annealed Cu layer. Figure 4.13 shows the THz wave emission intensity 

from the Cu/Au/Si and Au/Cu/Si structures annealed at 110 °C for comparison. THz wave 

emission intensity from the Au/Cu/Si structure was weaker than that of Cu/Au/Si because 

of the incident laser power loss in the Au layer.[14] The uppermost Au layer also protected 

the Cu layer from further oxidation and made no Cu2O/Cu interface, resulted in a 

reduction in THz wave emission. Hence, the inverted structure is not a sustainable THz 

source. 
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Figure 4.13 THz wave emission intensity from Cu/Au/Si and Au/Cu/Si structures 

annealed at 110 °C. 

 

4.3.7 Suggestions of improving THz wave emission intensity 

Intensities of THz wave emitted from samples in this study were still far lower 

than the normally used ZnTe <110>-single crystal with the same experimental settings. 

Since the resultant THz is proportional to the time derivative of the relative electron-hole 

motion, time profiles of THz wave reflect the transient current in the depletion region. 

Therefore, THz wave intensities can be enhanced by increasing the carrier density such 

as adopting a thicker film. So that the depletion region between metal and semiconductor 

can be expanded and more optical photons can be absorbed in the sample.[17,33] 

Semiconducting materials with narrower band gap is also recommended because smaller 

energy band gap can result in shorter recombination time of charge carriers so as to 

shorten the carrier lifetime.[34] Another approach is using higher laser powder and 
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shorten the laser pulse duration,[34] whereas more advanced technologies will be needed. 

 

4.4 Conclusion 

In summary, the THz wave emission was observed from the Cu2O/Cu interface 

under femtosecond laser excitation. Although it was reported that the less than 100 nm 

thick Cu2O layer annealed at 250 °C emitted almost no THz, this study found that 

Cu2O/Cu interface formed by annealing 80 nm thick Cu layer at a temperature of 80 to 

140 °C can enhance the THz wave emission. Especially at 80 °C, the Cu/Si gave the 

highest THz wave emission intensity. It was possibly due to the highly porous structure 

of the Cu2O layer formed at low temperature, which can promote laser absorption. The 

THz wave emission was decreased at an annealing temperature of ≥ 200 °C. It was 

because the Cu layer did not have a Cu2O/Cu interface and/or lack of porous structure 

from grain growth at that high annealing temperature. The Cu/Au/Si structures also had 

a similar THz wave emission trend with respect to the annealing temperatures. From that, 

Cu/Au/Si annealed at 80 °C showed an increase in THz wave emission by 41.4% 

compared with Cu/Si annealed at the same temperature. The Cu/Au/Si structures annealed 

at ≥ 200 °C also had almost zero THz wave emission because of the formation of ohmic 

contact at Cu2O/Au and CuO/Au interfaces. Au/Cu/Si structure was also prepared and 
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annealed at 110 °C. The inverted structure had very low THz wave emission compared 

with Cu/Au/Si because of the dissipation of laser energy at the Au film and difficulty of 

the Cu film proceeding oxidation with the protection by Au film. 
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CHAPTER 5 

Mechanistic Studies of ZnTe Microspheres formed in a PVP-contained 

Polyol System and their THz Wave Emission Availability 

 

5.1 Introduction 

Zinc telluride (ZnTe) is an II-IV semiconductor with a direct band gap of ~2.26 

eV under room temperature.[1-3] Various forms of ZnTe (solid crystals, colloids, thin 

films) are widely used as blue-green light-emitting diodes[4], electro-catalysts[2,5-7], 

electrode material for Li-ion batteries[8], bioimaging agents[9] and antimicrobial 

agents[10]. Particularly, <110>-directional ZnTe single crystal is used in THz wave 

generation and detection because of its electro-optic properties. Molecular beam epitaxy 

(MBE) and Bridgman-Stockbarger (BS) method are used to fabricate single crystals of 

ZnTe. However, MBE is a high-cost technique, and BS method usually requires high 

temperature (~1000 ºC).[11] In recent study, Huang et al. has confirmed the THz wave 

enhancement from water through adding polycrystalline-ZnTe colloids to the dispersion 

upon femtosecond laser pulse irradiation.[12] Even though they have found the ZnTe 

colloids were chemically unstable, which makes the colloids not ‘durable’ enough to be 

THz wave source, it is no doubt that the use of polycrystalline ZnTe particles as the THz 
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wave source has been inspired by their work. Apart from nano colloids used in ref. [12], 

recently ZnTe microspheres have drawn attention because of its photocatalytic activity 

on reduction of CO2 and they are not easily deteriorated from the catalytic reaction.[13-

18] As a result, these ZnTe microspheres are considered as a potential THz wave emitter 

under ultrafast laser irradiation. 

Among approaches of making micro-structured ZnTe, solution chemistry-based 

methods (e.g., solvothermal method[15-18], chemical reduction method[19-25]) are 

convenient compared to the traditional thermal evaporation methods [26-28] which 

require high temperature condition. In chemical reduction methods, Te sources usually 

require extra preparation steps prior to use. Sodium hydrogen telluride (NaHTe) is a 

frequently used Te source for chemical syntheses in aqueous systems.[20-23] It is formed 

by mixing Te with sodium borohydride (NaBH4) in aqueous phase. Preparation of NaHTe 

solution must be conducted under an oxygen-free environment. Especially, it oxidizes 

spontaneously and results in elemental Te easily during the injection step, making the 

synthesis becomes unmanageable.[29] Zhang et al. have introduced Sodium tellurite 

(Na2TeO3) is used as the Te source to overcome these tedious steps.[30] It is because other 

commonly used Te source (e.g., NaHTe) usually require an oxygen free environment, 

making the synthesis becomes unmanageable in some extent. On the other hand, Na2TeO3 
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is stable in air and can be dissolved in polar solvents to form a Te precursor solution under 

air.[30-32] As a result, the syntheses of ZnTe or other Te compounds should be more 

manageable using Na2TeO3 as the Te precursor. Moreover, ZnTe colloids synthesized 

from some wet chemical routes in certain pH conditions were unstable.[20] This causes 

difficulties to their practical usage, and thus a surfactant is desired to improve the stability 

of ZnTe colloids. Poly(N-vinyl-2-pyrrolidone) (PVP) is suggested as the surfactant, 

which can protect the ZnTe particles from deterioration. and structure-directing agent.[33-

39] PVP is a hydrophilic polymer, so that the PVP-capped colloids are dispersible in 

aqueous solution.[40] 

 

TeO32- + 3H2O + 4e- → Te + 6OH- (E0 = -0.57 V) … (Eq. 5.1) [41] 

Te + 2e- → Te2- (E0 = -1.143 V)    … (Eq. 5.2) [42] 

 

The syntheses of ZnTe microspheres with diameter from sub-micron to few 

micrometers via solvothermal method have been reported.[15-18] Particularly, Ehsan et 

al. have conducted a set of time-dependent experiment to study the growth of ZnTe 

microspheres from the Zn2+ and TeO32- ions in NaOH solution without any surfactant. 

They have proposed a formation scheme of ZnTe microspheres.[15] That is, large Te(0) 

spherical and rod-like crystals formed at first, then the Zn2+ deposited on the Te(0) 



 166 

spheres/rods for the nucleation of ZnTe. The ZnTe nuclei was further growth via Ostwald 

ripening followed with the inward diffusion of Te(0) to form ZnTe.[15] On the other hand, 

Wu et al. and Li et al. have reported the syntheses of ZnTe microspheres in ethylene 

glycol (EG) with the usage of PVP as surfactant.[16-18] Particularly, Li et al. have studied 

the effect of PVP to the morphologies of ZnTe microspheres.[18] They have also 

discussed the formation of ZnTe microspheres, that involved two major steps: the first 

step was the reduction of TeO32- ions to Te(0) (Eq. 5.1), which were further reduced to 

Te2- ions (Eq. 5.2). These sequential reactions were based on the electrode potential 

values. The second step involved the nucleation and growth of ZnTe occurred via the 

combination of Te2- ions and Zn2+ ions. Then, ZnTe microspheres were formed through 

the attachment of ZnTe nanocrystals to each other by sharing a common crystal 

orientation, which is also called ‘directional attachment’.[18] Although the first step in 

this proposed scheme was consistent with the findings by Ehsan et al.[15], evidence 

regarding to the elemental Te formed at the first step and its morphologies was not given. 

In fact, the system is rather complicated when PVP is involved. It is because sizes and 

morphologies of Te are highly determined by the amount of PVP in the reaction 

system.[34,37-38] Based on the formation mechanism of ZnTe microspheres suggested 

by Ehsan et al.[15], sizes of ZnTe microspheres might be determined by the sizes of Te(0), 
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which also related to the Ostwald ripening. From this point of view, the effect of 

morphologies of Te formed at the early stage to the sizes and morphologies of ZnTe 

microspheres as final product is of interest. 

This chapter consists of two sections: In the first part, the formation of ZnTe 

microspheres in EG via a hot injection method was studied. Different amount of PVP was 

used to synthesize ZnTe microspheres. The effect of PVP on ZnTe microspheres’ 

morphologies and growth was discussed. The moderate parameters of obtaining 

homogeneous ZnTe microspheres was then suggested. The formation process of ZnTe 

microspheres in a PVP-contained system was systematically studied at 0.2–48 h time 

frames. The findings showed Te wires/rods became the sacrificial template for the growth 

of ZnTe microspheres in longer reaction time. The influence of using different ratio of 

solvents and complexing agent for precursors was also discussed. In the second part, 

equal-mass of different sized ZnTe microspheres were drop-casted on a Si wafer to test 

their THz wave emission ability. Moreover, a day-long laser irradiation test was 

conducted with the sample having the highest THz wave emission, for testing the 

‘durability’ of ZnTe microspheres towards the THz wave emitting applications. Finally, 

comments were given for determining the possible mechanisms of THz wave emission 

from ZnTe microspheres. 
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5.2 Experimental 

5.2.1 Materials 

 Non-doped <100>-oriented Si wafers (𝜙50 mm, 280 μm-thick, ≥ 1000 Ω cm-

1, Global Top Chemical, Japan), ultra-high purity hydrofluoric acid (HF, concentration 

48 %, Stella Chemifa, Japan), ZnCl2 (Kanto, Japan), Zn(CH3COO)2 (Kanto, Japan), 

Na2TeO3 (Wako, Japan), EG (Kanto, Japan), ethylenediamine (en, Wako, Japan), and PVP 

(K-90, M.W. = 1,200,000, Kanto, Japan) were used as received. 

 

5.2.2 Preparation of precursor solution 

0.20 mmol of Zn salt (ZnCl2 or Zn(CH3COO)2) and 0.16 mmol of Na2TeO3 were 

placed in a mixture of 3 mL of EG and 0.64 mL of en. Zn(CH3COO)2 and Na2TeO3 were 

not dissolved well without en.[35] The function of en is complexing of Zn2+ as 

tris(ethylenediamine)zinc(II) ([Zn(en)3]2+)[43] and boosting the dissolution of salts by its 

strong polarity. The mixture was stirred at room temperature under a dark environment 

for 6 h to obtain a homogeneous transparent precursor solution. 
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5.2.3 Synthesis of ZnTe microspheres 

Figure 5.1 illustrates the experimental setup of making ZnTe microspheres. 15 

mL of EG was mixed with PVP in a three-necked round bottom flask equipped with a 

reflux system under stirring at 1,000 rpm. The flask was immersed into an oil bath and 

connected to the Schlenk line. After PVP completely dissolved, the solution was heated 

at 60 °C for 1 h to remove oxygen from the system. Vacuum-argon gas exchange was then 

carried out to make the system being under argon atmosphere. A thermocouple coupled 

with a data logger was immersed to the solvent throughout the reaction for temperature 

monitoring. Temperature of the oil bath was increased until the data logger shows the EG-

PVP mixture had reached to 200 °C. Then, the precursor solution (total volume 3.64 mL) 

was injected rapidly to the hot EG-PVP mixture using a needle syringe. Table 5.1 lists 

the parameters of experiments for each sample. After precursor injection, the transparent 

EG-PVP mixture became charcoal grey immediately and turned to silvery grey in an hour, 

which was originated by the formation of Te.[44] Eventually the mixture became reddish 

brown at 24 h. No further colour change was observed afterwards. The flask was then 

quenched to room temperature naturally under an Argon flow for 30 min after the reaction. 

Finally, the product was purified via centrifugation with ethanol for three times (5,000 

rpm, 10 min), and dried in a vacuum oven prior to characterize. 
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Figure 5.1 Schematic diagram of the experimental setup of making ZnTe microspheres. 

 

Table 5.1 Parameters used in preparing each sample. (Reaction temperature: 200 °C 

and stirring speed = 1,000 rpm) 

Sample code PVP added t = reaction time / h Reaction temperature / °C 

0PVP(t) 0 mg 0.2, 0.5, 48 200 

259PVP(t) 259 mg 0.2, 0.5, 48 200 

518PVP(t) 518 mg 0.2, 0.5, 1, 2, 6, 12, 24, 48 
200 

(48 h only: 160, 180) 

1036PVP(t) 1036 mg 0.2, 0.5, 48 200 
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5.2.4 Characterization of ZnTe microspheres 

 Crystal structures and average crystallite sizes of samples were evaluated with 

the data taken by X-ray diffraction (XRD, Rigaku, MiniFlex II, Cu Ka radiation, λ = 

1.5418 Å, scan speed = 0.5° min-1, and scanning range = 20 to 60°). Morphologies of the 

ZnTe microspheres were observed using a scanning electron microscope (SEM, JSM-

6701F, 15 kV, JEOL, Japan). The average size of ZnTe microspheres was obtained by 

measuring 150 particles from SEM images using ImageJ software (U.S. National 

Institutes of Health, USA). Aspect ratio of Te rods/wires was obtained based on measuring 

150 rods/wires from SEM images. Since the diameter of Te rods were not homogeneous 

throughout the structure, the largest diameter was used to calculate the aspect ratio. Also, 

ZnTe microspheres may covered part of Te rods during their growth. Hence, the measured 

length of Te rods represented the uncovered part of Te rods. (i) AR of each Te rods, (ii) 

average AR of Te rods in sample, and (iii) its standard deviation were calculated by below 

equation: 

(i) 𝐴𝑅6?(@8A =	
BA3CDE	74	GA	H7:I

J?K9(<(	:9?(ADAH	74	GA	H7:I
 

(ii) 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐴𝑅6?(@8A =	
>L'()*+,

6?(@8A	I9MA
  

(iii) 𝐴𝑅6?(@8A,6O =	f
∑(>L'()*+,Q	>RAH?CA	>L'()*+,)&

6?(@8A	I9MA
 where sample size = 150. 

Diffraction pattern and high-resolution images of the ZnTe microspheres were captured 
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using a transmission electron microscope (TEM, JEOL-2010, 200 kV, JEOL, Japan), a 

scanning transmission electron microscopy (STEM, JEOL-JEM-ARM200F, 200 kV, 

JEOL, Japan), and a multi-beam ultra-high voltage electron microscope (HVEM, JEOL-

JEM-ARM1300, 1250 kV, JEOL, Japan), respectively. Composition of fine structures in 

samples was obtained by point analysis and/or elemental mapping using an energy-

dispersive X-ray spectroscope (EDS) coupled with SEM and/or STEM. 

An ultra-microtome machine (ULTRACUT S, Reichert-Nissei, Leica AG, 

Austria) was used for sectioning the sample 518PVP(0.5h) for cross-sectional structure 

observation under TEM. Before using the ultra-microtome to cut the sample into slides, 

the sample was diluted in ethanol and embedded into a resin. The resin was prepared by 

mixing well 2 mL of Quetol-812 (Nisshin-EM, Japan), 1 mL of dodecenyl succinic 

anhydride (DDSA, Nisshin-EM) and 1.4 mL of methyl nadic anhydride (MNA, Nisshin-

EM) to obtain a yellowish clear solution. Then, 0.1 mL of DMP-30 (Nisshin-EM) was 

added, and the solution turned to caramel colour. The resin was poured into a hexagonal 

pyramid-shaped capsule with 1 mL of volume followed with injecting sample dispersed 

in ethanol. The capsule was sealed tightly, and the resin was cured at 60 °C for 30 h inside 

a drying oven. After that, the cured resin embedded with sample was separated from the 

capsule and trimmed into 50 nm-thick specimens using the ultra-microtome with a 
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diamond blade. Finally, the trimmed specimens were collected and loaded on the 

collodion film of TEM grids prior to observe. 

 

5.2.5 Preparation of ZnTe/Si 

Pretreatment of Si wafers prior to use was carried out with procedures mentioned 

in chapter 4. Instead, the size of Si wafers was cut into 2.7 × 2.7 cm2. Syntheses of 

different sized ZnTe microspheres were done using similar procedures mentioned in 

chapter 5. ZnTe microspheres with size larger than 1 𝜇m (not mentioned in chapter 5) 

were obtained by increasing the concentration of Zn and Te precursors during the 

synthesis. The products were washed and dried into powder form. Syntheses were 

repeated for several times until each batch of ZnTe microspheres stocked up to about 90 

mg. ZnTe microspheres powder was dispersed in ~ 1 mL of EG. The dispersion was 

sonicated until no precipitates were observed with naked eyes. Then, the dispersion was 

drop-casted onto Si wafer and dried for overnight in a vacuum oven with temperature set 

at 40 ºC. Cracks easily formed in the film if the drying temperature was higher than 40 

ºC. Re-deposition of the film was proceeded when cracks were observed and/or Si wafer 

exposed to the surface, because Si wafer also contributes to THz wave emission under 

femtosecond laser irradiation. 
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5.2.6 THz wave emission measurement 

Figure 5.2 shows a block diagram of the experimental setup. Each sample was 

placed on a circular sample holder with 40 mm of diameter. Femtosecond laser pulses (35 

fs/transform-limited, 800 nm, 1 kHz, Mantis/Legend Elite HE USP, Coherent) were 

irradiated without focusing to the sample surface, which is held on a conventional mirror 

holder, with the incident angle of 45°. The incident laser energy was adjustable at 0.2, 0.3, 

0.4, 0.5 mJ/pulse and, the beam diameter was 25.4 mm. THz wave emission toward the 

reflection direction was transferred to a setup for electro-optic sampling with a <110>-

oriented ZnTe single crystal (1-mm thick, Nippon Mining & Metals, Co. Ltd.) by the off-

axis parabolic mirror (OAPM). After the sample, a Teflon plate blocked the remaining 

light from optical parametric amplifier (OPA). Measurements with lock-in detection were 

carried out with a chopper (3502, New Focus) and a lock-in amplifier (SR830, Stanford 

Research System), the effective laser repetition is 0.5 kHz. No apparent sample damages 

were recognizable after the laser irradiation experiments. TDS signals were obtained, and 

THz wave emission spectra were calculated by discrete Fourier-transform (DFT) of the 

TDS signals. All the laser irradiation experiments were carried out in atmospheric 

pressure in air (23 °C with 40-50 % humidity). 
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Figure 5.2 Block diagram of the experimental setup (top view). 
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5.3 Results and Discussion 

5.3.1 Effect of PVP to ZnTe microspheres at reaction time of 48 h 

Figure 5.3 shows SEM images and the size distributions of ZnTe microspheres 

synthesized using different amount of PVP. ZnTe microspheres in 0PVP(48h) had the 

largest size (972 ± 159 nm) among samples. The neck formation between particles was 

observed (Figure 5.3a). ZnTe microspheres were separated from each other and likely 

became monodispersed spheres by increasing the amount of PVP (Figure 5.3b-c). 

518PVP(48h) yielded the smallest sized ZnTe microspheres in this study (634 ± 97 nm) . 

Further increasing the amount of PVP i.e., 1036PVP(48h) resulted in microspheres in 

larger size (811 ±  75 nm) than that in 518PVP(48h) (Figure 5.3d). These results 

suggested that the particle size was not reduced linearly with increasing amount of PVP, 

but the smallest ZnTe microspheres were yielded by a moderate amount of PVP. Rod 

structures observed in 0PVP(48h) and 259PVP(48h) were identified as Te rods by EDS 

elemental mapping (Figure 5.4c-e). Figure 5.5 shows XRD patterns of samples presented 

in Figure 5.3. The diffraction peaks of all samples matched with the standard pattern of 

cubic (zincblende) structured ZnTe, with peaks at 2θ = 25.26°, 29.25°, 41.81°, 49.50° and 

51.85°, corresponding to (111), (200), (220), (311) and (222) planes, respectively (JCPDS 

No. 15-0746). Average crystalline sizes from each diffraction peak of all samples are 
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listed in Table 5.2. Grain sizes in all directions (several ten nanometers) were smaller 

than the particle size (micrometers), suggesting that ZnTe microspheres were 

polycrystalline. Peaks at 2θ = 27.5°, 38.3° and 40.4° matched with the hexagonal structure 

Te reference (JCPDS No. 36-1452) in XRD patterns of 0PVP(48h) and 259PVP(48h). 

The XRD results were coherent with the Te rods observed in SEM-EDS (Figure 5.4). The 

formation rate of ZnTe microspheres in 0PVP(48h) and 259PVP(48h) were slower than 

that in 518PVP(48h) and 1036PVP(48h) because the latter did not contain unreacted Te. 

In other words, unreacted Zn2+ ions/[Zn(en)3]2+ complexes should be remained in both 

0PVP(48h) and 259PVP(48h). However, no Zn or its oxide peak were observed in the 

XRD pattern. It was because Zn is not easily reduced by EG which has weak reducing 

power, so the unreacted ions/complexes were washed away from the centrifugation. 

  



 178 

 
Figure 5.3 SEM images of ZnTe microspheres from samples (a) 0PVP(48h), (b) 

259PVP(48h), (c) 518PVP(48h), (d) 1036PVP(48h), and (e-h) the corresponding size 

distributions. 
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Figure 5.4 SEM images of rod structures in (a) 0PVP(48h) and (b) 259PVP(48h). (c) 

Region of sample 0PVP(48h) to perform EDS elemental mapping analysis of (d) Zn and 

(e) Te. 

 

Figure 5.5 XRD patterns of sample (from bottom) (a) 0PVP(48h), (b) 259PVP(48h), (c) 

518PVP(48h) (d) and 1036PVP(48h). Bar charts are reference patterns of ZnTe (Red, 

JCPDS No. 15-0746) and Te (Blue, JCPDS No. 36-1452). 
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Table 5.2 Average crystalline sizes calculated from XRD peaks of sample. 

Peaks 0PVP(48h) 259PVP(48h) 518PVP(48h) 1036PVP(48h) 

ZnTe (111) 15.9 nm 15.8 nm 16.2 nm 14.8 nm 

ZnTe (220) 29.4 nm 31.6 nm 26.4 nm 26.5 nm 

ZnTe (311) 24.1 nm 22.5 nm 22.5 nm 22.0 nm 

 

5.3.2 Structure and composition of ZnTe microspheres 

The detailed crystal structures of ZnTe microspheres were studied through 

sample 518PVP(48h). Figure 5.6 is the SAED pattern taken at the edge of one of the 

ZnTe microspheres in 518PVP(48h). The SAED pattern showed rings with bright spots. 

The spaces between adjacent planes were calculated with diameter of each ring and they 

were compared with the JCPDS reference of ZnTe (Table 5.3). The results revealed the 

existence of (111), (200), (220), (311) planes of cubic (zinc-blende) ZnTe. The difference 

in lattice spacing between sample and the reference were constantly fall between 0.024 ± 

0.001 Å, which was within the precision of the TEM-SAED analysis. The atomic 

resolution image of ZnTe microspheres taken by STEM (Figure 5.7). The STEM image 

showed the ZnTe microsphere consisted of ZnTe nanocrystals with (111), (200) and (220) 

planes (Figure 5.7c-e). These findings were coherent with XRD results (Figure 5.5). 
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Figure 5.6 Selected area electron diffraction (SAED) pattern of the ZnTe microsphere. 

Inset are the TEM images showing the area where the SAED pattern was taken. 

 

 

Table 5.3 Lattice spacing of different planes of cubic (zincblende) ZnTe. S: measured 

from the SAED pattern of 518PVP(48h); R: taken from JCPDS reference no. 15-0746. 

Planes S / Å R / Å S – R / Å 

(111) 3.548 3.523 0.025 

(200) 3.076 3.051 0.025 

(220) 2.183 2.159 0.024 

(311) 1.866 1.840 0.026 
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Composition of ZnTe microspheres was also evaluated by STEM-EDS. The 

elemental mapping showed both Zn and Te were evenly distributed in the microspheres 

(Figure 5.8). The Zn-to-Te atomic ratio of a single ZnTe microsphere was 42 : 58. This 

was different from the SEM-EDS result that showed the average Zn-to-Te atomic ratio 

was 52 : 48 (Figure 5.9). The inconsistency of results from SEM-EDS and STEM-EDS 

might be due to the following reasons: (1) Difference in the interaction volume between 

two EDS detectors. (2) Compositional inhomogeneity among particles. (3) Some Zn-rich 

small particles (< 600 nm) existed around the ZnTe microspheres since a large region 

including several bunches of ZnTe microspheres was measured in the SEM-EDS mapping. 

We further performed SEM-EDS point analyses for another 27 ZnTe microspheres. Two-

third of measured ZnTe microspheres had Zn less than 50%. Hence, it was not surprised 

to find a Te-rich microsphere under STEM-EDS. We could consider in overall the ZnTe 

microspheres were close to stoichiometry (Figure 5.10). 
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Figure 5.7 (a) TEM micrographs of ZnTe microspheres in 518PVP(48h) in low 

magnification. (b) High magnification image of the region selected by the red square in 

(a). (c-e) Enlarged regions in (b), indicating the lattice spacing of ZnTe in (111), (200), 

(220) planes respectively. 



 184 

 

Figure 5.8 (a) STEM bright field image of a ZnTe microsphere in 518PVP(48h). (b) 

Overlay image of elemental mapping of (c) Zn (K𝜶 line) and (d) Te (L𝜶 line). 
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Figure 5.9 SEM image of ZnTe microspheres in 518PVP(48h). (b) Overlay image of 

elemental mapping of (c) Zn and (d) Te. 

 

 
Figure 5.10 Zn content (at. %) among 27 ZnTe microspheres detected by SEM-EDS point 

analysis. 
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5.3.3 Relation of PVP amount to the growth of ZnTe microspheres 

Initially, it was expected that the size reduction ZnTe microspheres with more 

PVP used (Figure 5.3e-g). However, the size of ZnTe microspheres in 1036PVP(48h) 

was larger than that in 518PVP(48h). It was considered that the size of ZnTe microspheres 

might be determined at the earlier time in the reaction. Therefore, syntheses of ZnTe 

microspheres were further conducted using different amount of PVP for 0.5 h and 

observed their change of sizes and morphologies under SEM. 

Figure 5.11 shows the ZnTe microspheres had been already formed at 0.5 h with 

many Te rods regardless to the amount of PVP. Size of ZnTe microspheres in 0PVP(0.5h) 

and 1036PVP(0.5h) were larger than that in 259PVP(0.5h) and 518PVP(0.5h). Figure 

5.12 summarizes the length and diameter of Te rods formed among samples. Both length 

and diameter of Te rods synthesized without PVP were exceptionally longer than samples 

synthesized with PVP. It was because PVP is a structure-directing agent.[33-38,44] The 

selective adsorption of PVP on specific planes of Te crystal restricted the growth of the 

crystal in certain directions. As a result, 259PVP(0.5h), 518PVP(0.5h) and 1036PVP(0.5h) 

yielded shorter and thinner Te rods compared with 0PVP(0.5h).[48-50] Moreover, ZnTe 

microspheres were likely formed at two tips of Te rods when PVP was used in the reaction 

(Figure 5.11b-c). Several research reported that the Te rods grew along the [001] 
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direction.[37-38,44-46] The tips of Te rods, which were corresponding to the (001) facets, 

were found to have higher surface energy compared with those at other facets.[47-48] 

The higher the surface energy, the easier defects form. Therefore, Zn ions/complexes in 

the surrounding could migrate at those defects easily, forming ZnTe nuclei at two ends of 

the Te rod. In the case of without using PVP, ZnTe microspheres were not only grew at 

the tip of Te rod, but also formed at the side and surrounded the Te rods (Figure 5.11a). 

The result suggested that PVP were possibly adsorbed on the sides of Te rods, and they 

could restrict the ZnTe nucleate on the sides of Te rods. As the ZnTe microspheres were 

‘grabbing’ the Te rods during their growth (Figure 5.11a) and almost no Te rods were 

observed at 48 h (Figure 5.3), the Te rods formed at 0.5 h were possibly used as a template 

for the nucleation and growth of ZnTe. Size of ZnTe microspheres in 0PVP(48h) were the 

largest (972 ± 159 nm) among samples because the Te rods formed at earlier stage had 

the largest diameter. 
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Figure 5.11 SEM images of samples (a) 0PVP(0.5h), (b) 259PVP(0.5h), (c) 

518PVP(0.5h), (d) 1036PVP(0.5h). (e) Size of ZnTe microspheres against amount of PVP 

at reaction time of 0.5 h. 
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Figure 5.12 (a) Length and (b) diameter of Te rods in samples synthesized for 0.5 h using 

0 mg, 259 mg, 518 mg, and 1036 mg of PVP, respectively. 

 

 On the other hand, separated ZnTe microspheres and Te rods were observed in 

1036PVP(0.5h). The ZnTe microspheres appeared in 1036PVP(0.5h) had already reached 

to the size close to that in 1036PVP(48h), which revealed that part of the ZnTe nucleated 

and grew quickly at the first 0.5 h. The particle size was highly determined by the 

nucleation rate, which faster nucleation yields smaller particles with higher 

homogeneity.[49] To detailly explain the particle size of ZnTe microspheres against 

amount of PVP in the reaction, experiments were conducted for 0.2 h. Figure 5.13 shows 

XRD results of samples synthesized at 0.2 h and 0.5 h. There were an obvious ZnTe (111) 

peak in 1036PVP(0.2h) and a very small ZnTe (111) peak in 259PVP(0.2h), whereas both 

0PVP(0.2h) and 518PVP(0.2h) only had diffraction peaks matched with Te. The 
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nucleation and growth kinetics of ZnTe in the system of 1036PVP might be the fastest 

immediately after the precursor injection process. At 0.5 h, intensity of ZnTe peaks 

increased significantly in all samples, especially 259PVP and 518PVP (Figure 5.13e-h). 

The relative content of ZnTe existed in each sample was then estimated by calculating the 

ratio of ZnTe (111)/Te (101) peak intensities, with assuming the intensity of Te (101) peak 

as 1. Since there was no detectable ZnTe peak in 0PVP(0.2h) and 518PVP(0.2h), the 

intensities for these samples were set to 0. The total kinetics (nucleation kinetic and 

growth kinetic) of ZnTe could be postulated by comparing the ratio of peak intensities at 

0.2 h and 0.5 h. It should be emphasized that this comparison could not provide 

information of whether nucleation or growth kinetic contributes more to the ZnTe (111) 

peak because the peak intensities increased and the FWHM narrowed simultaneously. 
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Figure 5.13 XRD patterns of sample (a) 0PVP(0.2h), (b) 259PVP(0.2h), (c) 

518PVP(0.2h), (d) 1036PVP(0.2h), (e) 0PVP(0.5h), (f) 259PVP(0.5h), (g) 518PVP(0.5h), 

(h) 1036PVP(0.5h). Bar charts are reference patterns of ZnTe (JCPDS No. 15-0746) and 

Te (JCPDS No. 36-1452). 
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Table 5.4 Estimated relative content of ZnTe in samples synthesized at 0.2 h and 0.5 h 

based on XRD results in Figure 5.13. 

 ZnTe@0.2 h ZnTe@0.5 h Increased ZnTe content 

0PVP 0 % 32.7 % 32.7 % 

259PVP 2.7 % 56.2 % 53.5 % 

518PVP 0 % 51.9 % 51.9 % 

1036PVP 11.1 % 55.9 % 44.8 % 

 

Table 5.4 lists the estimated relative content of ZnTe in samples at 0.2 h and 0.5 

h based on XRD results in Figure 5.13. The large particles formed in 0PVP(48h) were 

not only because of the largest Te rods acted as the sacrificial template for ZnTe grew, but 

also due to the slowest total kinetics. Figure 5.14 shows the average particle size of ZnTe 

in 0PVP increased from 0.2 h to 0.5 h, then decreased from 0.5 h to 48 h, which were 

possibly caused by the redistribution and reassembly of ZnTe particles. This trend also 

revealed that the multiple nucleation sites of ZnTe were formed during the reaction until 

48 h, causing a broad size distribution.[50] Although the total kinetics of ZnTe were the 

fastest in 1036PVP at 0.2 h as it had the most significant ZnTe (111) peak, the ZnTe 

content in 1036PVP from 0.2 h to 0.5 h did not increase as much as that in both 259PVP 

and 518PVP (Table 5.4). Multiple nucleation events were also occurred in 1036PVP 

(Figure 5.14d). As a result, ZnTe microspheres size in 1036PVP(48h) were smaller than 
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that in 0PVP(48h) but larger than that in 259PVP(48h) and 518PVP(48h). For 259PVP 

and 518PVP, both the ZnTe content (Table 5.4) and ZnTe microsphere sizes (Figure 

5.14b-c) increased significantly in the time frame from 0.2 h to 0.5 h. Even though 

259PVP had higher increased ZnTe content (53.5%) than 518PVP (51.9%) from the 

estimation in Table 3, Te rods were remained in 259PVP(48h) (Figure 5.5b). Also, ZnTe 

microsphere size in 259PVP changed more from 0.5 h to 48 h (Figure 5.14b) compared 

with 518PVP (Figure 5.14c). Therefore, the growth rate of ZnTe in 259PVP samples must 

be slower than that in 518PVP samples between 0.5 h to 48 h. In other words, 518PVP 

had the fastest total kinetics between 0.5 h to 48 h as 518PVP(48h) did not contain any 

Te (Figure 5.5c) and ZnTe particle sizes did not changed significantly after 0.5 h. Thus, 

the smallest-sized homogeneous ZnTe microspheres were yielded in 518PVP(48h). 
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Figure 5.14 ZnTe particle sizes against reaction time of 0.2 h, 0.5 h and 48 h, respectively 

in sample (a) 0PVP, (b) 259PVP, (c) 518PVP and (d) 1036PVP. 
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 Moreover, the formation kinetics of ZnTe microspheres could be further 

evaluated from the perspective of the nucleation and growth kinetics of Te(0) in each 

system. It was because the nucleation and growth of ZnTe required Te2- ions, which were 

reduced from Te(0).[15,18] Experiments were conducted with only injecting Te precursor 

to the EG-PVP mixture. The growth of Te in 3 min were studied among samples. The 

crystallinity of Te was higher in 0PVP and 1036PVP than that in 259PVP and 518PVP 

(Figure 5.15). Te rods were mostly observed in the microscopic images of 0PVP (Figure 

5.16a) and 1036PVP (Figure 5.16d). Contrastively, Te wires/rods with few nanometers 

in diameter with small particles surrounded them were found in 259PVP and 518PVP 

(Figure 5.16b-c). The EDS spectra revealed that small particles in Figure 5.16c had low 

Te content, and the SAED pattern suggested that these small particles were not well-

crystalized (Inset of Figure 5.17a). These small particles might be the Te nuclei that could 

further growth into Te wires/rods in longer reaction time. The result demonstrated that 

amount of PVP could significantly affect the nucleation and crystal growth of Te rods, 

and particularly the growth of Te was slower in 259PVP and 518PVP for reaction time of 

3 min. Therefore, the formation of Te2- ions and the nucleation of ZnTe were happened at 

a later time in the 259PVP and 518PVP systems. Although Te nucleated and growth faster 

in 0PVP and 1036PVP in 3 min, the reaction kinetics of ZnTe for longer reaction time 
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were slower in these systems as discussed above. Thus, larger ZnTe microspheres were 

yielded in the products of 0PVP(48h) and 1036PVP(48h). 

 

 
Figure 5.15 XRD patterns of Te formed at reaction time of 3 min in the systems (a) 0PVP, 

(b) 259PVP, (c) 518PVP, (d) 1036PVP. Bar chart is a reference pattern of Te (JCPDS No. 

36-1452). 
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Figure 5.16 (a) SEM image of Te rods synthesized for 3 min with 0 mg of PVP. TEM 

images of Te rods synthesized for 3 min with (b) 259 mg, (c) 518 mg and (d) 1036 mg of 

PVP, respectively. 

 

 

Figure 5.17 (a) Indicating the target sites ‘base1’ and ‘base2’ of taken EDS spectra in 

Figure 5.16c. Inset is the SAED pattern taken from area indicated with a red circle. EDS 

spectra of (b) ‘base1’ and (c) ‘base2’ indicated in (a). 
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5.3.4 Consideration of formation process of ZnTe microspheres 

ZnTe microspheres in 518PVP(0.5h) were not simply contacted with the Te rods, 

but they were likely ‘stabbed’ by the rods (Figure 5.11c). This might be the origin of the 

hole on some microspheres (Figure 5.3). To further investigate the formation of ZnTe 

microspheres from Te rods as the template, samples were synthesized with using 

parameters of 518PVP but changing the reaction time. Figure 5.18 and Figure 5.19 show 

the XRD patterns and SEM images of samples synthesized from 0.2 h to 48 h, respectively. 

At 0.2 h, Te wires/rods and some particles were already formed (Figure 5.19a), which 

were in larger size compared with that formed in 3 min (Figure 5.16c). At 0.5 h, the 

intensity of ZnTe (111) characteristics peak increased significantly, yet Te was still the 

major substance in the product (Figure 5.18b). Particles linked to the Te rods were 

commonly found under SEM (Figure 5.19b). The average size of particles increased from 

425 nm to 609 nm from 0.2 h to 0.5 h. STEM-EDS elemental mapping was performed 

for the particle-and-rod structured in 518PVP(0.5h) (Figure 5.20). The particle was a 

ZnTe microspheres, with a Te rod ‘stabbing’ it. At 1 h, 518PVP(1h) had a more significant 

ZnTe (111) characteristics peak (Figure 5.18c), and more spherical particles and less rods 

can be found under SEM (Figure 5.19c). Figure 5.21 summarizes the dimensions of Te 

rods and sizes of ZnTe particles synthesized at 0.2, 0.5, 1 h based on the size measurement 
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with SEM images. The aspect ratio (AR) of Te rods formed at 0.2 h was 27.7 ± 15.0. The 

formation of thin Te rods might be owing to incomplete conversion from TeO32- to Te(0). 

At 0.5 h, the AR of Te rods decreased to 9.9 ± 2.7, due to the increase in diameter and the 

decrease in length of Te rods simultaneously. The increase in diameter of Te rods could 

be assigned to that more TeO32- ions had been reduced to Te(0) with longer reaction time, 

so that Te rods were able to growth wider. Meanwhile, nucleation and growth of ZnTe 

were likely occurred at the tips of Te rods, so the consumption of Te for the ZnTe 

formation yielded shorter Te rods. At 1 h, the diameter and length of Te rods further 

decreased (average AR = 9.2 ± 3.0) while ZnTe microsphere size increased. The 

dimensions of Te rods were not traceable anymore when the reaction time was prolonged 

to 2 h onwards (Figure 5.19d). XRD results also showed the ZnTe peak had narrower full 

width at half maxima (FWHM) and higher intensity than Te peak with longer reaction 

time. Simultaneously, Te peak had a wider FWHM and diminished completely as the 

reaction time reached to 24 h (Figure 5.18g). It can be concluded that the Te rods were 

consumed for the formation of ZnTe microspheres. This involved the dissolution of Te to 

form Te2- with longer reaction time by the reducing ability of EG at high temperature, 

which subsequently combined with Zn2+ ions or [Zn(en)3]2+ complexes in the surrounding 

to form ZnTe nuclei. From the SEM image of 1036PVP(0.5h) (Figure 5.11d), the 
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separated ZnTe microspheres and Te rods suggested that one ZnTe microsphere was not 

necessary formed by one Te rod. We considered that the detachment of the ZnTe 

microsphere from the tip of Te rod was occurred when the ZnTe microsphere had finished 

the growth. Then, another ZnTe nucleus formed and grew at the tip of the remained Te 

rod again, forming another ZnTe microsphere. 

 

 

Figure 5.18 XRD patterns of samples 518PVP synthesized at (a) 0.2 h, (b) 0.5 h, (c) 1 h, 

(d) 2 h, (e) 6 h, (f) 12 h, (g) 24 h and (h) 48 h. Bar charts are reference patterns of ZnTe 

(JCPDS No. 15-0746) and Te (JCPDS No. 36-1452). 
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Figure 5.19 SEM images of samples 518PVP synthesized at (a) 0.2 h, (b) 0.5 h, (c) 1 h, 

(d) 2 h, (e) 6 h, (f) 12 h, (g) 24 h, and (h) 48 h. (i) Size of ZnTe microspheres against 

reaction time from 0.2 h to 48 h. 

 



 202 

 

Figure 5.20 (a) STEM bright field image of a Te rod and ZnTe particle in 518PVP(0.5h). 

(b) Overlay image of elemental mapping of (c) Zn and (d) Te. 

 

 
Figure 5.21 Te rod (dot) length, (square) diameter, (triangle) size of microspheres of 

samples 518PVP against reaction time from 0.2 h to 1 h. 
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The inner structures of ‘Te rod-stabbed’ ZnTe microspheres were of interest 

(Figure 5.20). HVEM images clearly showed that the tip of Te rod had reached to the 

center of ZnTe microspheres (Figure 5.22a). We made efforts to obtain atomic resolution 

image of the interface of Te rods and ZnTe microspheres, but a rapid destruction of Te 

rods was happened when they were focused by the electron beam at a higher 

magnification (Figure 5.22b-c). Generally, Te has a melting point at about 450 °C.[51] 

The thermal energy generated by the ablation of the intense accelerating electron beam to 

the Te rods under vacuum might be exceeded this temperature; nor the Coulomb 

explosion happened in the telluride compounds under an electron beam.[52] This caused 

the difficulties of taking high resolution images of the Te-ZnTe interface. Furthermore, a 

low contrast region was always found at the tip of Te rods compared with the region that 

far from the tip (Figure 5.22d-f). The difference in contrast was found regardless of 

whether the Te rods had ZnTe microspheres formed at their tips or not (Figure 5.22d-f). 

The low contrast region nearby the tips might be owing to the less Te content because the 

tips were junctions for supplying Te2- ions for the nucleation and growth of ZnTe. 

Furthermore, TEM images of the ultra-microtome specimens clearly showed that the tips 

of Te rods were all-round encapsulated by the ZnTe particles (Figure 5.22g-i). Some Te 

rods were detached from the resin during the ultra-microtome processing and the 
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remained Te rods in the specimens also experienced rapid destruction under electron beam 

irradiation at 200 kV with magnification higher than 400 kx. It is believed that extra 

efforts are needed to prevent the destruction of Te during the TEM and/or HVEM 

observation for studying the atomic lattices of how the ZnTe nucleated and growth at the 

tips of Te rods. For example, using a cyro-TEM holder for better heat dissipation in the 

sample grid, which would be the future work of this study. 
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Figure 5.22 (a-f) HVEM micrographs of 518PVP(0.5h). (b-c) Rapid destruction occurred 

at Te rods (indicated with arrows) in a second. (d) Regions with different contrast on Te 

rods: (e) High contrast region and (f) low contrast region. (g-i) TEM micrographs of 

cross-sectional specimens fabricated with the ultra-microtome from the resin embedded 

518PVP(0.5h) sample. Voids at the Te rods region is due to the detachment of Te rods 

from the specimen. Dashed lines are guides for the eyes. 
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In addition, ZnTe microsphere shown in Figure 5.7a and Figure 5.23 had voids 

at its central region. Ehsan et al. claimed that the hollow structure was formed by oxygen 

gas released from ZnTe microspheres during the inward diffusion process of small-sized 

rods into the spheres.[15] Since no PVP were used in their study, ZnTe could nucleate and 

growth on any part of the Te rods. The growth of ZnTe subsequently resulted in small-

sized rods, which were eventually ‘digested’ by the ZnTe microspheres.[15] Instead, the 

growth mechanism of ZnTe microspheres in PVP-contained EG solvent was concerned 

in this study. Firstly, TeO32- ions were reduced to Te(0) in the form of rods. The Te rods 

were in hexagonal structure in principle. Due to the adsorption of PVP at sides of Te rods, 

and the lower surface energy of sides compared with the tips of Te rods, ZnTe preferably 

nucleated at the tips of Te rods. Secondly, ZnTe crystals started to growth and were like 

building blocks to construct the ZnTe microsphere, which was possibly driven by the 

oriented attachment.[18] Formation of voids in the ZnTe microsphere could be explained 

in three ways – (i) The ZnTe crystals would growth into larger size and small 

crystalline/amorphous ZnTe were formed simultaneously in longer reaction time. These 

early formed crystals blocked the further diffusion of Zn ions from outside to the inner 

part of the microspheres. Te2- ions were continuously reduced by EG under high 

temperature. These Te2- ions dissolved in the solvent and encountered with Zn2+ for the 
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further nucleation and growth of ZnTe, and left a cavity inside the ZnTe microspheres 

(Figure 5.24).[53-56] (ii) When both Zn and Te atoms diffused during the growth of ZnTe, 

the difference of diffusion rate resulted in voids and cavities in the ZnTe microsphere.[57-

59] (iii) Hollow-structured Te tubes might be formed.[60-61] The 3D diagram 

(constructed through the FIB-SEM in Figure A5.1) showed that some Te rods had hollow 

structure and the hollow part could not supply any Te2- ions to the center of the ZnTe 

microspheres, resulted in voids and cavities. Then, the ZnTe microsphere would detach 

from the Te rod in a vigorously stirred solution once the cavities were large enough to 

break the junction of Te rod and ZnTe microsphere. Therefore, ZnTe microspheres with 

voids were observed. This hypothesis of the detachment of ZnTe microspheres from Te 

rods was advocated by the hexagonal pore found in the cross-sectional image of some 

ZnTe microspheres, which was matched with the hexagonal structure of Te rods (Figure 

5.25). The nucleation and growth for another ZnTe microsphere continuously occurred at 

the tips of the remained Te rods in the solution, which became smaller in sizes throughout 

the reaction. Eventually, all Te rods were consumed with longer reaction time and only 

ZnTe microspheres left as the final product. 
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Figure 5.23 STEM-HAADF image of ZnTe microspheres in 518PVP(48h). 

 

Figure 5.24 Schematic diagram of the formation process of ZnTe microspheres in PVP-

contained EG. 
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Figure 5.25 A hexagonal pore appeared at the central region of the cross-section of ZnTe 

microspheres. 

 

5.3.5 Effect of reaction temperature to the microspheres’ formation 

Syntheses at temperature 160 and 180 ℃ were carried out (amount of PVP = 518 

mg) and compared with that at 200 ℃. Reaction temperature higher than 200 ℃ was not 

selected because it is far too much from the boiling temperature of ethylene glycol (197 

℃). SEM images of obtained products are shown in Figure 5.26. 

In case of 160 ℃, many Te rods were remained after reacted for 48 h (Figure 

19a-b). At this temperature a part of Te was reduced to Te2- by ethylene glycol. Small 

amount of ZnTe microspheres were obtained. The under-growing ZnTe microsphere at 

the tip of Te rods (Figure 5.26a) and ZnTe microspheres with sized ~2 μm were observed 

(Figure 5.26b). In case of 180 ℃, syntheses were carried out for 6 h and 48 h of reaction 

time respectively. At 6 h, different-sized ZnTe microspheres with many small-sized Te 
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rods were observed (Figure 5.26c-d). The sizes of ZnTe microspheres varied largely, the 

largest ZnTe microspheres had diameter exceeded 2 μm. At 48 h, ZnTe microspheres were 

mostly obtained (Figure 19e-f) with a little trace of Te. No ZnTe microsphere larger than 

2 μm was found. The average size of obtained ZnTe microspheres was 1015 ± 121 nm, 

smaller than that obtained at 160 ℃ and larger than that obtained at 200 ℃ (634 ± 97 

nm). This result suggests that more robust nucleation occurred at a higher temperature, 

which is related to the increase of the reducing power of ethylene glycol. At 160 ℃, robust 

nucleation of Te from TeO32- (E0 = -0.57 V vs SHE)[41] was not favorable, that yielded 

Te rods with inhomogeneous morphologies. It was even more difficult to further reduce 

Te to Te2- (E0 = -1.143 V vs SHE)[42] to form ZnTe. The most robust nucleation at 200 

℃ resulted in the smallest ZnTe microspheres. It is noted that at 180 ℃, many Te rods 

still remained at 6 h. The obtained ZnTe microspheres at 6 h were larger than that at 48 h. 

Redistribution and reassembly of ZnTe microspheres were happened from 6 h to 48 h, 

that involved the multiple nucleation events.  
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Figure 5.26 SEM images of products obtained at temperature (a-b) 160 ℃ for 48 h and 

180 ℃ for (c-d) 6 h and (e-f) 48 h. 
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Figure 5.27 XRD patterns of products obtained at temperature (a) 160 ℃, (b) 180 ℃, 

and (c) 200 ℃ for 48 h. 

 

Figure 5.27 show the XRD patterns of products synthesized at different 

temperatures for 48 h. The crystalline size calculated with full width at half maximum of 

ZnTe (111) obtained at 180 ℃ was 27.7 nm, larger than that obtained at 200 ℃ (16.2 nm). 

When synthesizing nano/micro particles using chemical reduction method, high reactive 

temperature increases the total reaction rate – nucleation and growth rates. The residual 

Te at 180 ℃ suggested that the formation of ZnTe did not complete. According to the 

XRD results, high temperature (200 ℃) was conducive to nucleation of ZnTe, whereas 

low temperature (180 ℃) was favorable for the growth of ZnTe crystals. Therefore, both 
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diameter of ZnTe microspheres and their crystalline size increase with decreasing the 

reaction temperature. 

 

5.3.6 Effect of concentration of Na2TeO3 to the microspheres’ morphologies 

Syntheses were carried out using different amount of Na2TeO3 (0.16, 0.20 and 

0.24 mmol) with fixed amount of ZnCl2 (0.20 mmol) in the precursor solution (amount 

of PVP = 518 mg, reaction time = 48 h, temperature = 200 ℃). The higher the 

concentration of Na2TeO3, the larger sized ZnTe microspheres were obtained. The particle 

sizes was 950 ± 114 nm for 0.20 mmol of Na2TeO3 (Figure 5.28a) and 1868 ± 395 nm 

for 0.24 mmol of Na2TeO3 (Figure 5.28b), which were larger than 634 ± 97 nm for 0.16 

mmol of Na2TeO3. Residual Te rods were found in products obtained with equal or higher 

molar amount of Na2TeO3 compared with that of ZnCl2. There were two reasons for 

obtaining larger-sized ZnTe microspheres with higher concentration of Na2TeO3 – (i) 

larger Te rods formed with more TeO32- ions. When ZnTe nucleated and started to grow 

at Te rods’ tips, a larger Te rod could supply more Te2- ions for the growth of larger ZnTe 

microspheres before the microsphere detached from the rod. (ii) Dispersion of Te rods 

onto ZnTe microspheres’ surfaces. These findings were consistent with the results by 

Ehsan et al. as they also obtained larger ZnTe microspheres when using higher 
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concentration of Na2TeO3.[15] Additionally, no obvious change in crystalline sizes of 

ZnTe was found with varying the concentration of Na2TeO3 according to XRD results 

(Figure 5.28c). This suggests that the crystalline size is more related to the reaction 

temperature than the Te to Zn molar ratios. 

 

Figure 5.28 SEM images of 518PVP(48h) synthesized using (a) 0.20 mmol and (b) 0.24 

mmol of Na2TeO3 in the precursor solution. (c) The corresponding XRD patterns. Bar 

charts are reference patterns of ZnTe (JCPDS No. 15-0746) and Te (JCPDS No. 36-1452). 

Amount of ZnCl2 = 0.20 mmol, reaction temperature = 200 ℃. 
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5.3.7 Zn(CH3COO)2 as the Zn precursor 

Sizes and morphologies of ZnTe microspheres synthesized using Zn(CH3COO)2 

as the Zn source was used to compared with that using ZnCl2. Although Wu et al. obtained 

ZnTe in different morphologies by using same content of PVP and solvents but different 

Zn precursors [16], ZnTe in spherical shape regardless the choice of precursors were 

obtained in this study. The average size of ZnTe microspheres synthesized with 

Zn(CH3COO)2 is 524 ± 61 nm, which was smaller than that synthesized using ZnCl2 

(Figure 5.29a). TEM image (Figure 5.29b-c) shows the ZnTe microspheres were 

polycrystalline. Smaller crystalline size of ZnTe was yielded by using Zn(CH3COO)2 (9.8 

nm) compared with using ZnCl2 (16.2 nm) through calculation with ZnTe (111) peak from 

XRD results (Figure 5.29d). The CH3COO- ions would be the key role of forming smaller 

ZnTe microspheres. Also, Te was not completely reduced at 48 h. The incomplete reaction 

might be due to some stable coordination phases formed when Zn(CH3COO)2 was used. 

The formation process of ZnTe microspheres that using Zn(CH3COO)2 as the precursor 

is worth studying in the future. 
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Figure 5.29 (a) SEM image (inset is the size distribution), TEM images (b) at low 

magnification and (c) at high magnification of the area marked in (b). (d) XRD pattern of 

the ZnTe microsphere sample 518PVP(48h) synthesized using Zn(CH3COO)2 (Amount 

of PVP = 518 mg, reaction time = 48 h, reaction temperature = 200 °C). XRD pattern of 

ZnCl2 is attached for comparison. Bar charts are reference patterns of ZnTe (JCPDS No. 

15-0746) and Te (JCPDS No. 36-1452). 

 

5.3.8 Effect of en to the microspheres’ morphologies 

The importance of moderate amount of en for making ZnTe microspheres was 

also demonstrated. Same experimental parameters as synthesizing 518PVP(48h) to make 

ZnTe microspheres but doubled the amount of en in the precursor solution i.e., EG = 2.36 

mL and en = 1.28 mL. The size of ZnTe microspheres did not change significantly (669 
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± 72 nm) (Figure 5.30a). However, some small structures attached on the microspheres 

made the surface of particles looked rougher than that obtained using 0.64 mL of en. It 

was because en is a commonly used reducing agent [62-64], extra amount of en would 

affect the reaction kinetics, and thus alternated the size-homogeneity of ZnTe 

microspheres. TEM image (Figure 5.30b-c) shows the obtained ZnTe microspheres were 

polycrystalline. No residual Te was observed with additional en from the XRD result 

(Figure 5.30d). The findings suggested that using an appropriated amount of en in the 

precursor solution is the key factor for making homogeneous ZnTe particles with a 

smooth spherical morphology. This study hereby suggests using 0.64 mL of en can 

effectively yield the sized-homogeneous ZnTe microspheres. 
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Figure 5.30 SEM image (inset is the size distribution), TEM images (b) at low 

magnification (dashed line is a guide for eyes to identify a ZnTe microsphere) and (c) at 

high magnification of the area marked in (b). (d) XRD pattern of the ZnTe microsphere 

sample 518PVP(48h) synthesized using doubled amount (1.28 mL) of en in the precursor 

solution (Amount of PVP = 518 mg, reaction time = 48 h, reaction temperature = 200 °C). 

XRD pattern of using 0.64 mL of en is attached for comparison. Bar charts are reference 

patterns of ZnTe (JCPDS No. 15-0746) and Te (JCPDS No. 36-1452).  
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5.3.9 ZnTe microspheres as THz wave source 

Table 5.5 ZnTe microspheres used for THz emission test and their synthesis parameters. 

Sample Average size PVP amount Precursors Loaded amount 

ZnTe-0.7 746 ± 144 nm 518 mg 
0.2 mmol of ZnCl2 

0.16 mmol of Na2TeO3 

83.8 mg 

ZnTe-0.8 854 ± 141 nm 1036 mg 84.0 mg 

ZnTe-1.0 1.0 ± 0.2 𝜇m 0 mg 87.0 mg 

ZnTe-1.6 1.6 ± 0.2 𝜇m 518 mg 
0.4 mmol of ZnCl2 

0.32 mmol of Na2TeO3 

87.2 mg 

ZnTe-1.9 1.9 ± 0.5 𝜇m 518 mg 
0.6 mmol of ZnCl2 

0.48 mmol of Na2TeO3 

90 mg 

 

 Different sized-ZnTe microspheres were stocked up through repeating the 

syntheses. The diameters of ZnTe microspheres were remeasured from SEM images 

(Figure A5.2) after mixing the stocked-up microspheres (Table 5.5). ~90 mg of ZnTe 

microspheres were deposited on the Si wafer, confirmed by the initial and final weight of 

the Si wafer. XRD patterns of different sized-ZnTe microspheres loaded on Si wafer are 

given in Figure 5.31. No traceable Te was observed. Crystalline size of ZnTe 

microspheres in each sample was determined with (111) and (220) peaks in the data using 

X’Pert HighScore Plus (Malvern PANalytical, the Netherlands), also with the intensity 

ratio of (220) peak-to-(111) peak for each sample (Table A5.1). Figure 5.32a shows the 
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crystalline size calculated from each peak with respect to samples. Larger crystalline sizes 

are always given by (220) peaks than (111) peaks. Diffuse reflectance spectra (Figure 

A5.3) show all samples have reflectance less than 10% at 800 nm of laser excitation 

wavelength. It is assumed that the laser light can be absorbed by all samples. Reflectance 

had no tendency to the size differences. It should be noted that the reflectance is affected 

by surface roughness and film thickness, and the drop casting technique used in the 

experiment did not give an even-thickness film of ZnTe microspheres. 

 

 

Figure 5.31 XRD patterns of (a) ZnTe-0.7, (b) ZnTe-0.8, (c) ZnTe-1.0, (d) ZnTe-1.6, and 

(e) ZnTe-1.9 loaded on Si wafer. Bar charts are reference pattern of ZnTe (JCPDS No. 

15-0746). 
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Figure 5.32 (a) Sizes of crystals with (111) and (220) faces with respect to the ZnTe 

microspheres’ diameter. (b) Content of (220) crystals determined from XRD peak 

intensities. 

 

Figure 5.33 (a) THz-TDS of sample (a) ZnTe-0.7, (b) ZnTe-0.8, (c) ZnTe-1.0, (d) ZnTe-

1.6, (e) ZnTe-1.9. Laser intensity is 0.4 mJ/pulse. (f) Summary of peak-to-peak intensities 

in TDS against average ZnTe microspheres’ size with respect to different laser pulse 

intensity. 
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Figure 5.33 shows THz-TDS of all samples irradiated by laser with intensity 0.4 

mJ/pulse. THz wave emission intensity increased with increasing average size of ZnTe 

microspheres. Regardless to the laser pulse intensity, ZnTe-0.7, ZnTe-0.8, and ZnTe-1.0 

emitted relatively weak THz wave. Contrastively, ZnTe-1.6 and ZnTe-1.9 resulted in THz 

wave emission and that increased significantly with increasing laser intensity (Figure 

5.33f), which is agreed by Eq 1.2. THz emission was not likely contributed by the surface 

depletion field of semiconductor. It was because the wavelength of laser was 800 nm 

(equivalent to a photon energy of 1.55 eV), that was not sufficient to proceed 

photoexcitation and excite the electron-hole pairs in ZnTe with larger band gap of 2.26 

eV. On the other hand, photo-Dember effect on ZnTe is also considerably weak, because 

it usually occurs in narrow band gap semiconductors (e.g., InAs, InSb).[65] Therefore, 

the THz wave emission from all samples is considerably contributed by the optical 

rectification (OR). 

Thickness of ZnTe microspheres deposited in each sample was estimated with 

the measurement using confocal laser scanning microscope. A scratch was made at the 

center of each ZnTe microspheres film so that the Si wafer substrate was exposed to the 

surface. Scanning were executed and a profile line of the scanned area showed the 

thickness of ZnTe microspheres film. Assume the ZnTe microspheres were well arranged 
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on the Si wafer. The thickness of ZnTe microspheres film and estimated number of layers 

of ZnTe microspheres were listed in Table 5.6. The result suggested that number of layers 

may not be the reason of THz wave emission, as well as particle sizes seem not affecting 

the THz wave emission. Therefore, it was considered that crystalline size could be the 

key factor of THz wave emission. 

 

Table 5.6 Thickness of ZnTe microspheres film of each sample and the estimated number 

of layers of ZnTe microspheres loaded on Si wafer via dividing the thickness by the 

diameter of ZnTe microspheres. 

Sample Thickness Number of layers 

ZnTe-0.7 57 𝜇m ~81 

ZnTe-0.8 52 𝜇m ~65 

ZnTe-1.0 43 𝜇m ~43 

ZnTe-1.6 56 𝜇m ~35 

ZnTe-1.9 54 𝜇m ~28 

 

As discussed in chapter 1, orientation of crystals and the laser-incident angle are 

important factors to generate strong THz electric field through OR. Maximum THz 

electric field can be reached when the laser irradiates {110} crystal planes at a normal 

direction. Instead, Guo et al. has reported THz wave generated from <111>- oriented 
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ZnTe single crystal as well.[66] Therefore, crystals with (111) and (220) planes in the 

ZnTe microspheres were possibly contributed to the THz wave emission, even though it 

is difficult to quantify the contribution because of the random orientation of 

polycrystalline materials. Crystalline size might not relate to the THz wave emission 

because ZnTe-1.0 had the largest crystals, but it only emitted weak THz wave (Figure 

5.33c). The amount of crystals with (220) plane to that with (111) plane, given by the 

XRD peaks of two planes, also had no tendency against the THz wave emission intensity. 

However, the THz wave emission was possibly enhanced when considering both factors 

together – moderate crystalline sizes and high ratio of peak intensities of (220) plane to 

(111) plane (> 80%). 

One of the concerns is that induced polarizations in the optical rectification 

process in each nanocrystal of ZnTe microspheres would compensate each other because 

these crystals were highly random oriented, i.e. net polarization = 0. The morphologies 

of different sized ZnTe microspheres might give some ideas in explaining the THz wave 

emission in larger spheres. Larger ZnTe spheres tended to conjugate with neighbor 

particles and formed a bunch of microspheres with asymmetrical shape (Figure 3.34a) 

but smaller ZnTe spheres stayed individual and spherical (Figure 3.34d). Considering a 

bunch of microspheres in ZnTe-1.9 as a single particle, the induced polarization was non-
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zero. It was because the ‘particle’ is non-symmetrical (Figure 3.34c). In case of single 

ZnTe microsphere in smaller sized, the induced polarization in either <110> and <111> 

oriented nanocrystals would have higher probability to be canceled out by each other 

since the particle is symmetrical (Figure 3.34f). As a result, more bunches of ZnTe 

microspheres in ZnTe-1.9 (pink circles in Figure 3.34b) might be favorable to the THz 

wave emission because of the non-zero induced polarization. 
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Figure 5.34 SEM image of stocked ZnTe microspheres before deposition on Si wafer for 

(a) ZnTe-1.9 and (d) ZnTe-0.8. Cross-sectional image of ZnTe microspheres layer 

deposited on Si wafer of (b) ZnTe-1.9 and (e) ZnTe-0.8. Pink circle indicates a bunch of 

ZnTe microspheres. Schematic diagram for explaining the induced dipoles in sample (c) 

ZnTe-1.9 and (f) ZnTe-0.8. 
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 The intrinsic semiconductor properties such as dopants, carrier concentrations 

and stoichiometric compositions also affect the emission of THz wave, because these 

features affect the band gap of ZnTe.[67] The composition of ZnTe microspheres was not 

perfectly stoichiometric compared with single crystals. The more or less content of Zn 

and Te atoms, impurities during the syntheses, and/or oxidation of Zn atoms are also 

possibly affecting the centrosymmetry of ZnTe crystals, which highly determines the OR. 

Moreover, PVP was involved in making ZnTe microspheres (except ZnTe-1.0). 

Although PVP considerably did not affect the THz wave emission, the existence of PVP 

was counted when the ZnTe microspheres were weighed and loaded on Si wafer. 

Therefore, the actual amount of ZnTe microspheres in all samples did not perfectly equal 

to each other, and samples with the smaller ZnTe microspheres possibly consisted of more 

PVP, due to the large surface area of smaller particles. This affected the number of ZnTe 

microspheres to be effectively irradiated by the laser pulse. Thus, weak/almost zero 

emission was found in ZnTe-0.7, ZnTe-0.8, and ZnTe-1.0. 
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Lastly, a day-long laser irradiation test was conducted using ZnTe-1.9 to test its 

stability with the laser intensity at 0.4 mJ/pulse. Figure 5.35 shows ZnTe-1.9 constantly 

emitted THz wave for a day. Data points fell off from the average (shaded area) are 

considered as experimental error. Therefore, the ZnTe microspheres are considered as a 

stable THz wave source. 

 

Figure 5.35 THz intensity (right y-axis) with respect to time with laser excitation at 

intensity 0.4 mJ/pulse (left y-axis). Total 80 data points were taken in between 10:00 am 

to 5:30 pm on 2022/05/04. 
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5.4 Conclusion 

A hot injection method of preparation of ZnTe microspheres with size 600 – 1000 

nm has been demonstrated. Amount of PVP used in the reaction determined the reaction 

kinetics of Te rods formed from TeO32- ions at earlier stage, which were the template for 

ZnTe to grow, and therefore influencing the nucleation and growth rate of ZnTe 

microspheres in longer reaction time. Homogeneous, high-purity ZnTe microspheres with 

an average size of 634 nm have been synthesized with using 518 mg of PVP and reaction 

time of 48 h. All-round analyses on the formation process of ZnTe microspheres have 

been performed using various characterization techniques, and a formation scheme of 

ZnTe microspheres has been proposed. Some key points on further analyzing the ZnTe 

microspheres were issued – the problem of Coulomb explosion of Te rods during HVEM 

observation and elucidating the functionality of using Zn(CH3COO)2 as the precursor for 

making smaller-sized ZnTe microspheres. 

On the other hand, THz wave emission was observed from the ZnTe 

microspheres sized ≥ 1.6 𝜇m. Even though single crystal ZnTe is mostly used in THz 

generation in other studies, this study demonstrated polycrystalline ZnTe can also emit 

THz wave under laser irradiation. The THz emission was originated from OR. Larger 

ZnTe microspheres prone to emit THz wave significantly.  
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This research brings in-depth information regarding to the formation mechanism 

of ZnTe microspheres in a PVP-containing polyol system and first preliminarily 

demonstrated THz wave emission from polycrystalline ZnTe microspheres. 
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5.6 Supporting Information 

 

 
Figure A5.1 3D diagram constructed by overlapping cross-sectional images of sample 

518PVP(0.5h) using FIB-SEM. 
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Figure A5.2 SEM images of (a) ZnTe-0.7 (746 ± 144 nm), (b) ZnTe-0.8 (854 ± 141 

nm), (c) ZnTe-1.0 (1.0 ± 0.2 𝜇m), (d) ZnTe-1.6 (1.6 ± 0.2 𝜇m), and (e) ZnTe-1.9 (1.9 

± 0.5 𝜇m). 
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Table A5.1 Crystalline size calculated with (111) and (220) peaks; peak intensity of (220) 

to sum of peak intensities of (111) and (220), using X’Pert HighScore Plus (Malvern 

PANalytical, the Netherlands). 

Sample Crystalline size (111) Crystalline size (220) 
𝐼(""$)

𝐼(+++) + 𝐼(""$)
 

ZnTe-0.7 13.7 nm 23.7 nm 42.6% 

ZnTe-0.8 12.1 nm 22.3 nm 39.5% 

ZnTe-1.0 15.0 nm 28.6 nm 43.1% 

ZnTe-1.6 12.8 nm 26.2 nm 45.1% 

ZnTe-1.9 15.4 nm 26.9 nm 47.3% 

 

 

Figure A5.3 Diffuse reflectance spectra of ZnTe microspheres loaded on Si wafer. 
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CHAPTER 6 

General Conclusion 

 

This dissertation focuses on synthesizing nano/micro materials using sputter 

deposition (top-down) and chemical reduction (bottom-up) approaches and investigating 

their optical response under ultrafast laser pulse irradiation. Potential applications of 

different forms of Cu-based materials and ZnTe were listed. Approaches – either top-

down or bottom-up? of synthesizing nano/materials were discussed. Besides, with the 

development of laser technologies, the interaction between ultrafast laser pulse and 

different nano/micro materials (nonlinear optics, semiconductors, water, etc.) is of interest. 

The mechanisms (optical rectification, Schottky junctions, etc.) of EM wave in X-ray and 

THz regime emitted through such interaction were given. In particular, the broadband 

THz pulse emission from Cu-oxides thin film and from polycrystalline ZnTe 

microspheres were reported. 

Chapter 2 presents the use of single sputter deposition for synthesizing 

monometallic Cu NPs dispersion and double target co-sputter deposition for synthesizing 

bimetallic Cu-Pd alloy NPs dispersion in the liquid PEG. The optical properties, particle 

sizes, structures, compositions, stability in the solution of NPs were characterized using 
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UV-Vis, TEM, STEM-EDS, XRD, and XPS. Both Cu and Cu-Pd NPs had size less than 

5 nm and dispersed in PEG without aggregation. UV-Vis spectrum of monometallic Cu 

NPs dispersion showed an absorption peak at 570 nm, which was originated from Cu NPs. 

Cu-Pd alloy NPs dispersion did not show such characteristic peak in UV-vis region, 

indicating alloy formation instead of the mixture of Cu and Pd NPs. Growth in size of Cu 

NPs in 1 week and the oxidation progress of Cu NPs in PEG were monitored. 

Characterizations were diversely carried out to distinguish the composition of Cu-Pd 

alloy NPs, which were synthesized through different combinations of sputtering current. 

Results proved that using double target sputter deposition by alternating sputtering current 

could vary compositions of alloy NPs. The sputtered Cu-Pd alloy NPs had low 

crystallinity. Degradation of Cu-Pd alloy NPs during storage for 4 days because the Cu 

atoms in Cu-Pd alloy NPs prone to dissolute into the PEG. 

Chapter 3 studies the stability of Au@Cu2O core-shell NPs synthesized by wet-

chemical route and stored in water/ethanol mixed solvents. 16 nm-sized Au NPs were 

synthesized using Turkevich method. Cu2O shells grew on Au NPs epitaxially because of 

the small lattice mismatch between Au and Cu2O. The thickness of Cu2O shell was 

tunable from 2 to 40 nm through increasing CuCl2 concentration during syntheses. 

Absorption peak in UV-Vis spectra of Au@Cu2O core-shell NPs has red shifted with 
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thicker Cu2O shells. The stability of Au@Cu2O core-shell NPs was poor in the solvents 

that contain > 50 vol % water content. At day 5 of storage, the Cu2O shell of individual 

core-shell NP prone to aggregate with the neighbor shells, and the Au cores left from the 

shell. Meanwhile, the characteristic absorption peak of Cu2O was no more appeared. It 

was because the water promoted oxidation of Cu2O to CuO, which also degraded the 

unique optical properties of the original Au@Cu2O. This study shows the Au@Cu2O 

core-shell NPs dispersed in aqueous solvents was not an appropriate candidate for THz 

wave emission test due to their instability. 

Chapter 4 presents THz wave emission from semiconductor/metal interface 

using aqueous free Cu and Cu/Au thin film samples followed with oxidative annealing 

(80 to 300 ºC, 2.5 h) to obtain Cu oxides as the semiconductor layer. THz wave emission 

intensity with respect to the oxidation temperature for annealing Cu layer, and the 

function of Au layer were discussed. Film thickness of Cu was 80 nm and that of Au was 

50 nm. Si wafer was used as the substrate. Samples were irradiated by femtosecond laser 

(35 fs, 800 nm). THz wave emitted from samples were monitored by time-domain 

spectroscopy in reflection mode. Results showed that Cu2O/Cu interface was the key 

feature of THz wave emission. Samples annealed at 80 °C had THz wave emission at the 

highest intensity compared with that annealed at other temperatures due to enhancement 
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of laser absorption by porous structures formed at low oxidative temperature. Cu/Au/Si 

had higher THz wave emission intensity compared with Cu/Si in general because Au film 

acted as a reflector of THz wave and/or enhance the laser absorption of Cu2O/Cu interface 

through Fabry-Pérot effect. 

Chapter 5 presents mechanistic studies of ZnTe microspheres formed in a PVP-

contained polyol system. ZnTe microspheres were synthesized at 200 °C via a hot 

injection method in a polyol system with adding 0, 259, 518, and 1036 mg of PVP. A 

retrospective study was conducted to evaluate the formation process of ZnTe 

microspheres by conducting experiments from 0.2 h to 48 h. Nucleation and growth of 

ZnTe at the tips of Te rods in a PVP-contained polyol system were observed in sample 

reacted less than 1 h. More ZnTe microspheres and less Te rods were observed when the 

reaction was proceeded for longer time, suggesting that Te rods were the sacrificial 

template for the growth of ZnTe. Amount of PVP is the key factor of controlling 

dimensions of Te rods formed at the initial stage as well as the sizes of ZnTe microspheres 

by influencing the nucleation and growth rate of ZnTe. The obtained ZnTe microspheres 

at 48 h consisted of voids, which were originated by the detachment of ZnTe microspheres 

from Te rods after their growth. Furthermore, the possibility of ZnTe microspheres as THz 

wave source was discussed. Although the ZnTe microspheres were polycrystalline, THz 
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wave emission was observed. The larger ZnTe microspheres (> 1.0 𝜇m) were prone to 

generate THz wave in higher intensity, which possibly originated from the nonlinear 

effect by ZnTe and the surface depletion field between ZnTe and air. 

Discussion in this dissertation has brought up to date knowledges on different 

approaches to synthesize nano/micro materials and the optical response of these materials 

to the ultrafast laser pulses. The findings are significant to the development of THz wave 

technologies and further widen the availability of nano/micro materials for broadband 

THz pulse technologies. 
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