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ABSTRACT
The fabrication and characterization of Co@Cu core-shell nano-particles are addressed in this thesis. First, Cu-Co alloy thin films with total thickness of ~10 nm were deposited on both 100 nm SiO2 coated silicon wafers, quartz substrates and SiNx membranes using RF magnetron sputtering system. Three structures were studied in this work: (1) ~10 nm co-sputtered Cu-Co alloy thin film. (2) ~5 nm (at center) Cu thin film covered by ~5 nm (at center) Co thin film. (3) ~5 nm (at center) Co thin film covered by ~5 nm (at center) Cu thin film. In addition, ~10 nm pure Cu and Co thin films were also prepared on the three substrates described above for comparison with the alloy. EDS, Filmetrics F20-UV thin film analyzer, and Cary 5000 (Varian Inc.) were used for thin films composition and optical properties analysis. After that, thin films were irradiated in air by Nd:YAG laser and KrF laser to form Cu-Co particles. The particles morphology was then characterized by SEM. Composition and optical properties were also studies on particles. Finally, TEM was used to characterize the particles structure.
The analysis results demonstrate that the dewetting evolution is tunable by adjusting the alloy composition or thin film structure. Particles size distribution is also affected by composition and structure. The optical measurement reveals that particles at Cu-rich edge on Co top Cu bottom sample show an obvious Surface Plasmon Resonance phenomenon. TEM images of Cu-Co (~50 Cu at.%) particles show a well-defined Co@Cu core-shell structure. And EELS spectrum shows a SPR peak around the particles surface.
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[bookmark: _Toc378770161][bookmark: _Toc378682224][bookmark: _Toc378683339][bookmark: _Toc378760640]CHAPTER 1 INTRUCTION
1.1 [bookmark: _Toc378676153][bookmark: _Toc378682225][bookmark: _Toc378683340][bookmark: _Toc378760641][bookmark: _Toc378761012][bookmark: _Toc378770162]Self-assembly of nanoparticles
Nano-patterns with characteristic length scales have become an active area of research. For example, pattern formation by ion irradiation has been used to modify surface topography. Rippling under ion irradiation is due to an instability resulting from the competition between ion erosion and smoothening caused by surface diffusion [1]. Another example for thin film pattern formation is hydrodynamic instabilities such as spinodal dewetting [2-8]. In this case, the nano-patterns have characteristic length scales and timescales which depend on the thermophysical material properties such as melting temperature, surface tension, fluid velocity and intermolecular forces such as van der Waals forces. Under certain conditions, thin films will break up into holes resulting from spontaneous film thickness fluctuations. These holes then grow and the rims ahead of the holes eventually merge to form cellular-like structures. The resulting rims/filamets are unstable and decay into droplets [9]. For instance, Figure 1.1 shows a typical dewetting process of co-sputtered Cu-Co alloy.
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[bookmark: _Toc378684170][bookmark: _Toc378684387][bookmark: _Toc378763371][bookmark: _Toc378769921]Figure 1.1 Dewetting evolution of 10 nm thick Cu-Co alloy thin film on SiO2/Si substrate with nanosecond laser irradiation (increasing liquid lifetime from left to right)
1.1.1 [bookmark: _Toc378676154][bookmark: _Toc378682226][bookmark: _Toc378683341][bookmark: _Toc378760642][bookmark: _Toc378761013][bookmark: _Toc378770163]Spinodal theory
[bookmark: _Toc378760643][bookmark: _Toc378761014]There are two leading theories which explain the classical dewetting instability [10-12]. One is called spinodal theory. More than forty years ago, Anton Vrij hypothesized that extremely thin liquid films are unstable via the  amplification of surface waves [9]. This instability in thin films can be interpreted as a competition between the stabilizing effect of interfacial tension and the attractive intermolecular forces between the film-substrate and film-vacuum interfaces mediated by the film materials. The intermolecular forces, van der Waals forces, play an important role in this theory. The van der Waals forces are weak in liquids compared with other intermolecular forces. Additionally, there are always small perturbations or thermal vibrations in liquids which can develop as spinodal wave. The amplitude of the disturbance grows with time and leads to dewetting if the growth in the amplitude lowers the energy of the system. Otherwise, the perturbation is damped and the film remains continuous. For very thin films (less than 100nm), van der Waals forces become significant and overcome the interfacial tension. Under such conditions, film thickness fluctuations are spontaneously amplified and eventually dewet [6, 9, 13, 14]. The computed result [9] of variation in height h(x,t) of the film at different position x and time t are as shown in the Figure 1.2. This diagram clearly indicates the emergence of spines at the early stage of spinodal dewetting.
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[bookmark: _Toc378684388][bookmark: _Toc378763372][bookmark: _Toc378769922]Figure 1.2 A 3D graph representing time evolution of surface waves at early stages of spinodal dewetting
“Singh, S.P., Spinodal Theory: A Common Rupturing Mechanism in Spinodal Dewetting and Surface Directed Phase Separation (Some Technological Aspects: Spatial Correlations and the Significance of Dipole-Quadrupole Interaction in Spinodal Dewetting). Advances in Condensed Matter Physics, 2011.”
However, the interfacial tension cannot allow intermolecular forces to prevail the dewetting process when the films are too thick. Another mechanism that can lead to dewetting is nucleation. Both homogeneous and heterogeneous nucleation can be operative. For homogeneous nucleation and growth, holes appear spontaneously at random locations and times on the surface, and thus there is no characteristic length scale. Heterogeneous nucleation occurs much more often compared to homogeneous nucleation. It forms at preferential sites such as phase boundaries or impurities like dust and requires less energy than homogeneous nucleation [15].
1.1.2 [bookmark: _Toc378682227][bookmark: _Toc378683342][bookmark: _Toc378760644][bookmark: _Toc378761015][bookmark: _Toc378770164]Characteristic wavelength and timescale
The length and time scale of dewetting patterns due to spinodal instability can be explained by lubrication analysis. Lubrication theory provides a relationship between mass flux and the effective pressure gradient resulting from perturbations and disjoining pressure due to intermolecular forces such as van der Waals forces. For a thin film on substrate, the disjoining pressure [16-19] is:

Here, h is the thin film thickness. And A is the Hamaker constant which can be defined for a van der Waals body-body interaction:

Where ρ1,ρ2 are the number of atoms per unit volume in two interacting bodies and C is the coefficient in the particle-particle pair interaction. The Hamaker constant is used to determine the interaction parameter C from the van der Waals pair potential which is expressed as  for two atoms with interval distance of r. According to the above expressions, a characteristic wavelength Λ can be evaluated as a function of film thickness:

whereγis the surface tension of the metal. Similarly, from the linear thin film hydrodynamic theory, the dewetting instability time scale τD associated with the growth of perturbations with wavelength Λ is:

where ηis the viscosity of liquid materials at their melting points [1]. After the formation of holes, the thin films will retract from the hole-center with a velocity (ignoring viscous loss) known as the Taylor-Culick velocity:

where  is the liquid thin film surface tension,  is the liquid density,  is the thickness of thin film.
1.1.3 [bookmark: _Toc378682228][bookmark: _Toc378683343][bookmark: _Toc378760645][bookmark: _Toc378761016][bookmark: _Toc378770165]Rayleigh-Plateau theory
The Rayleigh-Plateau phenomenon is easily observed in daily life. Examples of this instability include uniform water beads forming on a spider web during the night, water dripping from a faucet, and the use of ink-jet printing. Due to surface tension, liquids tend to break up into droplets instead of remaining in cylindrical form [20-26]. The driving force of this process is system energy minimization.
Tiny perturbations exist in the stream no matter how smooth the stream is. Assuming the perturbations are resolved into sinusoidal components, some of them grow with time while others decay with time.
The future shape formation can be explained by Young-Laplace equation:

where  is the pressure difference across the fluid interface,  is the surface tension, and R is the radius of curvature. At the trough, the radius of the stream is smaller than that at the peak. Hence the pressure at the trough is higher. We can expect that the higher pressure in the trough would squeeze liquid into the lower pressure region in the peak. Then the wave growing in amplitude over time is obtained. Furthermore, it is found that the component that grows the fastest is the one whose wave number satisfies the equation:

Here, k is the wave vector, and R is the radius of curvature.
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[bookmark: _Toc378769923]Figure 1.3 Interfacial tensions working on a macroscopic drop at a substrate. are interfacial tensions between liquid-gas medium, solid-liquid medium and solid-gas medium. is contact angle.
“From Wikipedia”
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[bookmark: _Toc378769924]Figure 1.4 Shows different contact angles. A has a large contact angle while C has a small contact angle.
“From Wikipedia”
When droplets form, there is a contact angle depending on the wettability of the liquid. Figure 1.3 shows interfacial tensions between different medium. In this case, the equilibrium contact angle can be expressed as:

Figure 1.4 schematically show the different contact angle which depends on the wettability of liquid.
1.2 [bookmark: _Toc378682229][bookmark: _Toc378683344][bookmark: _Toc378760646][bookmark: _Toc378761017][bookmark: _Toc378770166]Cu-Co system
Synthesis, characterization and property evaluation of core/shell nanostructures has attracted profound interest because of their potential applications in various fields such as magnetism, optics and catalysis [27]. The Cu-Co system, combines a strong magnet (Co) with a good conductor (Cu) in an immiscible system, is of special interest due to plethora of applications [28-37]. So far, Co-Cu alloys have been mainly used in recording media and sensors owning to their giant magneto resistance (GMR) effects [38-48]. The microstructural features in the Cu-Co alloy system controlling the magnetization and GMR effect are expected to be grain size, distribution shape, and the volume fraction of magnetic phase embedded in the non-magnetic matrix [30]. Cu-Co granular materials are also employed as catalysts in chemical applications because of the large surface to volume ratio which can improve the catalytic efficiency [49, 50].
Furthermore, the physical and chemical properties of Cu-Co alloys depend on the structure of core, shell and the interfacial interactions which are tunable by simply controlling the core-shell structures of different size and composition [51, 52]. Nowadays, various methods have been used to synthesize the Cu-Co nanostructures such as chemical synthesis, sputtering, solidification, lithography-based nano-structuring and mechanical alloying [27, 53-59]. Among these processes, chemical synthesis which includes sonochemical routes, polyol process and transmetallation reactions, are commonly used because it allows controlling the composition of Cu/Co and the size of both core and shell precisely [27, 56, 60]. Another relatively simple method of forming nano-structures on a surface is based on the dewetting of thin films on an inert substrate. As a self-assembly and self-organizing technique, the spontaneous dewetting of thin films under thermal treatment has been widely investigated [61]. This process, with an initial smooth film of precise thickness, can fabricate patterns with well-defined morphology and length scales [54]. This is a promising approach to fabricate nano-structures with tunable size and compositions.
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[bookmark: _Toc378769925]Figure 1.5 Phase diagram of Cu-Co binary system
“From FactSage database”
1.2.1 [bookmark: _Toc378682230][bookmark: _Toc378683345][bookmark: _Toc378760647][bookmark: _Toc378761018][bookmark: _Toc378770167]Cu-Co phase diagram and diffusion
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]According to the Cu-Co equilibrium phase diagram [62-66], it can be seen that Cu and Co have limited solid solubility and do not form any intermetallic compound. The Cu rich solid solution is face-centered cubic (FCC) while the Co rich solid solution is either FCC (high-temperature) or hexagonal close-packed (HCP) (lower temperature) depending on its heat treatment history [67]. That means Co has a allotropic transformation from a FCC phase to a HCP phase at 422℃ on cooling [66]. Due to the solubility property of Cu-Co system, there is a phase separation during the solidification of liquid alloy.
Diffusion is the mass transport by atomic motion in a solid, liquid or gas. For gas and liquid, the diffusion mechanism is random (Brownian) motion while the movement in solid depends on vacancy or interstitial diffusion.
Fick’s First Law relates the diffusive flux to the concentration under the assumption that diffusion rate is independent of time (steady state). In one spatial dimension, the law is 

Where J is the diffusion flux, C is the concentration and x is the position, D is the diffusion coefficient or diffusivity, which increases with increasing temperature. And the relationship can be expressed as:

Here D0 is pre-exponential, Qd is activation energy, R is gas constant and T is absolute temperature in K.
If the concentration of diffusing species is time dependent (non-steady state), Fick’s Second Law is used:

The solution of C(x,t) can be obtained using initial and boundary conditions. That is

Where C(x,t) is the concentration at point x at time t. Cs is the constant surface concentration while C0 is the concentration at . And erf(z) is the error function which is equal to

The thin film solution of C(x,t) can be obtained by looking at the case where  is very small compared to the diffusion distance x, and the thin film is initially located at x=0:

Where N is the number of “source” atoms per unit area initially placed at x=0.
1.3 [bookmark: _Toc378682231][bookmark: _Toc378683346][bookmark: _Toc378760648][bookmark: _Toc378761019][bookmark: _Toc378770168]Pulsed laser annealing
The spontaneous dewetting of thin films under thermal treatment is a facile method for self-assembly. Among the possible heating sources, nanosecond laser pulses have proved to be important because of their ability to rapidly raise the metal temperature to beyond its melting point and also being able to capture intermediate stages of dewetting due to high quenching rates [61]. It also has a shorter time to anneal the metal films compared with other techniques.
1.3.1 [bookmark: _Toc378682232][bookmark: _Toc378683347][bookmark: _Toc378760649][bookmark: _Toc378761020][bookmark: _Toc378770169]Emission and absorption of light
Laser, which is an acronym for Light Amplification by Stimulated Emission of Radiation, is a device that emits light through a process of optical amplification based on the stimulated emission of electromagnetic radiation. It is distinguished from other light sources by its coherence. One is spatial coherence which allows a laser to be focused to a tight spot. Another one is temporal coherence. This enables applications such as laser pointers by allowing a laser beam to stay narrow over long distances. In this thesis, a Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) crystal laser with 266nm wavelength is used for thin film annealing.
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[bookmark: _Toc378769926]Figure 1.6 Stimulated emission of atom
“From Wikipedia”
The contemporary model of atomic structure describes an electrically neutral system composed of a nucleus with one or more electrons bound to it. Each atom has an array of energy levels: the level with the lowest possible energy is called the ground state, and higher energy levels are called excited states. If an atom is in its ground state, it will stay there until it is excited by external forces.
Movement of electrons from one energy level to another, a transition, happens when the atom either absorbs or emits energy. The transition in either direction can occur as a result of interaction with a photon of light. Consider a transition from a lower level whose energy is E1 to a higher one with energy E2. It will only occur if the energy of the incident light higher than the energy difference between levels, i.e.

where h is Planck’s constant, and  is the frequency of the photon. Likewise, when an electron excited to E2 decays to E1, it loses energy equal to E2-E1. It may decay spontaneously, emitting a photon with energy  and frequency:

An electron excited to E2 can also be stimulated to decay to E1 by interacting, known as stimulated emission (Figure 1.6), with a photon of frequency , emitting energy in the form of a pair of photons that are identical to the incident one in phase, frequency and direction.
1.3.2 [bookmark: _Toc378682233][bookmark: _Toc378683348][bookmark: _Toc378760650][bookmark: _Toc378761021][bookmark: _Toc378770170]Population inversion
The net absorption at a given frequency is the difference between the rates of emission and absorption at that frequency. The rate of stimulated emission from E2 to E1 is proportional to the population of the upper level (N2) and the transition probability. Similarly, the rate of excitation from E1 to E2 is proportional to the number of atoms in the lower level (N1) and the transition probability. And the transition probability depends on the flux of the incident wave and the transition cross section. Therefore, the absorption efficiency depends only on the difference between the populations, N1 and N2, and the flux of the incident wave.
If the transition scheme is limited to two energy levels, N2 can never exceed N1 because each upward transition is matched by one in the opposite direction. Therefore, it is impossible to drive the populations beyond equality. However, if three or more energy levels are employed, additional excitation can create a population inversion where N1>N2.
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[bookmark: _Toc378769927][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Figure 1.7 A typical four-level transition scheme
For example, a model four-level laser transition scheme is depicted in Figure 1.7. Here, the electron is excited from E0 to E3 by a photon. The atom will decay immediately to E3 if the transition probability from E3 to E2 is greater than that from E3 to E0 and E3 is short lived. If the electrons in E2 have a long lifetime, the population will grow rapidly. Eventually, electrons in E2 will decay to E1, emitting a photon of frequency . If E1 is unstable, electrons will rapidly decay to ground state E0, keeping the population of E1 small. In this case, the population is E2 is quite large and that of E1 is low. Thus the population inversion is established between E2 and E1.
1.3.3 [bookmark: _Toc378682234][bookmark: _Toc378683349][bookmark: _Toc378760651][bookmark: _Toc378761022][bookmark: _Toc378770171]Distribution properties
In general, the laser pulse under consideration has a temporal Gaussian distribution, and the heat flow across the surface can be described by the conduction heat equation [68]:

where  is the heat source distribution in depth, is the material density,  is the specific heat capacity,  is the temperature,  is the time,  is the thermal conductivity. And a typical temperature profile as a function of time is shown in Figure 1.8.
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[bookmark: _Toc378769928]Figure 1.8 Shows temperature profile as a function of time for a silicon sheet after being exposed to a single laser pulse with a KrF excimer laser
“Sedky, S., et al., Microencapsulation of silicon cavities using a pulsed excimer laser. Journal of Micromechanics and Microengineering, 2012. 22(7)”
1.4 [bookmark: _Toc378682235][bookmark: _Toc378683350][bookmark: _Toc378760652][bookmark: _Toc378761023][bookmark: _Toc378770172]Thin film deposition
Thin film deposition techniques are used to deposit thin film of materials onto a substrate or onto previously deposited layers. It is useful in the manufacturing of electronics, semiconductors, optics, packaging and so on. The deposition techniques fall into two broad categories depending on whether the process is primarily chemical or physical. For chemical deposition, a fluid precursor undergoes a chemical change at a solid surface, leaving a solid layer. Spin coating, chemical vapor deposition, atomic layer deposition are all commonly used chemical deposition routes. Instead of undergoing a chemical change, physical deposition uses mechanical, thermodynamic or electromechanical methods to form a solid thin film. Examples include thermal evaporation, sputtering, pulsed laser deposition, etc.
1.4.1 [bookmark: _Toc378682236][bookmark: _Toc378683351][bookmark: _Toc378760653][bookmark: _Toc378761024][bookmark: _Toc378770173]Magnetron Sputtering System
Figure 1.9 shows a typical sputtering schematic. Sputtering deposition, ejecting material from a target and depositing it on a substrate such as a silicon wafer, is a physical vapor deposition process for depositing thin films. The target is the source material while substrates are placed in a vacuum chamber which is pumped down to a prescribed process pressure. Sputtering starts when a high voltage is applied to the target materials causing a plasma or glow discharge. Positively charged gas ions (Ar+) generated in the plasma region are attracted to cathode and sputter the target plate via momentum and energy transfer. The atoms or molecules ejected by Ar-target collisions are deposited on to the surface of the substrates. With the merits of large-area deposition, high uniformity, and good reproducibility, sputtering has been extensively used to deposit thin films of various materials in integrated circuits processing in the semiconductor industry. Thin anti-reflection coatings on glass are also deposited by sputtering for optical applications. It also a good method to deposit contact materials for thin film transistors. Furthermore, this technique is used to fabricate other high-quality functional films, such as thin film sensors, photovoltaic thin films, metal cantilevers and interconnects etc. [69]. 
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[bookmark: _Toc378769929]Figure 1.9 A typical sputtering schematic
“From M-SYSTEM CO., LTD web site”
Magnetron sputtering can be done either in direct current (DC) or radio frequency (RF) mode. In DC sputtering, positive charges accumulate on the cathode (targets) and thus eventually the accumulated positive charge negates the negative external bias and extinguishes the plasma. In order to avoid the charge build-up on insulating targets during DC sputtering, an alternative current (AC) in RF 13.5 MHz is applied in sputtering. With the alternative characteristic, the positive charges will stay in plasma zone and not accumulate in cathode. In this way, the cathode can sustain a high voltage difference and continue the sputtering for insulating films by varying the sign of the anode-cathode bias at a high rate.
An AJA International ATC 2000 UHV sputtering system as shown in Figure 1.10 is used for thin film deposition in this thesis. There are four magnetron sputtering sources which feature in-situ source head tilting allowing precise and repeatable con-focal, direct, and off-axis deposition. 4” or 6” substrates can be used in this system. Argon (Ar) inert gas is injected at the target surface while reactive gases can be injected at the substrate surface for reactive sputtering. Sputter deposition rate is a function of sputter yield of the material, power density into the target and type of power used. By using the standard surface source evaporation equation, a model was set up for our specific sputtering system [70]:

where  is the mass deposited on the substrate per unit area,  is the total mass sputtered from the target, n is the degree of forward peaking of the sputtered flux,  is the angle between the target surface normal and a line extending from the center of the target to a point on the substrate surface, r is the distance from the center of the target to the substrate surface, and  is the angle between the substrate surface normal and a line extending from the center of the target surface to a point on the substrate surface. This model incorporates the spatial distribution of the sputtering flux and the geometry of the chamber including the targets and the relevant distances and angles to the substrate holder in our specific chamber.
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[bookmark: _Toc378769930]Figure 1..10 AJA International ATC 2000 sputtering system during a 3-component co-sputtering synthesis
[bookmark: _Toc378682237][bookmark: _Toc378683352]

[bookmark: _Toc378760654][bookmark: _Toc378761025][bookmark: _Toc378770174][bookmark: _Toc378682238][bookmark: _Toc378683353][bookmark: _Toc378760655]CHAPTER 2 EXPERIMENT PROCEDURE
2.1 [bookmark: _Toc378682239][bookmark: _Toc378683354][bookmark: _Toc378760656][bookmark: _Toc378761026][bookmark: _Toc378770175]Cu-Co alloy thin films deposition
Cu-Co alloy thin films with total thickness of ~10 nm were deposited using RF magnetron sputtering system initially pumped to high vacuum ( Torr). The sputtering conditions are as follow: a 2 inch diameter Cu target (Kurt J. Lesker company) and a RF power of 29 W (120V self-bias) were used for Cu deposition while a 2 inch diameter Co foil target (Alfa Aesar company) and a RF power of 69 W (260V self-bias) were used for Co deposition. Meanwhile, 25 sccm Ar gas at 5 mTorr is the processing pressure. The Cu and Co film thicknesses were measured by Filmetrics F20-UV thin film analyzer. The sputtering rates measured at the center of the substrate were 1.6nm/min for both Cu and Co. Three Cu-Co alloy thin films were deposited on 100 nm SiO2 coated silicon substrates (100 mm diameter), quartz (100 mm diameter) respectively via the above sputtering conditions to obtain gradient compositions: (1) 10 nm co-sputtered Cu-Co alloy thin film (co-sputter). (2) 5 nm (at center) Cu thin film covered by 5 nm (at center) Co thin film (Co top Cu bottom). (3) 5 nm (at center) Co thin film covered by 5 nm (at center) Cu thin film (Cu top Co bottom). In addition, 10 nm pure Cu and Co thin films were also prepared on the three substrates described above for comparison with the alloy. The schematics of targets and substrate positions are shown in Figure 2.1. Cu-Co (50% atomic Cu) thin films with the same thickness were also deposited on 15 nm thick silicon nitride (SiNx) membranes (Ted Pella, Inc., Redding, CA) for the particles structure study.
2.2 [bookmark: _Toc378682240][bookmark: _Toc378683355][bookmark: _Toc378760657][bookmark: _Toc378761027][bookmark: _Toc378770176]Pulsed laser irradiation
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]All the films were irradiated in air by a normal incident laser beam with 7.5 mm diameter spot. A neodymium-doped yttrium aluminum garnet (Nd:YAG) laser at 266 nm wavelength was used. The laser energy density was chosen to be 90 mJ/cm2 with 6 pulses for SiO2 substrates and 80 mJ/cm2 with 3 pulses for quartz substrates to form nano-particles, respectively. A 25 ns 248 nm KrF excimer laser was used to irradiate the films on SiNx membranes using 100mJ/ cm2 energy density with 1 pulse.
2.3 [bookmark: _Toc378682241][bookmark: _Toc378683356][bookmark: _Toc378760658][bookmark: _Toc378761028][bookmark: _Toc378770177]Characterization
A LEO 1525 Scanning Electron Microscope (SEM) was used to capture the morphologies of different stages of pure Cu, Co and Cu-Co alloy thin film dewetting evolutions after pulsed laser irradiation. On each Cu-Co alloy sample (SiO2 and quartz substrates), five positions were irradiated and characterized. They are 10 mm (S1), 30 mm (S2), 50 mm (S3), 70 mm (S4) and 90 mm (S5) away from Cu-rich edge. Figure 2.1 also shows the substrates with locations.
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[bookmark: _Toc378769931]Figure 2.1 (a-c) Schematics of three Cu-Co thin film structures: co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c). Illustration of Cu-Co thin film surface with locations.
Energy Dispersive Spectroscopy (EDS) analysis was also obtained by LEO 1525 to measure the compositions at different position for Cu-Co thin films deposited on SiO2 substrates and membranes. EDS measurements were operated on both thin films and particles on all the samples with 4kV accelerating voltage and 8 mm working distance.
The reflectance of all samples on SiO2 and quartz substrates was measured using a Filmetrics F20-UV thin film analyzer between 200 to 900 nm wavelength. Additionally, Cary 5000 (Varian Inc.) between 300 to 1000 nm wavelengths was used for absorption and transmission measurement of samples deposited on quartz substrates.
Dynamic Transmission Electron Microscope (DTEM) incorporates two nanosecond pulsed lasers to drive both the specimen and a photocathode, which allows pump-probe experiments with single-shot imaging and diffraction capabilities at high spatiotemporal resolution. Obtained diffraction patterns were used to analyze crystalline structure and orientation of both original alloy film and resultant Co@Cu core-shell structures.
[bookmark: _Toc378682242][bookmark: _Toc378683357]

[bookmark: _Toc378760659][bookmark: _Toc378761029][bookmark: _Toc378770178][bookmark: _Toc378682243][bookmark: _Toc378683358][bookmark: _Toc378760660]CHAPTER 3 EXPERIMENT RESULTS
3.1 [bookmark: _Toc378682244][bookmark: _Toc378683359][bookmark: _Toc378760661][bookmark: _Toc378761030][bookmark: _Toc378770179][bookmark: OLE_LINK10]Thin film and particle properties of Cu-Co on SiO2 substrates
The composition of Cu and Co and optical properties of thin films on SiO2 substrates were measured using EDS, Filmetrics F20-UV thin film analyzer and Cary 5000 (Varian Inc.) as mentioned in the experiment procedure. After laser irradiation, the composition, optical properties and distribution of nano-particles were also obtained.
3.1.1 [bookmark: _Toc378682245][bookmark: _Toc378683360][bookmark: _Toc378760662][bookmark: _Toc378761031][bookmark: _Toc378770180]Composition analysis of Cu-Co thin films
The composition of each sample at different position was examined by EDS measurement. During the process, all samples were tilted 45 degrees and the aperture size was 120μm. Table 3.1 shows the resultant average atomic percentage of Cu using Origin software. Meanwhile, both average composition and the standard error versus position for each sample are also plotted in scatter chart shown in Figure 3.1. It shows a scatter plot of the Cu composition gradient in the thin film as a function of distance along a line on the substrate surface. This line lies along a plane that intersects the centers of both the Cu and Co targets, and the substrate surface. Typical EDS spectra of Cu-Co thin film, presented in Figure 3.2 to 3.4, indicate the presence of Cu and Co together with the substrate materials, Silicon (Si) and Oxygen (O).
[bookmark: _Toc378761284]Table 3.1 Cu atomic percentage of at position S1, S2, S3, S4, and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom Cu-Co thin film on SiO2 substrates
	Position
	S1
	S2
	S3
	S4
	S5

	Co-sputter       Cu at. %
Co top Cu bottom Cu at. %
Cu top Co bottom Cu at. %
	67
       67
       68
	55
       48
       51
	34
       32
       32
	19
       15
       17
	10
        6
        9




[bookmark: _Toc378769932]Figure 3.1 Cu atomic compositions and stand error versus position for co-sputter (black square), Co to Cu bottom (red circle) and Cu top Co bottom (blue triangle). Each data point is an average of several spectra
In Table 3.1, each sample has a similar composition at those five positions. The percentage of Cu has a range from ~5% to ~70%. At the S3 position, the ratio of Cu to Co is lower than 1:1 for all three samples. In this figure, the average composition of Cu atom is nearly linearly dependent to the sample surface position. And the standard errors, shown in Figure 3.1, are very small except for the S2 position.




 


 


[bookmark: _Toc378769933](Figure 3.2 (a-1 to a-5) Typical EDS spectra of co-sputter Cu-Co thin film on SiO2 substrate.










    
[bookmark: _Toc378769934](Figure 3.3 (b-1 to b-5) Typical EDS spectra of Co top Cu bottom Cu-Co thin film on SiO2 substrate.










 
[bookmark: _Toc378769935]Figure 3.4 (c-1 to c-5) Typical EDS spectra of Cu top Co bottom Cu-Co thin film on SiO2 substrate
In each typical EDS spectrum, both the thin film (Cu and Co) information and substrate materials (Si and O) information are captured since the films are only 10 nm thick. According to the spectra, the counts of Cu atom descend with the decrease of Cu, which is consistent with the results shown in the tables above. And all the three samples have this trend.
3.1.2 [bookmark: _Toc378682246][bookmark: _Toc378683361][bookmark: _Toc378760663][bookmark: _Toc378761032][bookmark: _Toc378770181]Reflectance of Cu-Co thin films
The reflectance of Cu-Co thin films and particles was measured by Filmetrics F20-UV thin film analyzer between 200 to 900 nm wavelengths at different position. The results were also compared with pure Cu and Co films. Figure 3.3 shows the detail information about the reflectance at all five positions of each sample. Furthermore, the reflectance of the three samples at same position is also compared in Figure 3.4. 
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[bookmark: _Toc378769936]Figure 3.5 Reflectance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co thin films at each position compared with reflectance of pure Cu and Co
For these three reflectance graphs, the main trend is similar. The highest reflectance shows up in Ultra Violet (UV) light range while the lowest appears in the visible light range. At shorter wavelength, the reflectance of each sample is almost same. And they show differences until the wavelength gets to 400 nm. From 400 nm to 600 nm, the reflectance decreases with Cu concentration. And S5 has the highest reflectance while pure Cu shows the lowest reflectance. When the wavelength is longer than 700 nm, the reflectance of positions S1, S2 and pure Cu increase rapidly.
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[bookmark: _Toc378769937]Figure 3.6 The reflectance of pure Cu, Co and Cu-Co thin film samples at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
There is still no big difference from 200 nm to 400 nm in Figure 3.4. For graphs (a), (b), (c) and (d), the reflectance of Cu-Co thin films locate between pure Co and pure Cu at the wavelength from 500 nm to 700 nm. The co-sputtered sample has a little higher reflectance than “Co top Cu bottom” and “Cu top Co bottom” samples. The position with more Co has a reflectance graph loser to pure Co, and the reflectance at position S1 is also similar to that of pure Cu. At position S5, the highest reflectance appears on the co-sputtered Cu-Co thin film instead of pure Co, which is different from other four positions.
3.1.3 [bookmark: _Toc378682247][bookmark: _Toc378683362][bookmark: _Toc378760664][bookmark: _Toc378761033][bookmark: _Toc378770182][bookmark: OLE_LINK5]SEM and particle distributions of Cu-Co thin films
All the Cu-Co thin film samples were irradiated by Nd:YAG Q-switch laser using appropriate energy to form nano-particles. And the particle morphology was obtained by SEM. Furthermore, the resultant SEM images were analyzed to determine the particle size distribution using Image J software. Figure 3.7, 3.8 and 3.9 present particle properties of co-sputter, Co top Cu bottom and Cu top Co bottom samples respectively. The resultant average particle diameters are summarized in Table 3.1. and Figure 3.10.
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[bookmark: _Toc378769938]Figure 3.7 SEM images of co-sputter Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle diameter size distribution of co-sputter Cu-Co sample at Cu40 S1, Cu20 S2, center S3, S4 (d-2) and S5 (e-2) positions
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[bookmark: _Toc378769939]Figure 3.8 SEM images of “Co top Cu bottom” Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle diameter size distribution of co-sputter Cu-Co sample at S1 (a-2), S2 (b-2), S3 (c-2), S4 (d-2) and S5 (e-2) positions
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[bookmark: _Toc378769940]Figure 3.9 SEM images of “Cu top Co bottom” Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle size distribution of co-sputter Cu-Co sample at S1 (a-2), S2 (b-2), S3 (c-2), S4 (d-2) and S5 (e-2) positions
After 6 pulses laser irradiation with 90 mJ/cm2energy density, all the Cu-Co thin films were dewetted into particles. In every image, particles are well saturated and dispersed.
For co-sputtered Cu-Co sample, the uniformities of particle size at position S3 and S5 are not as good as others. This can be obtained in both SEM images and histograms. There are quite a number of particles with size less than 20 nm at the center of the sample, while there are certain numbers of particles in every size range at position S5. For the rest positions, most particles have diameters between 80 nm to 120 nm.
From the SEM images in Figure 3.6, we can observe that particles at Co rich position have a larger diameter size than that of other four positions. This is also confirmed by the following histograms. The diameter size of most particles at position S1, S2, S3 and S4 locate at 60 nm to 120 nm. However, the particle size concentrated at 120 nm to 180 nm for position S5.
Even though there are still some tiny particles with diameters less than 20nm at some positions (especially position S2 and S5), the majority of particles have diameters ranging from 80 nm to 160 nm in the Cu top Co bottom sample.
Additionally, all the SEM images shown above were analyzed by ImageJ software to collect the average particle size for each sample at five positions. They are presented in Table 3.2. The scatter plot in Figure 3.8 also provides a much easier way for particle size comparison and further analysis.
[bookmark: _Toc378761285][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Table 3.2 Average particle diameter at positionS1, S2, S3, S4 and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom thin films on SiO2 substrates
	position
	S1
	S2
	S3
	S4
	S5

	Co-sputter   particle dia.(nm)
Co top Cu bottom particle dia.(nm)
Cu top Co bottom particle dia.(nm)
	86
       85
       92
	117
       81
      109
	94
       70
       86
	113
       92
       96
	101
       135
      108
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[bookmark: _Toc378769941]Figure 3.10 Scatter plot of average particle diameter at position S1, S2, S3, S4 and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom thin films on SiO2 substrate
The particle diameters of Co top Cu bottom sample have a larger variation at different positions compared with other two samples. In Table 3.4, it shows the particle diameter on this sample varies from 70 nm (S3) to 135 nm (S5). For co-sputter and Cu top Co bottom samples, the majority of particles have a diameter around 100 nm with a small deviation.
3.1.4 [bookmark: _Toc378682248][bookmark: _Toc378683363][bookmark: _Toc378760665][bookmark: _Toc378761034][bookmark: _Toc378770183]Composition analysis of Cu-Co particles
The composition of each sample at different position was examined by EDS measurement. During the process, the aperture size was 120μm in order to get stronger signals. Table 3.2 shows the resultant average atomic percentage of Cu using Origin software. Additionally, both average composition and the standard error versus position for each sample are also plotted in scatter chart shown in Figure 3.11. Typical EDS spectra of Cu-Co particles, presented in Figure 3.12 to 3.14, indicate the presence of Cu and Co together with the substrate materials, Silicon (Si) and Oxygen (O).
[bookmark: _Toc378761286]

Table 3.3 Cu atomic percentage at position S1, S2, S3, S4 and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom Cu-Co particles on SiO2 substrates
	position
	S1
	S2
	S3
	S4
	S5

	Co-sputter       Cu at. %
Co top Cu bottom Cu at. %
Cu top Co bottom Cu at. %
	77
       74
       76
	58
       64
       67
	31
 42
 38
	20
       22
       19
	9
       12
        11




[bookmark: _Toc378769942]Figure 3.11 Cu atomic compositions and stand error versus position for co-sputter (black square), Co to Cu bottom (red circle) and Cu top Co bottom (blue triangle). Each data point is an average of several spectra
In Table 3.3, each sample has a similar composition at those five positions. The percentage of Cu has a range from ~10% to ~80%. At the S3 position, the atomic percentage of Cu is lower than 50% for all three samples. Figure 3.11 shows a scatter plot of the Cu composition gradient in the thin film as a function of distance along a line on the substrate surface. In this figure, the average composition of Cu atom is nearly linearly dependent to the sample surface position. And the standard errors, shown in Figure 3.1, are not big at all the five positions.








[bookmark: _Toc378769943]Figure 3.12 (c-1 to c-5) Typical EDS spectra of co-sputter Cu-Co particles on SiO2 substrate











[bookmark: _Toc378769944]Figure 3.13 (c-1 to c-5) Typical EDS spectra of co-sputter Cu-Co particles on SiO2 substrate









[bookmark: _Toc378769945](Figure 3.14 (c-1 to c-5) Typical EDS spectra of co-sputter Cu-Co particles on SiO2 substrate
Each typical EDS spectrum indicates both Cu-Co particles and substrate materials (Si and O) information. According to the spectra of all the three samples, the counts of Cu atom descend with the decrease of Cu, which is consistent with the results shown in Table 3.3 and Figure 3.11.
3.1.5 [bookmark: _Toc378682249][bookmark: _Toc378683364][bookmark: _Toc378760666][bookmark: _Toc378761035][bookmark: _Toc378770184]Reflectance of Cu-Co particles
Cu-Co particles were obtained with laser irradiation at all five positions of three thin film samples. The reflectance of Cu-Co particles at corresponding position was measured by Filmetrics F20-UV thin film analyzer and presented in Fig 3.15 and 3.16.
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[bookmark: _Toc378769946]Figure 3.15 Reflectance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co particles at each position compared with reflectance of pure Cu and Co
[image: ]
[bookmark: _Toc378769947]Figure 3.16 Reflectance of pure Cu, Co and Cu-Co particles samples at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
Figure 3.15 reveals a rapid increase of reflectance at the range from 250 nm to 300 nm. All these three Cu-Co thin film structures show reflection peaks between 300 nm to 300 nm wavelength, which is quite flat. After that, the reflectance decrease gradiently. Comparing the reflectance at all five positions and pure Cu, Co, there is no big reflectance difference between them. The trend shown in Figure 3.16 is quite similar to Figure 3.15.
3.2 [bookmark: _Toc378682250][bookmark: _Toc378683365][bookmark: _Toc378760667][bookmark: _Toc378761036][bookmark: _Toc378770185][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Thin film and particle properties of Cu-Co on quartz substrates
The optical properties of thin films on quartz substrates were measured using Filmetrics F20-UV thin film analyzer and Cary 5000 (Varian Inc.) as mentioned in the experiment procedure. After laser irradiation, the optical properties and distribution of Cu-Co particles were also obtained.
3.2.1 [bookmark: _Toc378682251][bookmark: _Toc378683366][bookmark: _Toc378760668][bookmark: _Toc378761037][bookmark: _Toc378770186]SEM and particle distributions of Cu-Co thin films
All the Cu-Co thin film samples were irradiated by Nd:YAG Q-switch laser using appropriate energy to form nano-particles. And the particle morphology was obtained by SEM. Furthermore, the resultant SEM images were analyzed to determine the particle size distribution using Image J software. Figure 3.17, 3.18 and 3.19 present particle properties of co-sputter, Co top Cu bottom and Cu top Co bottom samples respectively. The resultant average particle diameters are summarized in Table 3.4 and Figure 3.20.
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[bookmark: _Toc378761404][bookmark: _Toc378769948]Figure 3.17 SEM images of co-sputter Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle diameter size distribution of co-sputter Cu-Co sample at S1 (a-2), S2 (b-2), S3 (c-2), S4 (d-2) and S5 (e-2) positions
From the SEM images, we can observe that particles are all saturate completely. However, the particles distribution is totally different. Co-sputtered Cu-Co particles have a better uniformity at position S1 and S3 than that of other positions. At Co-rich position (S5), particles with quite large size are also formed during pulsed laser irradiation. The histograms reveal that particles size ranges from 20 nm to 160 nm at these two positions while other positions show a much wider range. For the five positions, a large number of particles have diameters within 20 nm, especially for the particles located at position S5. In this area, almost the diameters of all particles are less than 60 nm.
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[bookmark: _Toc378769949]Figure 3.18 SEM images of “Co top Cu bottom” Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle diameter size distribution of co-sputter Cu-Co sample at S1 (a-2), S2 (b-2), S3 (c-2), S4 (d-2) and S5 (e-2) positions
The SEM images of Co top Cu bottom structure shows a good uniformity. Generally speaking, the particles at position S2 have a smaller size than that of other four positions. This phenomenon can also be confirmed by the histogram which shows a large number of particles are smaller than 20 nm. At positions S1 and S3, particles have quite uniform sizes, and most of them have diameters between 100 nm to 140 nm. There are also some particles with sizes located at 0~20 nm range, but the number is not larger than that of position S2. And there are still certain numbers of particles distribute in the range of 100 nm to 160 nm.
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[bookmark: _Toc378769950]Figure 3.19 SEM images of “Cu top Co bottom” Cu-Co particles at S1 (a-1), S2 (b-1), S3 (c-1), S4 (d-1) and S5 (e-1) positions. Particle diameter size distribution of co-sputter Cu-Co sample at S1 (a-2), S2 (b-2), S3 (c-2), S4 (d-2) and S5 (e-2) positions
The particle distribution demonstrates that the particle uniformity with this film structure is not good, especially at position S4 and S5. S4 and S5 positions show a big particle size difference. From the histogram, we can observe that there are a large number of small particles (less than 20 nm) as well as larger ones (around 120 nm) show up at position S1. However, at positions S2, S3, S4 and S5, the majority of particles are smaller than 20 nm.
Additionally, all the SEM images shown above were analyzed by ImageJ software to collect the average particle size for each sample at five positions. They are presented in Table 3.4. The scatter plot in Figure 3.20 also provides a much easier way for particle size comparison and further analysis.
[bookmark: _Toc378761287]Table 4.4 Average particle diameter at position S1, S2, S3, S4 and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom thin films on SiO2 substrates
	position
	S1
	S2
	S3
	S4
	S5

	Co-sputter particle dia. (nm)
Co top Cu bottom particle dia. (nm)
Cu top Co bottom particle dia. (nm)
	57
      103
       93
	92
       73
       62
	53
      109
       65
	76
       93
       84
	58
      102
       58


[image: ]
[bookmark: _Toc378761405][bookmark: _Toc378763373][bookmark: _Toc378769951]Figure 3.20 Scatter plot of average particle diameter at position S1, S2, S3, S4 and S5 of co-sputter, Co top Cu bottom and Cu top Co bottom thin films on SiO2 substrates
Different Cu-Co thin film structure shows a big difference of particle size. For instance, at position S1, S3 and S5, particles with “Co top Cu bottom” structure are almost twice as big as that with co-sputter structure. If we compare the particle size at each position with the same thin film structure, it is no regularity either. Figure 3.20 reveals that particles with “Co top Cu bottom” structure are a little bigger than that with other structures.
3.2.2 [bookmark: _Toc378682252][bookmark: _Toc378683367][bookmark: _Toc378760669][bookmark: _Toc378761038][bookmark: _Toc378770187]Optical characterization of Cu-Co thin films
The reflectance, absorbance and transmittance (T%) of Cu-Co thin films was measured by Filmetrics F20-UV thin film analyzer between 200 to 900 nm wavelengths while the transmission and absorption were measured by Cary 5000 (Varian Inc.) from 300 nm to 1000 nm at each position.. All the results were compared with pure Cu and Co films.
3.2.2.1 [bookmark: _Toc378683368][bookmark: _Toc378760670][bookmark: _Toc378761039][bookmark: _Toc378770188]Reflectance of Cu-Co thin films
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Figure 3.21 shows the detail information about the reflectance at all five positions of each sample. Furthermore, the reflectance of the three samples at same position is also compared in Figure 3.22.
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[bookmark: _Toc378761406][bookmark: _Toc378763374][bookmark: _Toc378769952]Figure 3.21 Reflectance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co thin films on quartz at five positions compared with pure Cu and Co
All the three graphs demonstrate that the reflectance is decreasing in the order of S5, S4, S3, S2 and S1 in visible wavelength. Pure Cu thin film has a lowest reflectance in all the three graphs. But the reflectance of pure Co is just in between that of others.
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[bookmark: _Toc378769953]Figure 3.22 Reflectance of pure Cu, Co and Cu-Co thin films on quartz at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
In Figure 3.22, thin films with co-sputter structure show an increased reflectance compared with that having “Cu top Co bottom” structure while the reflectance of Cu-Co thin films with “Co top Cu bottom” structure is lower than that with other two structures at positions S1, S2 and S5. At position S3, “Co top Cu bottom” structure shows a lower reflectance than other two structures. And at position S4, the reflectance is increasing in the order of “Co top Cu bottom”, “co-sputter” and “Cu top Co bottom” structures.
3.2.2.2 [bookmark: _Toc378683369][bookmark: _Toc378760671][bookmark: _Toc378761040][bookmark: _Toc378770189]Absorbance of Cu-Co thin films
Figure 3.23 shows the detail information about the absorbance at all five positions of each sample. Furthermore, the absorbance of the three samples at same position is also compared in Figure 3.24.
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[bookmark: _Toc378769954]Figure 3.23 Absorbance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co thin films on quartz at five positions compared with pure Cu and Co
For all the three samples, position S5 has the highest absorbance while other four absorbance curves are between pure Co and Cu as shown in Figure 3.23. And the absorbance is decreasing in the order of S5, S4, S3, S2 and S1. Co-sputtered film has a more flat curve than that of other two structures. With comparison to Co top Cu bottom and Cu top Co bottom structures, the three curves of S1, S2 and S3 are pretty close for co-sputtered thin film.
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[bookmark: _Toc378761407][bookmark: _Toc378763375][bookmark: _Toc378769955]Figure 3.24 Absorbance of pure Cu, Co and Cu-Co thin films on quartz at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
In Figure 3.24, the reflectance of Cu-Co thin films with all three structures is between that of pure Cu and Co at position S1, S2, S3 and S4. The co-sputtered Cu-Co thin film has a higher absorbance than that with Co top Cu bottom structure while the absorbance curve of Cu top Co bottom structure thin film intersects with other two for position S1 and S2. There is no big difference at position S3 and S4. At position S5, the absorbance of co-sputtered Cu-Co thin film is still higher than that of Co top Cu bottom thin film. However, thin film with Cu top Co bottom structure has a littler lower absorbance compared with other two. All these three curves are above Co curve.
3.2.2.3 [bookmark: _Toc378683370][bookmark: _Toc378760672][bookmark: _Toc378761041][bookmark: _Toc378770190]Transmittance of Cu-Co thin films
Figure 3.25 compares the transmittance at all five positions of each sample. Furthermore, the transmittance of the three samples at same position is also shown in Figure 3.26.
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[bookmark: _Toc378761408][bookmark: _Toc378763376][bookmark: _Toc378769956]Figure 3.25 Transmittance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co thin films on quartz at five positions compared with pure Cu and Co
Figure 3.25 reveals that the transmittance is decreasing in the order of pure Cu, S1,S2, S3, S4, pure Co and S1 for all three structures. With comparison to Co top Cu bottom and Cu top Co bottom structures, the three transmittance curves of S1, S2 and S3 are pretty close for co-sputtered thin film.
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[bookmark: _Toc378761409][bookmark: _Toc378763377][bookmark: _Toc378769957]Figure 3.26 Transmittance of pure Cu, Co and Cu-Co thin films on quartz at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
Figure 3.26 is transmittance of pure Cu, Co and Cu-Co thin films with co-sputter, Co top Cu bottom and Cu top Co bottom structures. In (a) and (b) co-sputtered film has a more flat curve than that of other two structures. It can also be observed that more light was transmitted through Co top Cu bottom structured film compared with co-sputtered film. And the curve of Cu top Co bottom intersects with these two. At position S3, S4 and S5, the transmittance of all three structures doesn’t vary very much at different wavelength.
3.2.3 [bookmark: _Toc378682253][bookmark: _Toc378683371][bookmark: _Toc378760673][bookmark: _Toc378761042][bookmark: _Toc378770191]Optical characterization of Cu-Co particles
The reflectance, absorbance and transmittance of Cu-Co particles was measured by Filmetrics F20-UV thin film analyzer between 200 to 900 nm wavelengths at different position while the transmission and absorption were measured by Cary 5000 (Varian Inc.) from 300 nm to 1000 nm at each position. All the results were compared with pure Cu and Co films.
3.2.3.1 [bookmark: _Toc378683372][bookmark: _Toc378760674][bookmark: _Toc378761043][bookmark: _Toc378770192]Reflectance of Cu-Co particles
Figure 3.27 shows the detail information about the reflectance at all five positions of each sample. Furthermore, the reflectance of the three samples at same position is also compared in Figure 3.28.
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[bookmark: _Toc378761410][bookmark: _Toc378763378][bookmark: _Toc378769958][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Figure 3.27 Reflectance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co particles on quartz at five positions compared with pure Cu and Co
Pure Cu reflectance curve shows a peak at around 800 nm wavelength. And the cure of pure Co is in between that of Cu-Co alloy particles. Particles with co-sputter and “Cu top Co bottom” structures have relatively flat reflectance curves at all five positions. Whereas, the graphs of Co top Cu bottom Cu-Co particles with Co top Cu bottom structure display a small reflectance peak around 600 nm wavelength at both S1 and S2 positions. And the peak of position S1 is a little stronger than that of position S2.
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[bookmark: _Toc378761411][bookmark: _Toc378763379][bookmark: _Toc378769959]Figure 3.28 The reflectance of pure Cu, Co and Cu-Co particles on quartz at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e).
At all the five positions, the reflectance of particles with co-sputter and Cu top Co bottom structures is pretty close. Both of them are lower than that of Co top Cu bottom samples at the wavelength from 200 nm to 700 nm.
3.2.3.2 [bookmark: _Toc378683373][bookmark: _Toc378760675][bookmark: _Toc378761044][bookmark: _Toc378770193]Absorbance of Cu-Co particles
Figure 3.29 shows the absorbance of Cu-Co particles at all five positions of each sample. Additionally, the absorbance of particles with three structures at same position is also compared in Figure 3.30.
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[bookmark: _Toc378761412][bookmark: _Toc378763380][bookmark: _Toc378769960]Figure 3.29 Absorbance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co particles on quartz at five positions compared with pure Cu and Co
In Figure 3.29, Cu shows an absorbance peak around 800 nm wavelength. For particles with Co top Cu bottom structure, there is also a small absorbance peak at around 600 nm wavelength at position S1. And position shows a tiny peak around the same wavelength. At position S3, S4 and S5, the absorbance increases a little bit and then decrease with increasing the wavelength. Curves of particles with co-sputter and Cu top Co bottom structures are quite flat.
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[bookmark: _Toc378769961]Figure 3.30 Absorbance of pure Cu, Co and Cu-Co particles on quartz at all five                                                                                                                                                                                           positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
Particles with Co top Cu bottom structure have an absorbance peak around 600 nm at position S1 and S2. Other two structures don’t show any increase at this wavelength.
3.2.3.3 [bookmark: _Toc378683374][bookmark: _Toc378760676][bookmark: _Toc378761045][bookmark: _Toc378770194]Transmittance of Cu-Co particles
Figure 3.31 and Figure 3.32 are the transmittance curves of Cu-Co particles with three different deposition procedure. They are compared with pure Cu and Co particles. 
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[bookmark: _Toc378769962]Figure 3.31 Transmittance of co-sputter (a), Co top Cu bottom (b) and Cu top Co bottom (c) Cu-Co particles on quartz at five positions compared with pure Cu and Co
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[bookmark: _Toc378769963]Figure 3.32 Transmittance of pure Cu, Co and Cu-Co particles on quartz at all five positions: S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
In Figure 3.31 and 3.32, only Co top Cu bottom samples shows a transmission decrease at position S1 and S2.
3.3 [bookmark: _Toc378682254][bookmark: _Toc378683375][bookmark: _Toc378760677][bookmark: _Toc378761046][bookmark: _Toc378770195]Optical properties comparison between Cu-Co thin films and particles on quartz substrates
Reflectance, absorbance and transmittance of bother Cu-Co thin films and particles were compared in this section.
3.3.1 [bookmark: _Toc378682255][bookmark: _Toc378683376][bookmark: _Toc378760678][bookmark: _Toc378761047][bookmark: _Toc378770196]Reflectance comparisons between thin film and particles
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[bookmark: _Toc378769964]Figure 3.33 Reflectance of thin film and particles of co-sputtered Cu-Co on quartz substrate at position S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
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[bookmark: _Toc378769965]Figure 3.34 Reflectance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
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[bookmark: _Toc378769966]Figure 3.35 Reflectance of thin film and particles of Cu top Co bottom structured Cu-Co on quartz substrate at position S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e)
Figure 3.34 shows that reflectance of Co top Cu bottom structured particles increases at around 600 nm wavelength at position S1 and S2. And the peak of S1 is much bigger than that of S2. There is also a tiny increase of reflectance of Cu top Co bottom structured particles at position S1 shown in Figure 3.35. For all other positions, particles have higher reflectance than that of thin films at every wavelength. And their reflectance curves are quite flat.



3.3.2 [bookmark: _Toc378682256][bookmark: _Toc378683377][bookmark: _Toc378760679][bookmark: _Toc378761048][bookmark: _Toc378770197][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Absorbance comparisons between thin film and particles
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[bookmark: _Toc378769967]Figure 3.36 Absorbance of thin film and particles of co-sputtered Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
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[bookmark: _Toc378769968]Figure 3.37 Absorbance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
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[bookmark: _Toc378769969]Figure 3.38 Absorbance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
Figure 3.37 shows that absorbance of Co top Cu bottom structured particles increases at around 600 nm wavelength at position S1 and S2. And the peak of S2 is much weaker than that of S1. After that, it damps quickly. For all other positions, particles have lower absorbance than that of thin films at every wavelength. And there is no absorbance peak exists.




3.3.3 [bookmark: _Toc378682257][bookmark: _Toc378683378][bookmark: _Toc378760680][bookmark: _Toc378761049][bookmark: _Toc378770198]Transmittance comparisons between thin film and particles
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[bookmark: _Toc378769970]Figure 3.39 Transmittance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
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[bookmark: _Toc378769971]Figure 3.40 Transmittance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
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[bookmark: _Toc378769972]Figure 3.41 Transmittance of thin film and particles of Co top Cu bottom structured Cu-Co on quartz substrate at position S1, S2, S3, S4 and S5
From Figure 3.39, 3.40 and 3.41, we can observe that more light transmitted through particles than thin film except S1 and S2 of Co top Cu bottom structured samples. In Figure 3.40 (a) and (b), the transmittance of particles decreases at visible wavelength.
3.4 [bookmark: _Toc378682258][bookmark: _Toc378683379][bookmark: _Toc378760681][bookmark: _Toc378761050][bookmark: _Toc378770199][bookmark: OLE_LINK19][bookmark: OLE_LINK20]Thin film composition, particles size distribution and structure of Cu-Co alloy on SiNx membranes
As mentioned in Chapter 2, Cu-Co thin alloy films (~50 Cu at.%) with ~10 nm thickness were deposited on SiNx membranes. The film composition, particles distribution and structure are all analyzed in this section.
3.4.1 [bookmark: _Toc378682259][bookmark: _Toc378683380][bookmark: _Toc378760682][bookmark: _Toc378761051][bookmark: _Toc378770200]Cu-Co thin film composition
The EDS result of as-deposited Cu-Co films on membranes gave an average composition of ~52 at.% and 48 at.%. The typical EDS spectrum is shown in Figure 3.42. It also includes a dark-field image of the region where the spectra were obtained. In this process, a probe with a size of 2.2 nm was used, and it scanned a ~8 nm  8 nm area during EDS acquisition.
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[bookmark: _Toc378769973]Figure 3.42 Typical spectrum of as-deposited Cu-Co thin film on membranes and a dark-field image of the region from which the spectra were obtained
3.4.2 [bookmark: _Toc378682260][bookmark: _Toc378683381][bookmark: _Toc378760683][bookmark: _Toc378761052][bookmark: _Toc378770201]Cu-Co particles distribution
Figure 3.43 shows a low resolution TEM image of Cu-Co alloy film after exposure to a pulsed laser. The circular region in the image corresponds to the laser beam spot and saturated nano-particles have formed in the laser spot region after a single laser pulse.
[image: ]
[bookmark: _Toc378769974]Figure 3.43 Low-magnification TEM image of dewetted Cu-Co alloy thin film
The measured average nano-particles spacing of a 10 μm  10 μm area on the edge and center of the laser beam was ~559 nm and 1230 nm respectively, according to a Fast Fourier Transform (FFT) analysis of the TEM image in Figure 3.43. Additionally, the particle size distribution of the two areas was calculated using ImageJ software and the corresponding histogram is shown in Figure 3.44. We can easily observe that the particles size at the edge is much more uniform than that at the center.
[image: ]
[bookmark: _Toc378769975]Figure 3.44 Nano-particle size distributions of 10 μm  10 μm area from laser center area and edge area
3.4.3 [bookmark: _Toc378682261][bookmark: _Toc378683382][bookmark: _Toc378760684][bookmark: _Toc378761053][bookmark: _Toc378770202]Cu-Co particles structure
The Energy-Filtered TEM (EFTEM) elemental maps were calculated using the three-window technique, available in the Digital Micrograph software, by recording two pre-edge images and one post-edge image. The respective L2,3 onset edges for Co and Cu are 931 and 739 eV. Depending on Cu and Co maps shown in Figure 3.45, a Co core is surrounded by a Cu shell. This demonstrates a well-defined Co@Cu core-shell structure for the nano-particles.
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[bookmark: _Toc378769976]Figure 3.45 Maps of Co (a) (d), Cu (b) (e) and the maps superimposed on images (c)
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[bookmark: _Toc378769977]Figure 3.46 EELS spectra of Co@Cu core-shell nano-particles of position 1 (red line) and 2 (blue line)
Electron Energy Loss Spectroscopy in Figure 3.46 shows that there is no Surface Plasmon Resonance (SPR) peak at the center of the particle (position 1), while a SPR peak shows up around the surface of particle.
[bookmark: _Toc378682262][bookmark: _Toc378683383]

[bookmark: _Toc378760685][bookmark: _Toc378761054][bookmark: _Toc378770203][bookmark: _Toc378682263][bookmark: _Toc378683384][bookmark: _Toc378760686]CHAPTER 4 DISCUSSION
In this chapter, the relationship between dewetting properties of Cu-Co thin film and thin film structure as well as element composition was discussed depending on the experiment results shown in chapter 3. Since the element composition, film thickness, thin film structure are all variable during the experiment, it is meaningful to study optical properties of alloy films as a function of structure and composition. Additionally, this chapter also discussed the detail TEM particle structure on each sample.
4.1 [bookmark: _Toc378682264][bookmark: _Toc378683385][bookmark: _Toc378760687][bookmark: _Toc378761055][bookmark: _Toc378770204]Dewetting as a function of film structure and composition
Figure 3.7, 3.8 and 3.9 shows the SEM images of Cu-Co particles of three structures after pulsed laser irradiation on SiO2 substrates. Particles are on the substrates with a contact angle  which can be described by Young’s Equation:

where are interfacial tensions between liquid-gas medium, solid-liquid medium and solid-gas medium. is contact angle. 
The dominant dewetting mechanism of Cu-Co thin films studied here is supposed to be spinodal process because each structured thin films breakup via the amplification of surface instability waves as illustrated in Figure 4.1.
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[bookmark: _Toc378769978]Figure 4.1 (a) – (c): Dewetting pattern evolution of co-sputtered Cu-Co thin films at center position on SiO2 substrate with different pulses. (d) – (f): Dewetting pattern evolution of Co top Cu bottom structured Cu-Co thin films at center position on SiO2 substrate with different pulses. (g) – (i): Dewetting pattern evolution of Cu top Co bottom structured Cu-Co thin films at center position on SiO2 substrate with different pulses. (j)-(l): Dewetting pattern evolution of co-sputtered Cu-Co thin films at position S4.
Figure 4.1 (a)-(c), (d)-(f), (g)-(i) and (j)-(l) are the dewetting patterns evolution of an around 10 nm Cu-Co thin films with structure co-sputter, Co top Cu bottom and Cu top Co bottom respectively. For each group of images, the laser pulses were increasing from left to right, consequently the energy was also increasing. At the initial stage of dewetting, as shown in (a) (d) (g) and (j), thin films broke up into holes because of the surface perturbation. The holes grow and form intermediate patterns due to the coalescence of rims from adjacent holes. Eventually, the intermediate patterns decay into particles.
From the particles size distribution in Fig 3.7-3.9, we can observe that the uniformity of Cu-Co alloy particles with Co top Cu bottom structure (Fig 3.8) is much better than that with other two structures (Figure 3.7 and Figure 3.9). Even though the structure is same, the distribution is still not same at different position if we compare the five histograms in each figure. The atomic concentration was quite different at each position which was well confirmed by EDS results in Table 3.1 and 3.3. That means the composition can have an effect on the particles distribution as well. According to these observations, it can be suspected that both thin film structure and element composition can affect the particles distribution.
As mentioned in introduction section, the main difference between spinodal process and others is the characteristic wavelength Λ:

whereγis the surface tension of the metal,  is film thickness, A is the Hamaker constant. By considering the dewetting pattern evolution and final particles distribution of Cu-Co alloy thin films, it is expected that thin films studies in this work follow the spinodal dewetting mechanism, but the length scale is modified by alloy composition and film structure.
In Figure 4.1, the SEM image of Co top Cu bottom (d) and Cu top Co bottom (g) structured alloy films do not show an obvious perturbation wave on the surface of alloy thin films compared with the large holes shown in image (a) of co-sputtered films. Although, the film structure is same, there is no guarantee that the dewetting evolution is similar which is demonstrated in images (a) and (j). These two were from co-sputtered Cu-Co sample, but with different alloy concentration.
Therefore, it is a possible method to tune dewetting patterns by adjusting alloy composition and film structure owing to the different dewetting evolution and particles distribution of Cu-Co alloy films.
4.2 [bookmark: _Toc378682265][bookmark: _Toc378683386][bookmark: _Toc378760688][bookmark: _Toc378761056][bookmark: _Toc378770205]Optical properties of alloy films as a function of structure and composition
Surface plasmon resonance (SPR) is the collective oscillation of electrons stimulated by incident light. SPR is established when frequency of photons matches the frequency of surface electrons. If this happens in nano-materials, it is called localized surface plasmon resonance. The electromagnetic properties of metal particles have been known for a long time, but it is still attractive because of the development of new fabrication techniques and wide applications, such as sensors, solar cells and some medical applications [71-74].
Au and Ag are commonly used metals which support the plasmon resonance basing on bother theory and experiment. Cu also shows the surface plasmon resonance, even though it’s not as strong as Au and Ag because of its oxidation. The optical properties of both pure Cu and Cu-Co alloy particles demonstrate the SPR phenomenon of Cu.
With the aim of investigating the optical properties of the Cu-Co system, a series of optical measurement were carried out on the alloy films deposited on quartz substrate with different element composition and structure before and after pulsed laser treatment. Figure 3.34 – Figure 3.36 present a relatively flat reflectance for Cu-Co alloy thin films. And the absorbance and transmittance graphs (Figure 3.37 – Figure 3.42) do not show any plasmon resonance no matter what the composition or structure is. Contrary to thin films, an absorbance peak shows up on Cu-Co alloy particles after laser irradiation. However, a relatively strong SPR at certain wavelength (~600 nm) only exists in Co top Cu bottom structured nano-particles while there is no significant resonance for particles with other structures. When the wavelength is longer than SPR position, the absorbance damped rapidly since it only happens at the resonance wavelength. Whereas, SPR only exist at position S1 and S2 on Co top Cu bottom structured sample. It is disappeared with increasing Co concentration. Therefore, both film structure and element composition have an effect on the SPR phenomenon of Cu-Co particles.
Several works reported that alloys (particularly solid solutions) typically have one single SPR absorption peak that is located between the two individual resonance peaks of each element, and the peak position is related to the elements and their relative composition. [75, 76]. Figure 3.27 – Figure 3.32 suggest that the resonance wavelength of pure Cu particle is around 760 nm while the resonance wavelength is tuned to ~600 nm at position S1 and S2 on Co top Cu bottom sample. This blue shift of can be contributed to mixture of Cu and Co. Moreover, the disappearance of SPR is due to the decrease of Cu concentration. Therefore, SPR wavelength of Cu-Co alloy particles is tunable by adjusting alloy composition or film structure. Additionally, further study is valuable on this alloy system since there are a whole range of possibilities exist for tuning of surface plasmon such as particles size, shape, and refractive index of the surrounding medium.
4.3 [bookmark: _Toc378682266][bookmark: _Toc378683387][bookmark: _Toc378760689][bookmark: _Toc378761057][bookmark: _Toc378770206]Particles structure characterization
Cu-Co thin films were irradiated by KrF pulsed laser. At the edge and center of the laser beam, the particles size distribution is different, which can be observed from Figure 3.44 and Figure 3.45. This difference can be attributed to the Gaussian energy profile of the laser beam.
During the process of thin film dewetting, the Cu-Co thin films are melted into liquid under high laser energy. When the temperature decreases, the liquid starts to solidify. Since Co and Cu are immiscible, two phases are formed. One is solid Cu, another is solid Co. Eventually, Co@Cu core-shell structure is formed because the system prefers minimizing the total energy.
SPR peak of Co@Cu particles appears at ~1.75 eV (700 nm) around the particle surface in EELS spectrum. However, there is no SPR peak at the center of the particles. Therefore, we can assume that the SPR phenomenon is caused by Cu shell and it is damped by Co concentration.
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A well-defined Co@Cu core-shell nano-structure was formed by pulsed laser induced ~10 nm thick Cu-Co thin film (50 at.% Cu) dewetting. This core-shell particle shows SPR peak around 1.75eV which is attributed to the Cu-shell. And this SPR phenomenon is damped by Co concentration.
Cu-Co system dewetting properties of three different film structures at different positions were studies in this work. It demonstrated that thin film dewetting patterns can be affected by film structure. Furthermore, film structure and element composition also have effect on particle size distribution. It reveals that films with Co top Cu bottom structure show better particle uniformity than others. Therefore, it is possible to tune dewetting patterns by adjusting alloy composition and film structure owing to the different dewetting evolution and particles distribution of Cu-Co alloy films.
By comparing the optical properties of Cu-Co thin films and particles with three structures with different element concentration, SPR phenomenon shows up in particles. However this SPR only exists in Co top Cu bottom structured particles obviously. And it is damped by Co concentration. Thus, the resonance wavelength is adjustable by controlling film structure or element compensation.
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