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Nanocrystals as thermal probes to scale laser energy

Chapter 1
Introduction

1.1 Laser Heating

       Laser heating has proven to be a practical and versatile technology in many fields. Recent years it has been widely applied in industrial processes. Because of the high power density and good beam focusing of the laser source, fast local surface heating, it is successfully used in spotwelding, scribing, hole drilling,1-3 and information recoding.

        The digital optical data storage (ODS) has been successfully developed and pushed pulsed laser to wider field of application. Pulsed lasers are used to alter thin films on low-conductivity substrates. Recoding is achieved by drilling micro sized holes into a polymer film. As the need for the higher storage capacities and faster data transfer continuous to grow, different kinds of pulsed lasers have been intensively studied in optical data storage.4-5

        Up to now, there are many researches about different kinds of lasers in data storage, but the detail background knowledge for polymer film under extreme condition is still lacking. Polymers are complex amorphous systems. Their physical and chemical property, when heated to extreme condition of laser-induce process, differ drastically from the room temperature condition. As we all know the polymer will depolymerize at higher than melting temperature after some time. But under the extreme condition the polymer behavior is unknown.
        In this thesis I use the novel model system to investigate the maximum upper temperature limit for polystyrene in laser-induced heating processes. I prepared several nanocrystals grown on a polystyrene film, which was doped with a radiative dye as energy transfer agent. Inorganic nano crystals (NaCl, LiCl, BaCl2, Cs2SO4) with different melting point were used as thermal probes to scale the NIR laser energy and check the polystyrene thermal stability.
1.2 Crystal Formation

        Crytals is mainly obtained via four pathways: Evaporation, Adjust of pH, changes in temperature, Changes in solubility.6
        Evaporation: Crystals formed by evaporation form due to the fact that there is decreasingly less solvent available for the ions to be dissolved in, therefore causing a state of metastable or supersaturation in which nucleation and crystal growth can occur. 

        Adjust of pH: This method is commonly used to obtain homogenous nucleation and growth as it is possible to control pH by various reactions. In doing this, we can effectually make the change as slow as we want and make it completely uniform throughout the salt solution. The crystals again form because the extent to which the ions are soluble decreases when the pH is changed in the right direction. 

        Changes in temperature: By lowering the temperature of the solvent, you can reduce the solubility of the ions. 

        Changes in the nature of the common solvent: This method is commonly used when a faster crystallization is desired. In order to change the nature of the solvent, one would normally add non-solvent (something which the ions are not soluble in, or not as soluble in) to the current solution. By doing this, you can effectively reduce the solubility of the ions in the solution and cause rapid precipitation. There is an optimum amount of "non-solvent" to add to the system. Usually there will be a slight degree of solubility in your "non-solvent" and there adding too much with allow the ions to stay in solution dissolved in your "non-solvent". 

1.3 Crystal Growth 

        Crystal growth occurs from the addition of new atoms, ions, or polymer strings into the characteristic arrangement, or lattice, of a crystal.
        This happens in two stages: nucleation and growth. In the first stage, a small nucleus containing the newly forming crystal is created. Nucleation occurs relatively slowly as the initial crystal components must "bump" into each other in the correct orientation and placement for them to adhere and form the crystal. After crystal nucleation, the second stage: crystals growth, spreads outwards from the nucleating site. The priciple can explain by the following Figure 1.
[image: image35.png]



Figure 1 Energy scheme of crystals growth8
        The creation of a nucleus implies the formation of an interface at the boundaries of the new phase. Some energy is expended to form this interface (ΔGs), based on the surface energy of each phase. 
        If a hypothetical nucleus is too small ( r<r* the crital radius), the energy that would be released by forming its volume is not enough to create its surface, and nucleation does not proceed. 
        If r > r* the nucleation proceeds. As the phase transformation becomes more and more favorable, the formation of a given volume of nucleus frees enough energy (ΔGv) to form an increasingly large surface and enter supersaturation condition, allowing progressively smaller nuclei to become viable. Eventually, thermal activation will provide enough energy to form stable nuclei. These can then grow until thermodynamic equilibrium is restored.7
1.4 The Strategy Exploited in the Research

         Melt point is an intrinsic physical property of salts. Using the difference in their melting point crystal salts can act as thermal probes to study the peak temperature under near infrared laser illumination.
        In this master research work I fabricated nanocrystals salts on the polystyrene films mixed with dyes. By dyes absorbing NIR laser radiation and convert it into heat, nanocrystals will melt instantaneously, then nanocrystals recrystallize which must cause to the shape change. Surface tension decrease lead to surface area reduce, finally the sharp nanocrystals become round. The following sketch show the transformation processes (Figure 2) 
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Figure 2: Sketch of transformation processes ( Tg is the glass transition, Tm is the melting point of salts).
Chapter 2

Theories

2.1 Ultra Fast Melting and Resolidification Dynamics Processes  
        In many case crystals melting and solidification processes are inhomogeneous dynamically, that is, solid and liquid coexist at a certain temperature range.
        In the laser processing of materials, energy is transferred to the material, the whole process just proceeds within several picoseconds or nonaseconds, which causes large temperature gradients and heat fluxes. During the melting a solid-liquid interface is formed and driven towards the substrate. The solid melts with very rapid velocity. The melting degree depends on the laser energy, laser scan time and crystal size, etc. Soon after the cessation of the pulse, heat flow into the solid causes rapid quenching of the melting, often cools the melt to temperature below the freezing temperature. The undercooling of the melting creates a driving force in the reverse direction, which induce the refreezing interface to go rapidly back the surface. The resultant phase, crystalline or amorphous, is determined by relative kinetics of the heat flow, the melt front, and the atomic rearrangement at the solid-liquid interface.9   

        The whole dynamics has been described using the simulation cell by Chokappa with molecular-dynamics simulation technique ( Figure 3 ).9 this simulation will be discussed in greater detail on the following pages.
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Figure 3: Schematic diagram of the simulation cell used in modeling rapid solidification 

processes (taken from ref. 9).
        Pulse laser irradiation makes the atoms of the solid start to collision. The collisions are carried out only on the atoms that are above line of focus in the simulation cell. As the solid is heated, it expands and eventually melts, causing some of atoms to lie above the line of focus which can be treated as “energy carriers” and continuously collide with the atoms above the “line of focus”. As no more energy is added to the system, the annealing process is not at constant energy due to the presence of the heat bath, which slowly extracts energy from the system in order to restore the system to its original temperature. There is a sharp rise in the melt depth during melting period and melt continues to grow for about several picoseconds.

        Following the cession of melting the recrystallization occurs in a roughened manner (i.e., several layers grow in a same time).10 The particles either enter the “heat bath” or dynamics zone ( between the “heat bath” and “the line of focus” ) which induce by the random and dissipative forces. With the heat conduction into the substrate cools the system and the interface temperature drops to the original temperature of the system. As solidification approaches completion, the velocity tends to zero.  

2.1.1 Velocity of Melting and Crystallization

         As the above mention, melting velocity is very fast by pulse laser irradiation. How is this possible? From the angel of microscopy reversibility it is generally believed that curves of crystallization rate and melting rate versus temperature should be continuous with the same slope through the melting temperature. 11
        But Chokappa and his coworker have done research on the melting velocity in detail. They used two different system size (i.e. molecule amount: 2744, 4096) and obtained the following conclusion. When given the instantaneous position of solid-liquid interface, the velocity at the interface can be determined as the function of the temperature and time (Figure 4, 5). They took negative value during melting phase, positive value during solidification phase.
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Figure 4: The interface velocity (in ms-1) as a function of time for two different system sizes determined in ref.9
[image: image5.emf]
Figure 5: The interface velocity is shown as a function of the temperature given as T-Tm in ref. 9 (Tm is melting temperature). 
        From the above figures, except to check the maximum interface velocity is up to 90m/s, whereas the laser scan velocity in our experiment is on the order of 1m/s, it also obvious to see asymmetry between the melting and solidification region. It suggested that the melting kinetics is faster than the freezing kinetics, as predicted by the asymmetric theory, which is described as the “entropy limited”. In the asymmetric model, the Gibbs free energy of transition state G ≥ Hl-TSs, the enthalpy of transition state is greater than or equal to that of liquid, while its entropy is less than or equal to that of solid.12
        Tymczak13 also found the slope change at or above the melting temperature on sodium. The Figure 6 is relation between the slope discontinuity of velocity and temperature.
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Figure 6: The squares are the velocity vs temperature data determined in modeling for 

sodium in ref.13.
        They gave the explanation that the slope change is associated with anharmonic softening of crystal because of superheating. The softening of a plane, in the crystallization region of system, for a given increase in temperature, is about twice as great above the melting point as below the melting point. The increase rate of softening show itself in the rapid increased velocity above the melting point and is consistent with the rapid increase in the melting velocity. 

2.2 Dewetting Processes

      Dewetting processes has been research widely in recent 20 years, which can cause regular structure. Such patterns are of interest because of their prevalence in many fields such as physics and biology. Dewetting processes can be describe as following: it begins with a nucleation event leading to the formation of a dry patch or hole which proceeds to grow by the transport of material away from the nucleation site to a retreating rim surrounding the hole. As a hole continues to grow it eventually impinges on adjacent holes resulting in the formation of ribbons of material along their contact line.14 The ribbons is unstable which decay into droplets of size proportional to the diameter of the ribbon. 

       Dewetting occurs when the surface energy of the film is great than one-half the work of adhesion, in which a finite contact angle between the film and substrate is energetically favorable.15 

       Nucleation is expected to occur by a spinodal decomposition phenomena16 or by airborne particles falling on the surface of the film.17 Spinodal decomposition proceeds by the amplification of surface disturbances on the free surface of the film caused by thermal fluctuations or mechanical vibrations. Conjoining forces overwhelm the tendency for surface tension to level the film, driving the growth of the surface modulations until they reach the substrate and nucleate a hole. Normally spinodal decomposition phenomena cause the very regular structure. Airborne particles will produce random holes due to different particle size.

        The pattern formed by the droplets is not restricted to dewetting thin films. Comparable structures can be found almost everywhere in nature.18
2.3 Glass transition

        A material’s glass transition temperature, Tg, is the temperature below or above which molecules have totally different appearance. It is characterized by a rather sudden transition from a hard, glassy or brittle condition to a flexible or elastomeric condition.
      Tg is usually applicable to wholly or partially amorphous phases such as glasses and plastics. For Thermoplastic (non-crosslinked) polymers are more complex because, in addition to a melting temperature, Tm, above which all their crystalline structure disappears, such plastics have a second, lower Tg below which they become rigid and brittle, and can crack and shatter. Small molecular weight pure substances such as water have just one such condensed-phase temperature, below which they are solid crystals (or amorphous ice if cooled below Tg fast enough) and above which they are liquids.
        If keep the polymer at the temperature which more above the melting temperature for some time, it will break, even disappear and gasify. But when heated at the enormous rates characteristic for laser induced processes, polymer films show different properties, they will initially expand during the pulse and continue picoseconds after laser heating, then contraction and go back the original condition. It is not involve phase transition. Thermal property is no change so much at the 110mJ/cm2: namely, glass-rubber transition is not involved.19
2.4 Energy Transfer in Dyes

        A transition occurs between two states of a molecular entity, the energy difference being emitted or absorbed as photons. Normally there are two ways to thansfer energy: radiative and non-radiative transfer.
        In principle, radiative and non-radiation transitions can be distinguished in molecules. The former occur by absorption or emission of light quanta, and the latter is the result of the transformation of electronic excitation energy into vibration or rotational energy. The dyes can be used for any kinds of translation due to their property.
        Dyes used for the radiative transition are much active, which can absorb the protons and are excited to meta-stable state. The absorbed energy is dissipated very fast and concerted into heat, almost no energy lost. 

       For non-radiative transition the dyes are deactivated by emitting photos. Transitions are sufficiently slow so that the transition from excited to ground state can successfully compete.

        Base on the dyes’ property and my experiment case I used radiative dyes.
2.5 Scanning Electron Microscopy Technology
2.5.1 Introduction of SEM 
        The scanning electron microscope (SEM) is a type of electron microscope capable of producing high resolution images of a sample surface. Due to the manner in which the image is created, SEM images have a characteristic three-dimensional appearance and are useful for judging the surface structure of the sample.

        In a typical SEM electrons are thermionically emitted from a tungsten or lanthanum hexaboride (LaB6) cathode and are accelerated towards an anode; alternatively electrons can be emitted via field emission (FE).
2.5.2 Design SEM Technology
        In my master work I use Leo 1530 Gemini SEM (Figure 7 ). Its acceleration voltage may be changed from 0.2 to30 kV.
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Figure 7: Leo 1530 Gemini SEM image 
        There are two most common detectors for SEM which also are used in my experiment: Inlens detector and Everhart-Thornley detector.

        Inlens detector monitors low energy (<50 eV) secondary electrons. Due to their low energy, these electrons originate within a few nanometers from the surface. The electrons are detected by a scintillator-photomultiplier device and the resulting signal is rendered into a two-dimensional intensity distribution that can be viewed and saved as a Digital image. This process relies on a raster-scanned primary beam. The brightness of the signal depends on the number of secondary electrons reaching the detector. If the beam enters the sample perpendicular to the surface, then the activated region is uniform about the axis of the beam and a certain number of electrons "escape" from within the sample. As the angle of incidence increases, the "escape" distance of one side of the beam will decrease, and more secondary electrons will be emitted. Thus steep surfaces and edges tend to be brighter than flat surfaces, which results in images with a well-defined, three-dimensional appearance. Using this technique, resolutions less than 1 nm are possible.
        Everhart-Thornley detector bases on backscattered electrons, which may be used to detect contrast between areas with different chemical compositions. These can be observed especially when the average atomic number of the various regions is different.

        Backscattered electrons can also be used to form an electron backscatter diffraction (EBSD) image. This image can be used to determine the crystallographic structure of the specimen.20
        There are fewer backscattered electrons emitted from a sample than secondary electrons. The number of backscattered electrons leaving the sample surface upward might be significantly lower than those that follow trajectories toward the sides. Additionally, in contrast with the case with secondary electrons, the collection efficiency of backscattered electrons cannot be significantly improved by a positive bias common on Everhart-Thornley detector. This detector positioned on one side of the sample has low collection efficiency for backscattered electrons due to small acceptance angles. The use of a dedicated backscattered electron detector above the sample in a "doughnut" type arrangement, with the electron beam passing through the hole of the doughnut, greatly increases the solid angle of collection and allows for the detection of more backscattered electrons.20
        Normally the Everhart-Thornley detector has a lower resolution than the inlens detector. Due to those different advantage, I mainly used the inlens detector to focus my samples and Everhart-Thornley detector to capture image because the average atomic number of the various region is different.
2.6 Nano-plotter Technology

2.6.1 Introduction for Nano-plotter

        GeSiM’s micropipetting system Nano-Plotter ( Figure 8 ) has very well flexible and modularly enlargeable system. It is used for manufacturing of two- and three-dimensional optical and mechanical structures in the nanometer and micrometer ranges. It can reproducibly create arbitrary spot pattern for different chemical composition in very small drop size ( 0.1-0.4nl ).
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Figure 8: Nano-Plotter system including an eight-channel dilutor and microscope camera for automatic target identification.
        Its piezoelectrically operating micropipettes which are microtechnologically manufactured from silicon and glass are the heart of the device ( Figure 9 ). 
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Figure 9: Structure of the piezoelectric micropipette (without mounting hardware).
        Contact-free dispensing with piezoelectric pipettes has some advantages over other methods such as transferring solutions with steel needles (pin tools) or creating small droplets by means of small solenoid valves. 
2.6.2 Work Process and Principle
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Figure 10: Individual phases of the pipetting cycle of the GeSiM piezoelectric pipettes.

        In the initial state, each micropipette is filled with system liquid (water). This is necessary, as the piezoelectric dispensers are not able to take up samples themselves and need to be cleaned between the pipetting cycles, as showed in Figure 10. The supply and discharge of this system liquid are taken over by a dilutor system (stage 2 of the fluidic system in Figure 11) which provides a computer-controlled syringe and a three-way valve for each pipetting channel and connects the micropipette optionally to the tip or the pressure compensating vessel.
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               Figure 11: The fluidic system of the system liquid in the Nano-Plotter.

        As seen in Figure 11, the pressure on the pipetting tip is determined by the filling level of the pressure-compensating vessel. The optimal operating point of the piezoelectric micropipette is achieved when the level of the liquid column coincides with the level of the micropipette nozzle during the dispensing operation (pressure difference 0). To this end, the pressure-compensating vessel is provided with a liquid level sensor which causes the consumed system liquid to be automatically replaced from the reservoir. The level of the sensor head may be varied by loosening the fastening screw within the cover when required. The pressure-compensating vessels (and the wash station) are supplied via separate diaphragm pumps (stage 1 of the fluidic system). 
        To take up a sample, the dilutor tip must be connected to the micropipette. Therefore, when a sample is taken up, there is a boundary layer between the system liquid and the sample taken up. Due to the microscopically small cross-sectional areas of the channels, mixing is generally slight, but the volume of the sample taken up should exceed that of the sample to be dispensed by at least 0.5 μl.
        During spotting, the volume of the liquid dispensed may be adjusted from case to case via the number of the droplets in each dispensing position; the volume of an individual droplet is either about 0.1 or 0.4 nanoliters.
2.7 Spin Coating Technology
      Spin coating is one of the most useful methods to prepare thin uniform films on the flat substrate, which is illustrated by Figure 12. An excess amount of polymer solution is placed on the substrate, and then the substrate is rotated at certain rotate speed to spread over the polymer solution with [image: image1.jpg]AG
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the centrifugal force. 
Figure 12: Process schematic picture for spin coating. 22
      As the rotation continues, the polymer solution will be spun off the edge of the substrate and the homogeneous film with certain film thickness will be formed on the substrate. The solvent is usually volatile and most of the solvent will be removed during the rotation; but which also depends on your rotated velocity and accelerate rate.
      The thickness of the film is dependent on the solution concentration, rotation speed, molecular weight, and solvent. D. W. Schubert and coworkers developed a relationship between the film thickness and a number of variables such as rotation speed, molecular weight, and concentration, which is described as the following21
h ∞ ~ ω-1/2 M a /3c 0

This relationship is available only for moderate concentrations (10 to 25mg/ml). And this equation has been verified experimentally for films prepared from Polystyrene dissolved in toluene with a =0.75. The concentration dependence of the film thickness for both moderate and small concentrations is described as the following equation21 
h ~c2/(1+const .c*)
Chapter 3
Experimental Parts
3.1 Chemicals Source
        Polystyrene was homemade. The average molecular number is 76561. The polydispersity is 1.05.

        NaCl in analytical agent was gotten from WTL laborbedarf GmbH; LiCl, BaCl Cs2SO4 was obtained from Alfa Aesar; 

        Toluene (anhydrous) was obtained from ACROS.
        Dyes ( ADAGTO; CH02834AC ) were donated by AGFA begium. 
3.2 Sample Preparation Processes
        Sample solution were prepared with salts ( NaCl, LiCl, BaCl2, Cs2SO4 ) dissolving in 100ml volume flask. 

        For the preparation of salt crystals I took two recipes, those differences are the order between the film and crystals preparation. I called them respectively embedded crystals and sessile crystals.

        Embedded crystals: Polystyrene was dissolved in toluene (anhydrous) with dye, then the sample solution was put in a ultrasonic bath for 10 min. After filter with 2.5um Millipore, I used the GeSiM’s micropipetting system Nano-Plotter to directly disperse the salt droplets into the polystyrene toluene solution, after that sample solution were spin coated on silicon (100) surface wafer.

        Sessile crystals: firstly the polymer solutions were spin coated on silicon (100) surface wafer at 200rpm for 15s on a Süss MicroTec Dalta 80BM spin-coater, then I used nano-plotter to disperse the small sample droplets onto polymer film which were treated with the overnight of 60°C vacuum dry for polymer film.

      Before the samples were heated by pulse laser with the compact laser sensitometer it should be treated with another times vacuum dry in the same condition.
3.3 Sample Treatment

        Samples were heated ( Figure 13 ) by compact laser sensitometer (home-made) under 1m/sec velocity scan, 6um pitch and 15um1/e2 spot. I took three different powers 4.0mW, 12.8mW; 21mW to treat the sample.
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         Figure 14: Laser heats samples processes for two different methods

3.4 Sample Characterization
Scanning electronic microscopy (SEM) images were obtained with a field emission SEM (LEO 1530 "Gemini") under 1-3 kV accelerating voltage using inlens detector and Everhart-Thornley detector alternately.
3.5 Film Thickness Measurement

   Film thickness was measured using a TENCOR P-10 Surface Profiler.
Chapter 4

Results and Discussions

4.1 Embedded Crystals
     Our direct approach to embed salt crystals within a dye doped polymer film is based on the small solubility of water in toluene. If 0.4nl droplet of an aqueous salt solution is pipetted into a toluene polymer and dye mixed solution, the water is dissolved into the toluene solution. As result of this “drying” of the aqueous solution nanometer sized salt crystals are readily formed. ( Figure 14 )
        This film preparation method has proven successful in the preparation of very thin film ( thickness lass than 200nm ). In our study we need larger film thickness. Films of approximately 2μm thickness were prepared in similar manners. But in these film hydration images of the salt crystals was not possible due to not excite sample surface atoms scattering.
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                Figure14: Different magnification NaCl nanocrystals images

        In the Figure 14 there are various size crystals can been see in image A, B, D. The crystals are irregular and sharp which are maybe due to random 3 D nucleation on the seed surface; image C perfectly grow when the seed size is small.
4.2 Sessile Crystals
4.2.1 Concentration Effects
        Because of SEM limitation, to image only surface morphologies salt preparation was developed: The nano-plotter directly disperses a salt solution on a polymer film resulting in different sized crystals. Crystals’ size depends on many factors: solution concentration, the rate of cooling, outside forces, growth time, and so on. In this work the crystals’ size is mainly controlled by difference in solution concentration, as shown in Figure 15. 
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Figure 15: the morphologies (before laser treatment) of spots prepared with decreasing salt solution concentration (A) 2.4 ×10(-3) g/ml, (B) 6.8 ×10(-4) g/ml, (C) 9.0 ×10(-5) g/ml; (D) 8.0 ×10(-6) g/ml.
       During dispersing the nano-plotter will create an extended square grid pattern of droplets. Figure 15 just shows different crystal morphologies of one spot in the whole pattern. It suggests that the bigger concentration can form large and aggregate crystals, lower concentration solution goes to small and dispersed crystals. As the solution concentration growth the solution viscosity improve the collision chance and aggregate become much easier. As the droplet evaporate. The distance between crystal components become smaller. They will therefore have higher chance to collide and stick together to form nuclei and grow. In the low concentration solution not only the crystal components are much less but also the distance among neighbors is larger. Therefore it is much more difficult to find the chance to bump with others, so we always obtain separated and small crystals. 
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Figure 16: Morphologies of NaCl nanocrystals before and after laser treatment ( A, B image before laser heating; C, D image after laser heating. film thickness is less than 100nm )
        From the Figure 16 it is found that the morphologies of crystals changes little, which probably are caused by film thickness. Thin films with small amount dyes can not adequately absorb the NIR laser energy in very short time and convert it to heat, so in the following experiment we made the thickness of films lager than 2μm.   
4.3 Morphologies of Nanocrystals after Laser Heating
        The most intrinsic effect of high temperature to crystals is melting behavior. With the surrounded temperature increasing the motion of inner atoms become intense which eventually cause the phase change when the temperature reach to the melting point. Depending on these particularities four different melting point inorganic salts ( NaCl: 800ºC, LiCl: 610ºC, BaCl2: 962ºC, Cs2SO4:1005ºC ) were used as the thermal probes to scale the laser energy, and investigate the maximum temperature which polystyrene can endure during the laser-induced processes. I set three different powers: 4.0mW, 12.8mW, 21.0mW, to scan samples. Because the laser beam diameter is 15um and scan velocity 1m/s I can get the scan time 15us for every crystals.

4.3.1 Morphologies of LiCl Nanocrystals under Four Irradiation Dosages
        Figure 17, 18 and 19 respectively are SEM images of LiCl Nanocrystals in three different energy settings ( 4mW, 12,8mW, 21mW ), which show that with energy increasing the morphologies have larger and larger change: from sharp and edged to round and smooth. The melting degree and the melting phenomena are more and more evident. Figure 20 is the SEM images of LiCl nanocrystals shape evolution at room temperature for one day, without heating, are shown as a reference.
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Figure 17: Morphologies of LiCl nanocrystal (m.p.: 610ºC ) before and after laser treatment at 4.0mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 18: Morphologies of LiCl nanocrystal (m.p.: 610ºC ) before and after laser treatment at 12.8 mW (A, C, E, are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 19: Morphologies of LiCl nanocrystal (m.p.: 610ºC ) before and after laser treatment at 21.0mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 20: Morphologies of LiCl Nanocrystal (m.p.: 610ºC ) evolve for one day in room temperature ( A, C, E are SEM images without storage; B, D, F are SEM images after one day. Images are recorded on the same surface position of the sample.).
       From the above pictures they suggest that crystals kept at the room temperature for one day are totally different variation tendency from crystals heated by laser in crystal morphology evolution. These two case show inverse evolution tendency: the stored crystals will grow towards more regular structures because they absorb surrounded the water and continually grow and consummate themselves, the heated crystals tend to evolve forward amorphous structure which maybe due to the solidification rate larger than atom rearrangement rate, leading no enough time for recrystallization.9
        In some case it was found that the small crystals disappear on the original site and instead bigger crystal show up, for example images E, F in the Figure 17, this is the occurrence of Oswald Ripening during laser annealing. Net mass transfer occurs from the smaller to the larger species. This occurs only under the condition that the total free energy of the species decreases with increasing volume.24 Small species have the greater solubility due to the effect of curvature on the surface free energy. The drive force will reduce the surface energy and cause the smaller species to disappear, slowly over time, with the dissolved material being transferred to the larger species. Hence the larger species tend to grow larger while the smaller one grows smaller. 
        The very regular holes patterns in the salt film are most likely induced by electrons beam of SEM and occur the dewetting phenomenon because the pattern coordinate match the scan direction. Irresponsibility of sample rotation, we speculate that the salts film become metastable and induce rupture process via nucleation which is the result of electrons beam bomb. The salts film break up owing to the amplification of thermal fluctuations in film induced by dispersion force. The minimization of the free energy of system in the thin film geometry acts as the directing mechanism for self-organization of nanostructure.23
       From the Figure 20 we also can find some little dots show up after one day. It can be due to two reasons: surrounded water and electrons bombard. During the sample preparation the water evaporate quickly because of small volume ( 0.4nl ) and hydrophobic polymer film. In very low concentration droplet crystal components need longer time to form nucleus, during the storage the residual water on the substrate and in the air make crystals components active and create viable nucleus. On the other side the crystal components obtain the thermal activity during the SEM electrons bombard and have enough energy to form stable nucleus. These can then grow until thermodynamic equilibrium is restored.7
        In the Figure 20, influence of laser to LiCl nanocrystals is much obvious. Even at the lowest laser energy ( 4.0mW ) the morphologies of LiCl nanocrystals have the noticeable change, which means even at lowest energy in our model system the heat energy received by LiCl crystals greatly surpass the energy which can make LiCl melt. This relation can be summarized with following sketch ( Figure 21 ). 
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Figure 21: Sketch map of relation between film temperature and time (Tmax is the highest temperature for polystyrene film at 15μs scan time, 4mW produce heat under the red line at the range of curve, star portion is the melting energy for LiCl nanocrystals).  
        At the beginning the temperature increases very quickly with the time increase. When energy pulse stops, there is a sharp drop in temperature at interface over a very short period of time due to the influence of conducitivity to substrate simulated via heat bath. However the melting will continue briefly, after temperature drop below Tm(LiCl) the undercooling cause the solid-liquid interface to move in the direction of solidification. The undercooling persist at more or less steady value for long period.9
4.3.2 Morphologies of NaCl Nanocrystals under Four Irradiation Dosages
        NaCl crystals were proceeding from the same manner as the LiCl nanocrystals. There is morphologies evolution with three energy setting grades, shown as in Figure 22-24, at the same time a comparison ( Figure 25 ) was also concluded to investigate effect of sample storage.
       At a first glance changes in Figure 22-24 do not appear so clearly as in Figure17-19. Except the natural property of NaCl and LiCl, the most important reason is different the melting point. Melting temperature of NaCl is 800º which is about surpass the melting point of LiCl by 200º and therefor need much more heat to melt crystals of identical size.
        In images E, F in Figure 22 there is no noticeable changes, that is maybe the reason that the crystals size ( 2um ) too large to reflect phenomena clearly, but it definitely melt. Comparing image F the image A ( 700nm ) and C ( 200nm ) show the noticeable variation. NaCl crystals show visible change from the square ( image A ) to smooth round ( image B ); images C, D occur again the Oswald Ripening.
        In the Figure 22 the image B, D become larger than their original structure. These phenomena can own to the Oswald Ripening: larger species tend to larger; smaller one goes to smaller because of their different chemical potential. With electrons beam thermal writing many small dots are created.
         With setting the higher grade, the NaCl crystal morphologies from sharp and edge to round, smooth and amorphous, show as Figure 24.

        At room temperature with the time increase there are no evident diversification ( Figure 25 ) except new little dots show up, which demonstrate again the structure transformation in Figure 22-24 belong to pulse laser treatment. 
       From these figures especially for Figure 22 we can get the following conclusion: the energy grade 4mW relatively match the NaCl melting temperature 800ºC. Figure 26 is the simple sketch map to show the relation. The polymer film is not damaged even at high energy grade which further exceed the melting temperature of polymer because the crystals pattern is not change. 
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Figure 26: The sketch map about relation between temperature and time (Tmax is the highest temperature for polystyrene film at 15μs scanning time, 4mW produce heat under the red line at the range of curve, shadow portion is the melting energy for NaCl nanocrystals).  
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Figure 22: Morphologies of NaCl nanocrystals ( m.p.: 800ºC ) before and after laser treatment at 4.0mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 23: Morphologies of NaCl nanocrystal ( m.p.:800ºC ) before and after laser treatment at 12.8mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 24: Morphologies of NaCl nanocrystals ( m.p.:800ºC ) before and after laser treatment at 21.0 mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 25: Morphologies of NaCl nanocrystals ( m.p.:800ºC ) evolve for one day in room temperature ( A, C, E are SEM images without storage; B, D, F are SEM images after one day. Images are recorded on the same surface position of the sample.)
4.3.3 Morphologies of BaCl2 Nanocrystals under Four Irradiation Dosages
Figure 27-29 respectively are BaCl2 nanocrystals ( m.p.:962ºC ) evolution images before and after laser annealing. Figure 30 is SEM images for BaCl2 nanocrystals evolution image for one day at room temperature.
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Figure 27: Morphologies of BaCl2 nanocrystals ( m.p.:962ºC ) before and after laser treatment at 4.0 mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.)
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Figure 28: Morphologies of BaCl2 nanocrystal ( m.p.:962ºC ) before and after laser treatment at 12.8 mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 29: Morphologies of BaCl2 nanocrystals ( m.p.:962ºC ) before and after laser treatment at 21.0 mW (A, C, E, are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 30: BaCl2 nanocrystal morphologies ( m.p.:962ºC ) evolution for one day at room temperature (A, C, E are SEM images without storage; B, D, F are SEM images taken after one day. Images are recorded on the same surface position of the sample.)
      From the Figure 27 there are no obvious changes at the structure of crystals, which suggests the energy level 4.0mW is not enough for BaCl2 to melt, in another word the energy level 4.0mW creating the heat is not reach the melting temperature of BaCl2 962º. Figure 28-29 have clear variety and melt phenomena are much clear. Figure 30 is under my expectation, which has evident difference tendency in crystals structure with Figure 27-29. Figure 27-28 suggests that the heat produced by 12.8mW does not go beyond too much the melting point of BaCl2. Figure 31 is the sketch map to simply describe the relation.
[image: image31.jpg]max

Tmax(1 2.8mW)

T m(BaCl2)

Tmax(4mW)

\'4





Figure 31: The sketch map about relation between temperature and time (Tmax is the highest temperature for polystyrene film at 15μs scanning time, 4mW and 12.8mW respectively produce heat under the red line at the range of curve, shadow portion is the melting energy for BaCl2 nanocrystals).  

4.3.4 Morphologies of Cs2SO4 Nanocrystals under Two Irradiation Dosages
        Figure 32-33 is the Cs2SO4 crystal evolution tendency in two different conditions. As a complementary probe to BaCl2, Cs2SO4 melting temperature is 1005º which is circa higher 40º than BaCl2, it can more exactly to estimate the heat for 21.0mW.
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Figure 32: Morphologies of Cs2SO4 nanocrystal ( m.p.:1005ºC ) before and after laser treatment at 21 mW (A, C, E are SEM images before laser treatment; B, D, F are SEM images after laser treatment. Images are recorded on the same surface position of the sample.).
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Figure 33: Cs2SO4 nanocrystal morphologies ( m.p.:1005ºC ) evolve for one day in room temperature (A, C, E are SEM images without storage; B, D, F are SEM images taken after one day. Images are recorded on the same surface position of the sample.).
        From the Figure 33 we can clearly to see that crystals stored in room temperature for one day do not show the melt behavior. In the 21mW melt behavior of Cs2SO4 nanocrystals is very evident, rim of crystals become round ( Figure 32 ), which prove this grade surpass the Cs2SO4 melt energy. Whether the 12.8mW also surpass Cs2SO4 the melting energy need further investigation. The estimate sketch map are obtained by the above four inorganic salt crystals ( Figure 34 ). 
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Figure 34: The sketch map about relation between temperature and time (Tmax is the highest temperature for polystyrene film at 15μs scanning time, 4Mw and 21mW respectively produce heat under the red line at the range of curve).  

Chapter 5

Conclusions
        The use of the inorganic nano crystals as thermal probe to investigate the laser energy and peach temperature is a suitable method which has wide potential in various materials research fields. 

        A simple manner to prepare the nano inorganic crystals on polymer film by nano-plotter was successfully established. Using a radiative dye completely absorbing and converting the energy, laser illumination has been successfully finished. A relation between laser energy and peak temperature has been established. SEM images were used to understand the nanocrystals morphology evolution. Under conditions which greatly exceed polystyrene melting temperature, the polystyrene film has no big change under such extreme conditions. 
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