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      Abstract




      This chapter focused on the emerging global trend toward the miniaturization of manufacturing processes, equipment and systems for micro and nanoscale components and products, i.e., small equipment for small parts. The present need for smallness of parts stems mainly from two requirements: greater compactness in the utilization of space and portability. The mechanical and electrical devices that make up these items need to be produced in ever-decreasing sizes, with tightly specified dimensions and accuracies. Although these miniature devices may be machined by various techniques, their shaping through material removal constitutes a major means of production. Innovations in the area of micro and nanofabrication have created opportunity to manufacture structures at the nanometer and millimeter scales. These ultraprecision machining processes include STM based nanofabrication and abrasive machining (including lapping, polishing and honing) which can be characterized by either two body or three body abrasive interactions. There are various ways to classify precision material removal processes. We have presented one above, based on the “uncut chip thickness”. Combinations of these techniques and established methods of manufacturing that produce hybrid manufacturing processes will create the short term “stepping stones” required to meet the demand generated to economically manufacture microscale products. In this chapter, some dominant micro and nanomachining techniques that are currently used to fabricate structures in the nanometer scale up to the millimeter scale are introduced.
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      1.. Micro and Nanomachining Technology




      Nanoscience has been making great strides over the past years with breakthroughs coming at a surprisingly rapid rate. It was envisioned in 1959 by Richard Feynman, the Nobel Laureate in physics, presented his vision on miniaturization at the California Institute of Technology of his famous prediction “There are plenty of rooms at the bottom”. Feynman expatiated the scaling down of lathes and drilling machines, and talks about drilling holes, turning, molding, stamping parts, and so forth. Feynman also described the need for micro- and nanomachining as the basis or creating a microscopic world that would benefit mankind. Nanotechnology encompasses technology performed at the nanoscale that has real-world applications. Nanotechnology will have a profound effect on our society that will lead to breakthrough discoveries in materials and manufacturing, electronics, medicine, healthcare, the environment, sustainability, energy, biotechnology, information technology, national security and so on. Examples of these components are optical mirrors, computer memory discs, and drums for photocopying machines, with a surface finish in the nanometer range and surface form accuracy in the micron or the sub-micron range. Micro & Nanomachining is one of the keys to the development of novel materials, devices and systems. Precise control of nanomaterials, nanostructures, nanodevices and their performances is essential for future innovations in technology. Nanomachining includes methods that manipulate atoms and molecules to produce single artifacts to produce submicron-sized components and systems and so it is a challenge presented to us to produce single-nanoscale artifacts in a mass production fashion that obviously produces the accompanying economies of scale. The micro and nanomachining technology (MNT) has already become the key factor to ensure success in the international competition. Many parts with high precision level required to be manufactured using MNT. The advanced apparatus manufactured using MNT is needed to develop sophisticated technique, national defense technology, microelectronics industry and so on. MNT is the frontier of modern manufacturing technology, at the same time also being the foundation of tomorrow technology.




      According to McKeown [1], microtechnology means the physical scale of the products is small (in manufacturing terms being made to dimensions and tolerances of the order of micrometers (10-6m) and nanotechnology, in which dimensions and tolerances are of the order of nanometers (10-9m). Characteristic of micro & nanomachining is the volume or size of the part removed from the workpiece, termed the “small unit removal” (SUR). For example, in mechanical operations, the SUR consists of the feed, and depth of cut and length corresponding to one chip of material removed; in electro-discharge machining the SUR is defined as the crater produced by one pulse of discharge. Micromachining with masks can yield unit removal as small as the size of atoms. Nanomachining has been defined as an approach to design, produce, control, modify, manipulate, and assemble nanometer-scale elements or features for the purpose of realizing a product or system that exploits properties seen at the nanoscale. Nanomachining R&D has as its goal enabling the mass production of reliable and economical nanoscale materials, structures, devices, and systems. It includes bottom-up directed assembling of nanostructure building blocks (from the atomic, molecular, supramolecular levels); top-down, high-resolution processing (ultraprecision engineering, fragmentation methods); physical-chemical engineering of molecules and supra-molecular systems (molecules as devices “by design”, nanoscale machines, etc.); and, hierarchical integration with larger scale systems. This requires a high degree of process control in sensing and actuation of matter at the nanoscale, as well as capabilities for scaling-up. One major goal is minimizing use of materials and energy, reduction of waste and environmental impact, and enabling high-rate, cost-effective production suitable for industrial implementation. In reality, the boundary between nanotechnology and microtechnology may be blurred, but there is a degree of commonality in the techniques and equipment involved in both-but they are, in essence and in application, very different. It is at the nano not the micro scale that the physical and chemical properties of materials change. Micromachining is essentially a top-down technology but at the nanoscale, either top-down or bottom-up techniques can be used, and the latter are significantly different. Many products require a variety of top-down processes for their manufacture. For example, the common CD has data pits about 500 nm wide and 125 nm deep formed in a plastic disc. The read-write heads are very precise mechanisms that require a number of electro-mechanical processes.




      Mass production is a major issue in MNT, as a large number of small parts are a common requirement of industry. Most of MNT have not yet been developed sufficiently to produce thousands of parts needed for microproducts. Modification of existing micro & nanomachining methods and new concepts for mass production based on them are major targets for future research and development. The present need for smallness of parts stems mainly from such requirements: greater compactness in the utilization of space and portability and reduce energy consumption. The mechanical and electrical devices that make up these items need to be produced in ever-decreasing sizes, with tightly specified dimensions and accuracies. Although these miniature devices may be manufactured by various procedures, their shaping by means of material removal constitutes a major means of production. Established and recently developed methods of machining continue to be investigated for the shaping of such parts to specified small dimensions. The term “micro and nanomachining” has thus emerged and is generally used to define the practice of material removal for the production of parts having dimensions that lie between 1 and 999 μm, although an upper limit of 500 μm has recently been considered to set the border between micro- and macromachining. This eBook is concerned with the technology of micro and nanomachining of materials utilized in engineering practice.




      

        



        1.1.. Single Point Diamond Turning (SPDT)




        It is originated from 1950s that the ultraprecision machining of precision parts using natural diamond cutting tool came into being. At the beginning, the SPDT mainly used for machining simple shaped structure such as cylindrical surface, flat surface and spherical surface and the surface roughness (Rmax) no larger than 0.1 µm. Later, the non-spherical surface reflector and the large scale reflector have also been gradually machined using MNT to acquire small form accuracy and surface roughness. The use of diamond cutting tools has increased in importance as tighter tolerances and greater surface integrities are required for high-value components. Ultraprecision cutting tools need to be hard and sharp and to have enhanced thermal properties in order to maintain their size and shape while cutting. Advantages offered by diamond include:





        

          	Crystalline structure, which enables very sharp cutting edges to be produced,




          	High thermal conductivity, the highest of any materials at room temperature,




          	Ability to retain high strength at high temperatures,




          	High elastic and shear modulus, which reduce deformation during machining.


        




        Ultraprecision turning technology use diamond cutting tool (as shown in Fig. (1-3)) can be divided into two categories, namely, single piece large sized ultraprecision parts machining and mass small precision parts machining. The most active groups developing and using large sized parts ultraprecision turning technology are the Lawrence Livermore Laboratory at the University of California-Berkeley, in the United States who also leading the way in the world, Precision Engineering Center at the Cranfield University, in the UK, Precision Engineering Center at the Tohoku University, in the Japan. The highest level of the large-sized ultraprecision machine tool was developed in 1984 by LLNL in the USA, namely, the Large Optics Diamond Turning Machine (LODTM), which can manufacture non-spherical workpiece weighs 1,360 kilogram, 1,625 mm in diameter, 0.0125 µm in machining accuracy, 0.0045 µm in surface roughness (Ra).
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Figure 1)




        Nanotech 450UPL and its product (The Nanotech 450UPL is a larger capacity ultra-precision machining system suitable for both single point diamond turning and deterministic micro-grinding of optical components).
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Figure 2)




        Large optical diamond turning machine (LODTM-The LODTM is a precision, vertical-axis lathe that can machine and measure parts up to 1.5m in diameter, 0.5 m in length and 1350 kg mass).
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Figure 3)




        Cranfield Precision DeltaTurn 40.




        Although diamond is the hardest materials in the world, it may be chemically attacked by ferrous materials at high temperatures, and is generally unsuitable for the machining of steels and nickel alloys. This is because of the very high wear rate of the diamond which results in nonviable tool costs. More recently diamond machining has been used for the machining of nonferrous metals such as aluminum and copper, which are difficult materials on which to obtain a mirror surface by grinding, lapping, or polishing. This is because these metals are relatively soft and the abrasive processes scratch the finished surface and, furthermore, are unable to produce high levels of flatness at the edges of the machined surface. Presently, there are many small and medium-sized precision parts manufactured in mass production such as photosensitive drum, polygonal mirror, hard disk, spherical reflector mirror and so on. The workpiece materials being used are copper, aluminum and their alloy, electroless nickel plating layer, plastic and brittle materials, ferrites materials, ferrous metals and so on. Presently, the materials machined by SPDT has extended from traditional aluminum (copper) to difficult-to-cut materials and non-metal hard brittle materials, the research effort has extended from single cutting to develop systematic precision engineering with feed-back control and surface modification.


      




      

        



        1.2.. Ultraprecision Loose Abrasives Machining (ULAM)




        Abrasive processes have been employed in manufacturing for more than 100 years although the earliest practice can be traced back to Neolithic times. Lapping and polishing (as shown in Fig. (4)), being the main technology of MNT, generally occur by the sliding frictions between particles and a surface. The lap or polisher travels across a work surface against which particles of sand or mud-type slurry are forced to the point of contact. Polishing involves only one or two of the abrasive mechanisms aforementioned. This widely used finishing process is one in which parts are finished on a plate covered with an abrasive pad. The polishing pad comes in a variety of thicknesses and hardness. Abrasive is often supplied in a paste suspension, but can be continuously fed suspended in a liquid carrier. Only two material mechanisms occur with this form of polishing-rolling and sliding. Abrasive is not embedded into the pad, therefore the micro cutting mechanism is not active. Other types of mechanical polishing use different mechanisms for material removal. One type uses abrasive embed into the plate or a pad, but no additional abrasive is applied to the polishing surface. With this type, material removal is only through the micro cutting abrasive mechanism. For all types of polishing, generally two abrasive mechanisms are involved.
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Figure 4)




        Illumination the working conditions of CMP.




        Lapping on the other hand, incorporates all three abrasive mechanisms: rolling abrasive, sliding abrasive, and micro cutting abrasive. The plate is not covered with a pad and therefore contributes in the material removal process. With typical lapping operations, abrasive is forced into the lap plate, called charging, and the parts are lapped with continuously supplied abrasive suspended in a liquid medium.




        With both processes, material removal is by rolling abrasive, sliding abrasive, or micro cutting embedded abrasive. The action of sliding abrasive and rolling abrasive are implied. They are mechanically similar in their cutting action except that sliding abrasives are more plate-like and behave like tiny scrapers. Micro cutting abrasives are abrasives that have embedded into the lapping plate and act like small cutting tools.


      




      

        



        1.3.. Laser Materials Micromachining (LMM)




        Laser light can be focused on a precise area with very high heating because of its high intensity of electromagnetic energy flux and high spatial coherence. Therefore, materials processing has becoming one of the major applications of laser [2, 3]. Comparing with conventional machining process, laser materials micromachining has the advantages of non-contact, good machining quality, high flexibility and easiness of automation. Laser cutting, laser hardening and laser remelting are thermal related process while laser alloying, laser cladding and laser dispersing are thermochemical process. Laser materials micromachining is based on the interaction of laser light with materials and the reaction products escape as gas or small particles. As a result of a complex process, small amounts of material can be removed from the surface of the solid. Generally, two different phenomena may be identified: pyrolithic (thermal) and photolithic processes. In both cases short to ultrashort laser pulses are applied in order to remove small amounts of material in a controlled way. Pyrolithic processes are based on a rapid thermal cycle, heating, melting, and (partly) evaporation of the heated volume. In the case of photolithic processes the photon energy is sufficient for direct breaking of the chemical bonds in a wide variety of materials. It is applied mostly on polymers by use of ultraviolet lasers in wavelengths of 157 to 351 nm.




        Laser micromachining belongs to materials removal technique which consists of chemical or electro-chemical process, thermal process and mechanical process. Laser micromachining includes a wide range of processes where material is removed accurately but the term is also used to describe processes such as microjoining and microadjustment by laser beam. Most applications are found in the electronics industry in high-volume production. The earliest industrial applications occurred in the 1960s in the cutting of trim grooves on conventional resistors and drilling small holes in diamonds. In the 1970s laser spot welding was applied to the production of lamps and parts of television monitors. The 1980s saw the beginning of laser micro milling and laser ablation with excimer lasers, while in the 1990s laser microadjustment was developed for use in industry. With the development of new lasers such as ultrashort pulsed lasers and passively Q-switched microlasers, new applications continue to arise. From the beginning of laser technology in the 20th century a reduction in size by a factor of two every seven years has been observed. The cost of production equipment is growing much faster: the complicated optics of a step-and-repeat camera for semiconductor production is now over a million dollars. Nevertheless the cost of products is being reduced, owing to the higher production volume.




        In laser machining, the laser light works as a high energy heating source by thermal ablation mechanism, photochemical ablation mechanism or both to melt and/or vaporize the volume of the material. It is a non-contact processing. Combined with modern numerical control and CAD technology, the machining rate and precision increase significantly. It is used in variety industry fields, particularly in the processing of difficult-to-machine materials such as hardened metals, ceramics and composites. The mechanism of laser beam interaction and material removal is shown in Fig. (5). Laser energy is focused on the material surface and partly absorbed. The absorptivity depends on the material, the surface structure, the power density, and the wavelength. With a CO2 laser about 20% is absorbed with laser micromachining while with shorter wavelengths (Nd:YAG and excimer lasers) 40% to 80% is absorbed. The remaining part is reflected. Absorption occurs in a very thin surface layer, where the optical energy is converted into heat. The optical penetration depth is defined as the depth for which the power density is reduced to 1/e of the initial density. For steel this depth is on the order of 15 nm for CO2 radiation or 5 nm for Nd:YAG radiation. The absorbed energy diffuses into the bulk material by conduction. For short pulses the heat flow is approximately one-dimensional. However, the time to melt is reduced by a factor of 100 to only 3 ns if the power density is increased tenfold. The high vaporization rate (vapor speeds have been reported in the range of 3 to 10 km/s) causes a shock wave and a high vapor pressure at the liquid surface considerably increases the boiling temperature. Finally the material is removed as a vapor by the expulsion of melt, as result of the high pressure and by an explosive like boiling of the superheated liquid after the end of the laser pulse. In metals a rim of resolidified material caused by laser micromachining is clearly evident. In plastics, however, the process is quite different; here the material is removed by breaking the chemical bonds of the macromolecules, and is dispersed as gas or small particles and no melt is found.
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Figure 5)




        Schematic of working principles of laser beam.




        Electromagnetic waves interact with the particle on the surface of the material, the electron will re-radiate, or be constrained by the lattice; if enough energy is put into the material the lattice breaks down and the material begins to melt. Further heating causes evaporation and plasma formation to occur. When laser radiation hits a surface it is absorbed, transmitted or reflected depending on the material. The laser radiation that interacts with the particle has a magnetic and an electric component. When the radiation passes over a small elastically bound the charged particle is set in motion by the electric field. This induced force is so small that it cannot affect the nucleus but can affect the electrons. If the electrons were left to vibrate there would be no net gain in its energy, e.g., its motion would be in the form of a sinusoidal wave, a few positive and a few negative motions resulting in zero energy change. However, if the electrons are involved in a collision, the path will be upset and they will gain some energy. If the radiation is at a lower potential than the ionization energy for the particles then no absorption occurs.




        Currently used industrial lasers are mainly CO2, Nd:YAG, excimer, argon ion, and copper vapor types. General-purpose machining equipment consists of a stationary laser beam with a product holder on a horizontal xy-stage and a lens capable of moving in the vertical direction. The solid state Nd:YAG laser is the main vehicle for micromachining applications. The energy is pumped by flash lamps into the Nd:YAG rod. The laser beam with about 6 mm diameter can be focused by lenses directly on the surface to spots of diameter 50 μm for fine drilling or cutting, to about 0.5 mm for spot welding.




        The laser-material interaction consists of a set of physical steps each characterized by its typical time constant. The laser energy is first transferred to the electrons, especially in the case of metals. The electrons will transfer the energy to the lattice and finally, within the lattice the heat is distributed further by atomic lattice collisions. The first step, the absorption of a photon by an electron, requires about 10-15 s (1 femtosecond). The relaxation time of a high-energy electron, that is, the time to transfer the energy to the lattice, is about 10-12 s (1 picosecond). The time to diffuse the heat in the lattice by thermal conduction, over a distance equal to the optical penetration depth, is also on the order of 1 picosecond. Three different processes may be identified, based on these characteristic times.




        

          



          1.3.1.. Femtosecond Ablation




          In this case there is no energy transfer to the lattice during the pulse; all energy is stored in a thin surface layer. If this energy is more than the specific heat of evaporation there will be vigorous evaporation after the pulse. The energy is transferred from electrons to the lattice (after the laser pulse) in a picosecond. This transfer converts the layer in a dense vapor or plasma, which expands rapidly. No time is available for heat transfer to the lattice during this series of processes. The outcome is a very precise and pure laser ablation of metals; this result has been demonstrated experimentally but has not yet been well established in production.


        




        

          



          1.3.2.. Picosecond Ablation




          With picosecond pulses the pulse length is on the same order as the time to transfer the energy from electrons to the lattice. The lattice temperature at the end of the pulse is approximately equal to the femtosecond ablation. Although the heat conduction into the lattice may be neglected there will be a considerable heat flow by the free electrons during the pulse. This results in the formation of a melted zone inside the material. At the surface there is a direct solid-vapor or solid-plasma transition but deeper in the material a liquid phase is present. This condition reduces the precision of the ablation of metals compared to femtosecond pulses.


        




        

          



          1.3.3.. Nanosecond Ablation




          In terms of the thermal processes during laser-material interaction the nanosecond pulses have to be considered as long pulses. The absorbed laser energy first heats the work specimen to its melting point and then to the vaporization temperature. During the interaction the main energy loss is by heat conduction into the solid. The threshold influence for long pulses can be estimated in the same way as for ultrashort pulses. Generally droplets or crater walls are observed around the machined area in the nanosecond domain.




          Laser machining is a thermal or photochemical process which makes it appropriate for hard & brittle materials and composites. There are no mechanically induced material damage, tool wear and machine vibration. Furthermore, the material removal rate for laser machining is not limited by constraints such as maximum tool force, build-up edge or tool chatter. Laser machining can eliminates the workpiece transportation that is necessary for processing parts with a specialized machine. So it can be used for drilling, cutting, welding and heat-treating process on a single machine. On the other hand, there are some disadvantages about laser machining. In most laser machining techniques, the removal of materials occurs by melting or vaporizing which makes the laser machining a significantly high energy inputs and processing times technique than mechanical technique. During laser machining metals, the temperature of the point where the laser focus is very high and the heat conduction will create a heat affected zone in the vicinity of the erosion front and change the surface integrity.




          Laser nanofabrication is at a very early stage of development at the moment and will probably need to be combined with other processes to form hybrid nanofabrication and nanomanufacturing processes. A large number of researchers are currently investigating the development of hybrid forms of laser nanofabrication. The use of lasers to fabricate products at the microscale is well established. CFD studies of supersonic jets interacting with holes of varying aspect ratio have highlighted complex shock wave structures present during laser micro-machining that enhances the shear stress distribution in the molten pool that is required to physically remove molten material and send it into the jet stream above the surface of the material. Experimental observation has revealed reduced etch rates at high gas pressures, which is coincident with dense plasma formation within the shocked gas stream above the surface of the workpiece. A reduction of gas pressure to near atmospheric pressure reduced detrimental plasma effects and reduced the height of re-cast layers once dominant at high pressure. A simple design rule used for laser micro-machining is to reduce the length-to-diameter ratio of the nozzle, and use the nozzle with shielding gas pressures in the range 0 to 0.5 bar in order to prevent the formation of shock waves in the dynamic plasma field that is responsible for the formation of re-cast layers. The development of processing at the microscale continues to be dominated by the application of femtosecond pulsed processing of engineering materials. However, the development of attosecond pulsed lasers may eliminate the problems created by the formation of a plasma that accompanies the more traditional lasers currently used for microfabrication. Nanofabrication processes that use lasers to create useful nano features are still in their infancy of development. Although the rapid strides made in laser manipulation at the nanoscale may see the development of laser-based nanomanufacturing processes in the not too distant future.


        


      




      

        



        1.4.. Ion Beam Materials Micromachining




        Ion Beam (IB) is a precise and accurate instrument which can be applied to the fabrication of microelectronic and optoelectronic devices such as direct-write lithography, circuit modification, failure analysis of Integrated Circuits (ICs), Transmission Electron Microscopy (TEM) sample preparation, maskless implantation, ion beam assisted etching and micromachining. For those practical applications of IB micromachining like TEM sample preparation and failure analysis of ICs, the removal of sample materials is mainly done by physical sputtering of ion bombardment. The ion beam (usually Ga+ ions or other liquid metal ion sources) scans through the desired location and mills a very small area around the region of interest, without causing damages to the other areas of the sample. Because IB technique is a maskless and resistless process, some researchers have demonstrated the capability to process precise micromachined laser facets at the areas of semiconductor laser devices. Ion beam machining (Fig. (6)) takes place in a vacuum chamber, with charged atoms (ions) fired from an ion source towards a target (the workpiece) by means of an accelerating voltage. Ion beam machining (IBM) is associated with the “sputtering” phenomenon first reported by Grove in 1852 [4]. While investigating the electrical conductivity of gasses, Grove discovered that metallic substances had become deposited on the glass walls of the glow discharge tube that he was using. He inferred that metal atoms had been removed from the surfaces of the electrode, and subsequently had adhered to the walls of the glass tube. Later the mechanism underlying Grove’s finding was established as the ejection of atoms from a surface when it is bombarded by other ions.
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Figure 6)




        Ion beam workstation.




        An ion beam machine has several main components:





        

          	A plasma source that generates the ions;




          	Extraction grids for removing the ions from the plasma and accelerating them towards the substrate (or specimen);




          	A table for holding the specimen.


        




        Basically, there are some key parts in the ion beam micromachining system as follows:




        

          



          1.4.1.. Ion Source




          For the removal of an atom from the surface by impingement of an ion, or ions, a source of ions is required that should produce a sufficiently intense beam with an acceptable spread in its energy.


        




        

          



          1.4.2.. Plasma Source




          A heated filament, usually tungsten, acts as the cathode, from which electrons are accelerated by means of a high voltage (above 1 kV) towards the anode. During the passage of the electrons from the cathode to the anode, they interact with argon atoms in the plasma source (which is sustained by keeping the gas pressure at about 10-4 torr). A magnetic field, obtained from an electromagnetic coil or a permanent magnet, is often applied between the anode and cathode to make the electrons spiral. Spiralling increases the path length of the electrons and hence increases ionization.


        




        

          



          1.4.3.. Extraction Grids




          The ions are removed from the plasma by means of extraction grids. The grids are normally made of two or three arrays of perforated sheets of carbon or molybdenum; these materials can withstand erosion by ion bombardment. The perforations in each of the sheets are aligned above one another. The shape of the holes and the spacing of the grids are significant elements when ion source systems are being designed to give the best conditions of ion current and grid erosion.


        




        

          



          1.4.4.. Substrate Mounting




          When the ions have been removed from the source, they “drift” in a field-free region to the component, specimen, or substrate which is to be machined or milled. The specimen is usually mounted on a water-cooled table that can be tilted through an angle of 0o to 90. The specimen is separate from the plasma. Machining variables such as acceleration, flux, and angle of incidence can all be independently controlled.




          The interactions of the ions with atoms are now considered. The size of an ion is normally comparable to that of an atom. When an ion strikes the surface of a material its collision with an atom there often occurs in a direction that is normal to the surface. If the mass of the ion is less than that of the atom of the surface, the former will bounce back, away from the surface, and the atom will be driven in a direction farther into the material. For higher ion energies a yield of approximately 0.1 to 10 atoms per incident ion is representative of IBM. The effects influence a wide range of process conditions, not only incident ion energy but also the angle of incidence, ionic and atomic periodicity, and heat of sublimation. The rate of material removal (or etching) can be enhanced at grain boundaries and can be affected by crystallographic orientation.




          Presently, the structure dimension as small as 100 nm can be realized by IBM, and that features of size less than 10 μm are obtainable. The slope of the walls of the machined surface and its surface finish are determined by the angle of incidence of the ion beam which is fully controllable. They claim that the process variables can be monitored to an accuracy of ±1.0%, with a repeatability of ±1.0%. Surfaces can be textured by IBM, which can produce cone- and ridge like configurations, on the order of 1 μm in size. Smoothing of a surface to a finish of less than 1 μm can also be achieved by IBM. A smooth surface can undergo ion beam machining without significant increase in its roughness.




          Today, much work has been published on the use of microfocused ion beams for machining, although this technique is almost entirely confined to academic research. Currently, the IBM technology can be used for smoothing of laser mirrors and for modifying the thickness of thin films and membranes without affecting the surface finish such as Ion Beam Texturing, Ion Beam Cleaning, Shaping, Polishing, and Thinning by IBM, Ion Milling and so on. For production applications laser ablation is usually preferred for small spots, and plasma etching for large areas. Much of future ion beam technology is likely to deal increasingly with deposition. In this method, the material to be deposited is ionized inside the source and then directed in the form of an ion beam to the surface on which it will condense. The technique is used to study growth of thin films for deposition of metals such as pure iron and semiconductor layers of silicon. An ion beam sputter deposition technique is also reported, the material being sputtered from a target by an energetic ion beam and collected onto the substrate. Films of oxides and nitrites can be deposited by reactive ion beam sputtering. New developments on radio frequency or microwave ion guns continue. Most trends are concentrated on automatic control of the source for utilization in complex processes, neutralization of the ion beam in reactive gas environments, increases in ion density, and very low levels of contamination.


        


      




      

        



        1.5.. Electron Beam Materials Micromachining




        Electron beam machining (EBM) is a process where high-velocity electrons concentrated into a narrow beam are directed toward the work piece, creating heat and vaporizing the material. EBM can be used for very accurate cutting or boring of a wide variety of metals. Surface finish is better and kerf width is narrower than those for other thermal cutting processes. The main components of an Electron Beam Machine (EBM) are shown in Fig. (7). They are housed in a vacuum chamber, evacuated to about 10-4 torr. The source of electrons is an “electron gun”, which is basically a triode consisting of a cathode, a grid cup negatively biased with respect to the cathode, and an anode at ground potential. The cathode is usually made of a tungsten filament, which is heated to between 2500°C and 3000°C in order to emit the electrons. A measure of this effect is the emission current, the magnitude of which varies between 25 mA and 100 mA. Corresponding current densities lie between 5 Acm‴− and 15 Acm‴−. This quantity, however, is determined by a range of factors, including the type of cathode material and its temperature (see below). The size of the emission current is also influenced by a high voltage, usually about 150 kV, which is applied between the cathode and anode in order to accelerate the electrons in the direction of the workpiece.
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Figure 7)




        Schematic of electron beam machining.




        After acceleration, the electrons are focused by the field formed by the grid cup so that they travel through an aperture in the anode. On its exit from the anode cavity, the electron beam is refocused by a magnetic or electrostatic lens system. By this means, the beam has its direction towards the workpiece kept under control. The electrons maintain the velocity imparted by the accelerating voltage, until they strike the workpiece specimen, over a well-defined area, typically 0.025 mm in diameter. There the kinetic energy of the electrons is rapidly translated into heat, causing a correspondingly rapid increase in the temperature of the workpiece, to well above its boiling point. Material removal by evaporation then occurs. With power densities on the order of 1.55 MWmm-2 involved in EBM, virtually all engineering materials can be machined by this technique. Fig. (7) shows details of an industrial electron beam machine. This particular unit can be used for welding as well as machining. Accurate manipulation of the workpiece coupled with precise control of the beam can yield a process that can be fully automated.




        A useful account of the theory underlying EBM has been presented by McGeough [5] on which the following discussion is based. This section provides a useful background to the work on electron beam technology for high-resolution lithography. The emission current is a significant variable in EBM. When the voltage gradient in front of the emitter is sufficiently high to draw off the electrons, a condition known as “temperature limited emission” occurs, giving rise to a maximum emission current density. When the voltage gradient is less than that above, the emission of electrons is hindered by a negative space charge in the vicinity of the cathode. Mutual electron repulsion takes place there. The emission current is then known as space-charge limited. In the region where the beam of electrons meets the workpiece, the energy is converted into heat. The way in which the focused beam penetrates the workpiece is still not completely understood, owing to the complexity of the mechanisms involved; however, it is known that the workpiece surface is melted by a combination of electron pressure and surface tension. The melted liquid is rapidly ejected and vaporized to achieve material removal. The temperature of the workpiece specimen outside the region being machined is reduced by pulsing the electron beam and the pulse frequencies seldom exceed 104 Hz.




        The energy associated with a single pulse may be calculated from the product of the accelerating voltage, the emission current, and length of pulse. The corresponding power density has a significant effect on the material removal rate, through the rate of heating of the workpiece. An early attraction of EBM was the comparatively large depth-to-width ratio of material penetrated by the beam with applications of very fine hole drilling. The depth to which the electron beam penetrated the material received close attention. The analytic expressions produced have often been complicated.




        Electron beam machining rates are usually evaluated in terms of the number of pulses required to evaporate a particular amount of material. Two types of pulse numbers are used. The volume number is used for evaluating slotting by EBM, that is, “cutting-off” or “cutting-into” materials, and is given by the ratio of the mass to be removed to that due to a single pulse. A linear number is adopted for hole sinking, and is the ratio of the depth of the hole required to that sunk by a single pulse. Studies of the EBM of different metals have revealed that their boiling point and thermal conductivity play a significant role in determining how readily they can be machined. Properties such as electrical conductivity of the material are additional factors. The complexity of the relationship between the material properties and machinability renders difficult any fully quantitative analysis of removal rates in EBM. The quality or surface roughness of the edges produced in EBM depends greatly on the type of material. Local pitting of the surface is a common occurrence, the extent of which is influenced by the thermal properties of the workpiece, and by the pulse energy or charge. Surface roughness can increase with pulse charge for a range of common materials such as nickel, titanium, carbon, gold, and tungsten. Applications lie in the following main areas: (a) drilling, (b) perforating of sheet, (c) pattern generation associated with integrated circuit fabrication (with which milling is also associated), and (d) texturing.




        Steigerwald and Meyer [6] gave early consideration to EBM for hole-drilling. They concluded that improved reproducibility, greater working speeds, and deeper holes of accurately controlled shapes were needed. Later Boehme [7] discussed drilling applications with electron beam machines fitted with systems for numerically controlling the beam power, focus, and pulse duration. As a result cylindrical and other configurations, such as conical- and barrel-shaped holes, of various diameters were drilled with consistent accuracy at rates of several thousand holes per second. Drilling of inclined holes, at an angle of 15°, was also investigated.




        The sheet to be perforated is usually lined with an auxiliary material. The electron beam first penetrates the sheet forming a vapor channel within the fused material, and then enters the auxiliary lining. An eruption of vapor occurs, causing ejection of molten material. For perforation by EBM to be economically acceptable, 104 to 105 holes per second have to be produced. Thus single pulses lasting only a few μs are needed. In some applications the sheet or foil metal is stretched on a rotating drum, which is simultaneously shifted in the direction of its axis. Rows of perforations following a helical line are thereby produced. Manipulators capable of linear and rotary movement in as many as four axes are used, especially for perforation by EBM of jet engine components.




        Electron beam machining belongs to non-contact machining which result in little macroscopic deformation and tool wear. Electron beam can feed at any rate under the electrical field or magnetic field which makes it easy to be controlled. There is no pollution in electron beam machining technique which makes it fit for machining pure semiconductor material or easy oxidized metals. The special feature of electron beam makes it an ideal machining tool which can be used for drilling, cutting, welding and photolithography.


      




      

        



        1.6.. Ultrasonic Micromachining (USM)




        Ultrasonic vibrations are used in many fields of industry for applications such as cleaning, welding, and machining (Fig. (8)), including assistance to cutting or grinding, nondestructive control, mixing, and separation. Applications involving ultrasonic waves can be placed in two groups:
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Figure 8)




        Principle of ultrasonic machining.




        The transmitted power is small (mW to W); it is mainly used for nondestructive applications, in which ultrasonic waves must not damage either the item or a live body part that is to be treated. The transmitted power is an important factor (W to kW), and the waves are used to cause modifications to the part. Particles affect both part and sonotrode: material removal takes place at the workpiece; wear occurs on




        both the sonotrode and particles. The process is therefore characterized by removal rate on the workpiece, sonotrode wear, and abrasive wear. Ultrasonic machining can deal efficiently with brittle materials. The sonotrode should be made from materials that can resist wear: they should be either ductile (aluminum alloys, steel, titanium alloys, nickel alloys) or extremely hard (diamond). The abrasive particles have to be harder than the workpiece material: aluminum oxide, silicon carbide, boron carbide, and diamond are used. The USM process is able to machine any material, but is more efficient on brittle materials. Materials respond differently to the process.




        There are many process variables which have a great impact upon materials removal in the USM technology. The effect of abrasive particles also depends on their shape and dimension. It is difficult to adopt shape as a parameter, and main diameter is often taken as the particle dimension parameter. The influence of sharpness of edges on grains is not discussed here. In general, it has been found that increasing the main diameter d of the impinging particles leads to a rise in the amount of eroded material. Sometimes there is a major effect: material removal rate can be proportional to d4. Often in ultrasonic machining, a behavior is observed that is composed of first a very significant increase for small diameters, then no further increase, and eventually a decrease. This behavior can be explained by the close relationship between this parameter and amplitude of vibrations, and for conditions where amplitude is either not sufficiently high to project grains with adequate efficiency, or too great.




        Amplitude and frequency of vibrations are significant variables. Frequency greatly influences the efficiency of the process. Removal rate increases with frequency. But it is noted that increasing frequency leads to higher demands on the acoustic system, giving rise to greater heating and thus smaller fatigue life of components; increasing frequency requires smaller amplitude, which does not benefit removal rate. At 20 kHz, an amplitude of 20 to 50 μm can be obtained; at 40 kHz, it is limited to 5 to 20 μm for the same mechanical resistance. The machine conditions have to be carefully selected in order for the working gap to provide for effective action by the abrasive particles. These conditions in turn depend on the other variables and on the material to be machined. In sinking, the gap between sonotrode and part is adjusted by static force; in contouring, there is no adjustment of gap, which depends on the choice of the variables used. In sinking, there is an optimum value of static force. A smaller static force gives rise to a larger gap, particles are not adequately efficient, a higher static force is associated with a smaller gap, and particles have a restricted motion. In contouring, the main variables are depth of cut and lateral feed speed. An increase in these two variables causes more material to be removed per unit of time and thus decreases the working gap. In this case also, an optimum has to be found for selecting all variables that are interdependent.




        The most significant condition is grain diameter which has a major effect on quality. The smaller the grain, the lighter is the impact, and the better the quality. A relationship can be found between grain diameter and crater dimensions: crater diameter is about d/3; crater depth is approximately d/10. For the achievement of higher quality, very fine grains should be used, and of course values of other variables have to be appropriately adapted: smaller amplitude, smaller static force (sinking), smaller depth of cut, and larger lateral feed speed (contouring).




        In general, the design accuracy entails both roughing and finishing, since quality can seldom be obtained in a single operation. Roughing is performed with large grains (20 to 120 μm) to give sufficient removal rate; finishing is achieved through grains fine enough (0.2 to 10 μm) to obtain the desired quality. Drilling of very small holes is performed in a single operation. Tool wear is of major consideration for accuracy, since it affects both tool geometry and dimension. The use of metal alloys leads to noticeable wear, for example, from less than 1% up to 50% when machining, respectively, graphite and glass, and silicon nitride. Carbide provides greater resistance, but still gives some wear. The solution to tool wear rests with using diamond, which has been proved to give a wear so small that it could be considered nonexistent. Micro-drilling with diamond as abrasive gives a 1% maximum wear ratio, whereas carbide and steel can lead to a 75% ratio when machining hard ceramics.




        The main practical relevance of using ultrasonic vibrations is to obtain a decrease in machining forces. This condition is obtained mainly by the reduction in friction coefficient observed when one of the two surfaces in contact is vibrated. Other advantages are observed: ultrasonic vibrations facilitate evacuation of chips and provide cleaning of the tool. This procedure is used in either grinding or cutting, for producing parts from metal alloys or ceramics, and also for medical applications (dentistry, surgery).




        

          



          1.6.1.. Rotary Ultrasonic Machining




          This technique involves the vibration of a small grinding tool, and is used for machining brittle materials (glass, ceramics, stone). A large reduction in machining forces is obtained (two to four times), which permits either an increase in machining speed or a decrease in machining force, a useful condition for machining with very fragile tools. Removal rate can be two to four times higher depending on the material of the component. It is possible to drill 1 mm diameter holes to a 75 mm depth in glass and to machine narrow slots in ceramics. Ultrasonic vibrations give a reduction in drill wear, by evacuating chips blocked between abrasive grains, and also worn grains. Productivity is drastically increased by ultrasonic assistance.


        




        

          



          1.6.2.. Ultrasonic Assistance Cutting




          In cutting, the main required effect of ultrasonic assistance is the reduction in friction among tool, chips, and part. The first effect is a large reduction in cutting forces, in turning as well as in drilling, which has been observed for metal and ceramic materials. The second benefit is a significant improvement in surface quality, the machined surface showing less tearing when ultrasound conditions are applied. This effect is particularly relevant in the treatment of materials that are difficult to machine which have an inherent tendency to adhere to the tool edge (the so-called “built-up edge” phenomenon): aluminum copper, stainless steel, nickel and titanium alloys.




          As noted earlier, in most applications ultrasonic machining has been mainly used for producing small details on parts. Its physical principles make the process useful for machining brittle and hard materials, and disadvantageous for ductile materials. It has thus been used for graphite, glass, quartz, ceramics, precious stones, semiconductors, and diamond. The need to work at very high frequencies (at least 20 kHz) restricts the dimensions of the working end of the tool to 25 to 50 mm in general. This restriction means that ultrasonic machining can be applied to micromachining. To this end, since the result to be obtained on the part depends on tool dimensions and working variables, it is necessary to be able to use tools of size from as small as a few micrometers to one millimeter, and adjust the process variables: grains from 0.2 μm to 20 μm in diameter; amplitudes from 0.1 μm to 20 μm; and forces from 0.1 mN to 1 N.


        


      




      

        



        1.7.. Micromachining Using High-Resolution Lithography




        During the last decade there has been a rapid development in microfabrication technology driven by the market need for low-cost consumer products such as portable telecommunications equipment, computers, and healthcare diagnostics. Much of the technology used for these is based on production of silicon semiconductors and microchips. Interest in non-silicon-based technologies started to grow back in the early 1980s with the development of a German fabrication process known as LIGA, an acronym for Lithography (Lithographie), electroplating (Galvanoformung), molding (Abformung). It originated at the Karlsruhe Nuclear Research Laboratory in Germany. Since then a number of groups, mainly in Germany and the United States have been active in developing the process to make precision micro components for a range of innovative products such as micro spectrometers, fiber-optic wave guides, micro-reactors and microfluidic devices. A few of these have been manufactured on a large scale and placed on the market. LIGA was often used to fabricate the components, which were then integrated with others into the end product. High costs are often associated with the integration and packaging of the final product.




        Lithography (Fig. (9)) is the process by which fine features are defined on a substrate. For conventional lithography the substrate needs to have a flat surface, and is typically a 200 mm diameter silicon wafer with a thickness of about 1.0 mm. Optical lithography is the most common form because it combines the accuracy required for current silicon circuits with considerable throughput capability. Electron beam lithography is capable of much higher resolution pattern definition but is a serial process and therefore much slower than optical lithography, which is a parallel process. X-ray lithography combines the higher resolution of electron beam lithography with the high speed parallelism of optical lithography. However, it is not as technologically developed as optical lithography and is currently a research, rather than a production, tool. The lithography process leaves a substrate coated with a finely patterned polymer film. Subsequent processing steps are needed to transfer this pattern to underlying materials that are usually metals, semiconductors, or dielectrics.
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Figure 9)




        Schematic of projection optical lithography.




        LIGA is a three-step process. Although here, we consider X-ray based lithography, UV-LIGA and Laser-LIGA techniques have also reached an advanced stage of development. UV-LIGA in particular has encouraged the production of a negative resist known as SU-8 that can also be used in X-ray lithography owing to its increased radiation sensitivity over more commonly used polymethylmethacrylate (PMMA) resists, thus reducing exposure time and subsequent costs. The penetrating power of X-rays compared to other longer wavelength radiations allows the fabrication of structures that have vertical dimensions from hundreds of microns to millimeters and horizontal dimensions as small as microns. These 3-D microstructures with high aspect ratios offer a range of micro components for many useful applications.




        The first step using X-ray lithography involves exposing a thick layer of resist through a patterned mask to a high-energy beam of X-rays from a synchrotron. The pattern is etched into the resist substrate by the use of X-rays. A chemical solvent is used to dissolve away the damaged material, resulting in a negative relief replica of the mask pattern. Certain metals can be electrodeposited into the resist mold. After removal of the resist, a freestanding metal structure is produced. The metal structure may be a final product, or serve as a mold insert for precision plastic molding. Molded plastic parts may then be final products or lost molds. The plastic mold retains the same shape, size, and form as the original resist structure but is produced quickly.


      




      

        



        1.8.. Reactive Ion Etching (RIE)




        Reactive-ion etching (RIE) is an etching technology used in micromachining. It uses chemically reactive plasma to remove material deposited on wafers. The plasma is generated under low pressure (vacuum) by an electromagnetic field. High-energy ions from the plasma attack the wafer surface and react with it whose principle is shown in Fig. (10).
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