Lecture # 06, 07,08
Course: Nanotechnology & Nanostructures 

Instructor: Dr. Zohra Kayani

Synthesis of Nanomaterials:

There are basically two routes: a bottom-up approaches and a top-down approaches.

Bottom-up Approaches:

These approaches include the miniaturization of materials components (up to atomic level) with further self-assembly process leading to the formation of nanoscales. During self-assembly the physical forces operating at nanoscale are used to combine basic units into larger stable structures. Typical examples are quantum dot formation during epitaxial growth and formation of nanoparticles from colloidal dispersion. Bottom-up methods may make use of scanning probes or biotechnology for producing nanostructures. Bottom-up methods start with atoms or molecules and build up to nanostructures.
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Top-down Approach:
In Top-down approach, an operator first designs and controls a macro-scale machine shop to produce an exact copy of itself, but smaller in size. Subsequently, this down scaled machine shop will make a replica of itself, but also a few times smaller in size. This process of reducing the scale of the machine shop continues until a nanosize machine shop is produced and is capable of manipulating nanostructures. Top-down methods begin with a pattern generated on a larger scale that reduced to nanoscale. So these approaches have larger (macro-scale) initial structures which can be extremely controlled and reduced to nanostructures. They are slow and are not suitable for large scale production. Typical Examples are:

· Etching through the mask

· Ball milling

· Application of sever plastic deformation

Photolithography:

The most used technology to produce nanostructures using a top-down approach is photolithography. It has been used to manufacture computer chips and produce structures smaller than 100 nm.As shown in figure: 

a) Typically, an oxidized silicon (Si)wafer is coated with a 1μm thick photoresist layer. After exposure toultraviolet (UV) light, the photoresist undergoes a photochemical reaction.

b) Ultraviolet (UV) light breaks down the polymer by rupturing the polymer chains. When the wafer is rinsed in a developing solution, the exposed areas are removed. In this fashion, a pattern is produced on the wafer surface. 
c) The system is then placed in an acidic solution, which attacks the silica but not the photoresist and the silicon. 
d) The remaining photoresist reproduce the pattern. Once the silica has been removed, the remaining photoresist can be etched away in a different acidic solution. 
e) Pattern is transferred to the substrate material.  
Though the concept of photolithography is simple, the actual implementation is very complex and expensive. This is because 

1) Nanostructures significantly smaller than 100 nm are difficult to produce due to diffraction effects. 
2) Masks need to be perfectly aligned with the pattern on the wafer.

3) The density of defects needs to be carefully controlled.

4) Photolithographic tools are very costly, ranging in price from tens to hundreds of millions of dollars.
5) As a response to these difficulties, electron-beam lithography, X-ray lithography and soft lithography techniques have been developed as alternatives to photolithography.
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Methods for Making 0-D Nanomaterials:

Nanoclusters are made by either gas-phase or liquid-phase processes.
Liquid phase processes:
Liquid phase processes use surface forces to create nanoscale particles and structures. These processes are ultrasonic dispersion, sol-gel methods, and methods relying on self-assembly.

Gas phase processes:
The most common methods of gas phase processes are inert-gas condensation and inert-gas expansion. 
Inert-gas condensation:

It is one of the most known techniques. In inert-gas condensation, an inorganic material is vaporized in a vacuum chamber into which an inert gas (typically argon or helium) is periodically admitted (Figure). The source of vapor can be an evaporation boat, a sputtering target, or a laser-ablation target. Once the atoms boil off, they quickly lose their energy by colliding with the inert gas. The vapors cool rapidly and supersaturate to form nanoparticles with sizes in the range 2–100 nm that collect on a finger cooled by liquid nitrogen. 
The particles are harvested by scraping them off the finger and are collected, still protected by the inert gas, for further processing. The main problem with this method is that as the particles form, they tend to cluster and increase their size, defeating the original objective. To avoid this, the processing parameters have to be carefully controlled.
A metal is evaporated from a metallic source into a chamber evacuated to 10-7torr and backfilled with inert gas at low pressure. The nanoparticles size can be controlled by inert gas pressure. Ultimately the particles are collected and compacted to produce dense nanoparticles.  
[image: image6.emf]
In Vapor condensation, a metal organic precursor is introduced into the hot zone of the reactor using a mass flow controller in the working chamber. The chamber is filled by reactive gas that becomes ionized, then the molecular clusters are formed and cooled to reproduce nanoparticles. Increased quantities are produced in these processes. A wider range of ceramics including nitrides and carbides can be synthesized. Additionally, more complex oxides such as BaTiO3 or composite structures can be formed as well.
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Methods for Making 1-D and 2-D Nanomaterials:

The production route for 1-D rod like nanomaterials by liquid-phase methods is similar to that for the production of nanoparticles. 
Self-assembly methods use the highly anisotropic bonding nature of asymmetric molecules to cause them to self-assemble into tubes rather than spheres, forming cylindrical micelles. The amphiphilic molecules are then removed with an appropriate solvent or by calcining to obtain individual nanowires.
CVD methods have been adapted to make 1-D nanotubes and nanowires. Catalyst nanoparticles are used to promote nucleation.

Carbon Nanotubes: 

· To make carbon nanotubes, a combination of carbon containing gasses, such as methane (CH4) and/or carbon monoxide (CO), are reacted in the presence of Iron (Fe), Cobalt (Co), and Nickel (Ni) catalysts at 1100°C. Decomposition of the gasses releases free carbon atoms that condense on the substrate with its array of catalyst particles, from which the carbon nanotubes grow. 

· In an alternative process, an arc is generated between two electrodes, one of which is carbon. The arc creates high temperatures, causing the vaporization of the carbon electrodes into plasma. The arc is typically operated in a gas environment, such as nitrogen or helium, and is generated by an electrical current passing through the electrodes, which causes the ionization of gas atoms. The ion beam produced is directed to a substrate carrying the Co, Fe, or Ni catalyst particles from which the carbon nanotubes grow.

Nanowires of other materials such as silicon (Si) or germanium (Ge) are grown by vapor-liquid-solid (VLS) methods. 
1) Typically a catalyst seed (gold, for example) is deposited on a substrate. 
2) Afterward a vapor phase with the desired composition is brought in contact with the seed at a controlled temperature. 
3) The vapor diffuses into the catalyst, changing its composition and lowering its melting point until it melts. 
4) The liquid surface has a large coefficient of accommodation and therefore acts as a preferred site for absorption of the gas vapor. 
5) The liquid becomes supersaturated and a solid nanowire or “whisker” then grows from it with a diameter equal to the diameter of the catalyst seed. 
6) Nanowires with a diameter around 10 nm and a length of 1 micron can be grown in this way. 

We have just encountered two ways of making layers of nano thickness: sol-gel methods and the method of Langmuir-Blodgett films.
Electrodeposition:
Electro deposition (Figure 1) is a long-established way to deposit metal layers on a conducting substrate. Ions in solution are deposited onto the negatively charged cathode, carrying charge at a rate that is measured as a current in the external circuit. The process is relatively cheap, fast and allows complex shapes. The layer thickness simply depends on the current density and the time for which the current flows. Electro-deposited materials grow on the conductive substrate outward. The deposit can be detached if the substrate is chosen to be soluble by dissolving it away.
The challenge is to control the structure. Most electrodeposits grow in a columnar manner: Metal crystals nucleate on the bare substrate when the current is switched on and grow outward as interlocking pillars. To make nanoparticles or layers, it is necessary to stop each crystal’s growth while it is still tiny and to nucleate more. A combination of tricks is used to do this. 
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Pulsing the voltage, as suggested by the graph (Figure 2), causes little bursts of crystal growth. Adding growth inhibitors that condense on the crystal surfaces during the “off” phase of the pulse discourages their continued growth during the next “on” phase. These methods, combined with a high current density, nucleate many crystals, but allow little time for each to grow, giving a nanostructured deposit. The technique can yield porosity-free nanocrystalline deposits as thick as 5 mm that require no further processing.
The geometry of the nanomaterial growth can be controlled using an insulating mask. With the help of the mask, electro-deposition is used to produce patterned metal, semiconductors and polymers on the conductive substrate.      
Physical Vapor Deposition (PVD)

In PVD plating, a thin layer of a material, usually a metal is deposited from a vapor onto the object to be coated (Figure). The vapor is created in a vacuum chamber by direct heating or electron beam heating of the metal, from which it condenses onto the cold substrate, much like steam from a hot bath condensing on a bathroom mirror. In PVD plating there is no potential difference between bath and work piece. In PVD ion plating the vapor is ionized and accelerated by an electric field (the workpiece is the cathode, and the metalizing source material is the anode). In PVD sputtering, argon ions are accelerated by the electric field onto a metal target, ejecting ions onto the component surface. By introducing a reactive gas, compounds can be formed.
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Almost any metal or compound that doesn’t decompose chemically can be PVD sputtered, making this a very flexible (though expensive) process. Targets can be changed during the process, allowing multilayers to be built up. These multilayers can have remarkable mechanical and electronic properties.

Chemical Vapor Deposition (CVD):

In CVD processing, a reactant gas mixture is brought into contact with the surfaces to be coated, where it decomposes, depositing a dense pure layer of a metal or compound (Figure). The deposit can be formed by a reaction between precursor gases in the vapor phase or by a reaction between a vapor and the surface of the substrate itself. A difficulty with the process is that it frequently requires high temperatures, 800°C or more. In a variation of conventional CVD called moderate temperature CVD (MTCVD), metal organic precursors are used (hence its other name, metal organic CVD, or MOCVD). As they decompose at relatively lower temperature, the reaction temperature is typically around 500°C.
[image: image11.emf]
If the chemical reactions in the vapor phase are activated by the creation of plasma in the gas phase or by shining a laser beam into the gas mixture, deposition at an even lower temperature, a little above room temperature, becomes possible. These techniques are called plasma-assisted (or plasma-enhanced) CVD (PACVD or PECVD) and laser CVD (LCVD). Coatings formed with PCVD methods are typically nanocrystalline or amorphous because their formation is no longer dependent on equilibrium thermodynamic constraints.
Methods for Making 3-D Nanomaterials:

Many bulk materials that we use today derive their properties from internal structure at the nanoscale.There are three directions of attack (sketched in Figure):

· The first is to break down the structure of a bulk material, reducing the crystal size to submicron or nano dimensions—the top-down approach.
· The second starts with standard micronscale particles, reducing their structure to the nanoscale by milling techniques—the intermediate approach. 

· The third is to build the solid up from the atomic scale or from nanoclusters in a way that retains the scale of is structural units—the bottom-up approach.
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Top-Down Processes: (Lithography, Etching, Deposition)
Top-down processes are best described this way:  

· Take the material and drag it by alloying. 

· Beat it by severe plastic deformation. 

· Freeze it to stop the fine-scale structure, once formed, from coarsening.

1. Rapid solidification

2. Equiangle extrusion
Intermediate Processes:
1. Milling and mechanical alloying

2. Micromachining
Bottom-Up Processes (Self-Assembly, Selective Growth)

1. Inet gas condensation

2. Sol-gel

3. Self-assembly
1. Etching (Top Down Process): 

After the photoresist pattern is formed, it can be used as a mask to etch the material underneath. In the early days of Si technology, etching was done using wet chemicals. 
For example, dilute HF can be used to etch SiO2 layers grown on a Si substrate with excellent selectivity. The term selectivity here refers to the fact that HF attacks SiO2, but does not affect the Si substrate underneath or the photoresist mask. Although many wet etches are selective, they are unfortunately isotropic, which means that they etch as fast laterally as they etch vertically. This is unacceptable for ultra-small features. Hence, wet etching has been largely supplanted by dry, plasma-based etching which can be made both selective and anisotropic (etches vertically but not laterally along the surface). 
In modern IC processing the main use of wet chemical processing is in cleaning the wafers. Plasmas are ubiquitous in IC processing. The most popular type of plasma based etching is known as reactive ion etching (RIE) (Fig. ). 
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In a typical process, appropriate etch gases such as chlorofluorocarbons (CFCs) flow into the chamber at reduced pressure (~1—100 mTorr), and a plasma is struck by applying an RF voltage across a cathode and an anode. The RF voltage accelerates the light electrons in the system to much higher kinetic energies (~10 eV) than the heavier ions. The high energy electrons collide with neutral atoms and molecules to create ions and molecular fragments called radicals.The wafers are held on the RF powered cathode, while the grounded chamber walls act as the anode. From a study of plasma physics, we can show that although the bulk of the plasma is a highly conducting, equi-potential region,less conducting sheath regions form next to the two electrodes. It can also be shown that the sheath voltage next to the cathode can be increased by making the (powered) cathode smaller in area than the (grounded) anode.

A high d-c voltage (~100-1000 V) develops across the sheath next to the RF powered cathode, such that the positive ions gain kinetic energy by being accelerated in this region, and bombard the wafer normal to the surface. This bombardment at normal incidence contributes a physical component to etch that makes it anisotropic. Physical etching, however, is rather unselective. Simultaneously, the highly reactive radicals in the system give rise to a chemical etch component that is very selective, but not anisotropic. The result is that RIE achieves a good compromise between anisotropy and selectivity, and has become the mainstay of modern IC etch technology.

2. Self-Assembly (bottom up process):

Self-assembly is a branch of nanotechnology in which objects form structures without external prodding. Self-assembly may also be defined as an assembly process in which only the constituents of the final structure take part, that is, get incorporated into the resulting structure without any guidance or management from outside source. Self-assembly is referred to as Bottom-up manufacturing technique. Here the individual components contain in themselves enough information to build a template for a structure composed of multiple units. An example is the construction of a monolayer, in which a single layer of closely-packed molecules sticks to a surface in an orderly and closely-packed fashion.Self-assembly occur spontaneously in nature, for examples, in cells and other biological systems, as well as in human engineered systems. It usually results in the increase in internal organization of the system. Self-assembly in a general sense is the spontaneous formation of complex hierarchical structures from predesigned building blocks, typically involving multiple energy scales and multiple degrees of freedom. It is also a very general principle in nature, as seen in the formation for example, of membranes from lipid molecules as probably the most important paradigm. Molecular Self-Assembly involves following two strategies:  
· Self-Assembled Monolayers 
· Electrostatic Self-Assembly
Self-assembled monolayers (SAMs) have been studied in great details by surface scientists by using different types of molecules on a host of different substrates. For example, the self-assembly can be achieved through an alkane chain typically with 10–20 methylene units that can be given a head group with a strong preferential adsorption to a chosen substrate. 

3. Micromachining (intermediate process):
Intricate 2-D and 3-D patterning of materials is made possible by techniques derived for those of conventional machining. The current resolution of micromachining and micro EDM (electro-discharge machining), the methods of watchmakers, is 3–5 microns. Machining with focused electron or laser beam sallows submicron resolution with high removal rates. Focused ion-beam (FIB) machining offers the greatest resolution, with the ability to make features as small as 20 nm,but it is very slow. 
In FIB machining a beam of gallium ions from a liquid metal ion source is accelerated, filtered, and focused with electromagnetic lenses to give a spot size of 5–8 nm (Figure). The beam is tracked across the surface to be machined, contained in a chamber under high vacuum. The high-energy ion blast atoms from the surface, allowing simple cutting of slots and channels or the creation of more elaborate 3-D shapes. Secondary electrons are emitted when the gallium ions displace the surface atoms. These can be used to image the surface, allowing observation and controlof the process as it takes place. Dual-beam FIBs have an additional electron gun that is used as an alternative way of imaging. The precisionis extraordinary, but the process is very slow.
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