NANOTECHNOLOGY

"There's plenty of room at the bottom!"

1. Abstract

All natural and living systems are governed by atomic and molecular behavior at the nanoscale. Research is now seeking systematic approaches to create revolutionary new products and technologies by control of matter at the same scale. The ability to work at the atomic, molecular and macromolecular levels in order to create materials, devices and systems with fundamentally new properties and functions has potential implications to wealth, health and peace, and have captured the imagination of scientists, industry and government experts. Although a complete nanotechnology does not yet exist, we can already foresee some new directions in the field of computer science, manufacturing, electronics, improved healthcare and pharmaceuticals. 

Nanotechnology is expected to have a profound impact on our economy and society in the 21st century. Nanotechnology- the science is good, the engineering is feasible, the paths of approach are many, the consequences are revolutionary-times-revolutionary, and the schedule is: in our lifetimes. 

This paper presents several aspects of nanotechnology including its vision, research and development strategy using several recent scientific discoveries and results from industry.

2. Introduction

2.1 Molecular Nanotechnology

Molecular nanotechnology or Nanotechnology is the name given to a specific sort of manufacturing technology to build things from the atom up, and to rearrange matter with atomic precision. The nanoscale structures can be prepared, characterized, manipulated, and even visualized with tools.

“Nanotechnology is a tool-driven field."

Other terms, such as molecular engineering or molecular manufacturing are also often applied when describing this emerging technology. This technology does not yet exist. But, scientists have recently gained the ability to observe and manipulate atoms directly.  However, this is only one small aspect of a growing array of techniques in nanoscale science and technology. The ability to make commercial products may yet be a few decades away.

“Nanotechnology is Engineering, Not Science.”

The central thesis of nanotechnology is that almost any chemically stable structure that is not specifically disallowed by the laws of physics can in fact be built. Theoretical and computational models indicate that molecular manufacturing systems are possible — that they do not violate existing physical law. These models also give us a feel for what a molecular manufacturing system might look like. Today, scientists are devising numerous tools and techniques that will be needed to transform nanotechnology from computer models into reality. 

The key aspect of nanotechnology is that nanoscale materials offer different chemical and physical properties than the bulk materials, and that these properties could form the basis of new technologies. For example, scientists have learned that the electronic--and hence optical--properties of nanometer-size particles can be tuned by adjusting the particle size. According to a recent study by a group at Georgia Institute of Technology, when gold metal is reduced to nanosize rods, its fluorescence intensity is enhanced over 10 million-fold. The study found that the wavelength of the emitted light increases linearly with the rod length, while the light intensity increases with the square of the rod length 

2.2 Nanotechnology Size concerns

Nanotechnology is often confused with related fields such as MicroElectroMechanical Systems (MEMS) and molecular electronics. Table below, illustrates the most basic differences among these various efforts, which do have some overlap. In the case of MEMS, it helps to remember that while the two technologies differ by a factor of about 1000 in linear dimension, this translates to a factor of a billion in volume—very different indeed. Also, as MEMS researchers point out, MEMS is not a goal but a working technology, rapidly growing into a major industry.
Table:  How micro- and nanotechnologies compare

PRIVATE
 Science/Technology
Material atomically
"perfect"(each atom
in a designed location)?
Controlled movement of
atoms in 3D space?

Chemistry

Yes, local only

Local, yes; large scale, no

Molecular electronics
No
No large-scale movement

Micro-electromechanical devices
No
Yes

Molecular nanotechnology
Yes
Yes

It may be pointed out that making an organic compound using traditional synthetic chemistry is not an example of nanotechnology. By contrast, the use of self-assembly techniques to make small molecular components coalesce or unite into a macro-cyclic molecule having multi-nanometer dimensions can legitimately be considered nanotechnology.

3.1 Quantum Uncertainty Principle

An early concern regarding the feasibility of nanotechnology involved quantum uncertainty: would it make these systems unreliable? Quantum uncertainty says that particles must be described as small smears of probability, not as points with perfectly defined locations. This is, in fact, why the atoms and molecules in the simulations felt so soft and smooth: their electrons are smeared out over the whole volume of the molecule, and these electron clouds taper off smoothly and softly toward the edges. Atoms themselves are a bit uncertain in position, but this is a small effect compared to thermal vibrations. 

Initially, it will be possible to build nanomachines and molecular-manufacturing systems that work a particular sort of environment, say, an electric or magnetic field (biological mechanisms are an existence proof), but in the long run, there will be no need to do so. Nanomachines can be built from the more stable sorts of structure. This has been demonstrated by control of molecular electric dipoles, nanoswitches, nanowires and devices like Scanning Tunneling Microscope. Molecular nanotechnology falls entirely within the realm of the possible. 
3.2 The Traditional approach – “TOP – DOWN – APPROACH”

Today, electronic devices, sensors, motors, and many other items are fabricated using a "top down" approach. Today's computer chips are made using photolithography, a process that uses light and chemicals to etch lines into silicon wafers. The process requires vacuum chambers, powerful lasers and hazardous chemicals, which is why state-of-the-art chip factories tend to be billion-dollar facilities. As device features have become finer, the number of devices that can be crammed onto a chip has been doubling every 18 to 24 months.

But chipmakers will be hard-pressed to extend this miniaturization trend for another decade. As device features shrink into the low-nanometer range, the chips will not be able to perform as reliably. Moreover, the cost of constructing new fabrication lines for each new generation of chips will become prohibitive.

3.3 The Nanotechnology Approach – “BOTTOM – UP – APPROACH”

Nanotechnology promises an inexpensive "bottom up" alternative in which electronic or other devices will be assembled from simpler components such as molecules and other nano-structures. This approach is similar to the one nature uses to construct complex biological architectures. Nano-products will be smarter than the traditional devices as –

· Nano-devices operate at the most fundamental level (here atoms and molecules, instead of bits and bytes).

· Work very fast, because it works at a very small scale.

· Have plummeting costs, as the technology is applied to itself.

· And eventually, be ubiquitous. Just as today's computers are showing up in more and more products, nano-computers and nano-defined materials will be able to improve just about any object we use, including our own bodies. 

3.4 Macro-machines, Software and Nano-machines  (A comparative study)

1. Macro-machines: 

Macro-machines are made of parts, which contain vast numbers of atoms in ill-defined patterns. Having so many atoms, these parts can be made in what amounts to a continuum of sizes and shapes, formed by continuous, analog techniques--molding, cutting, grinding, etching, and so forth. These parts are always imprecise. Fitting parts together makes machines. In a good design, imprecision won't add up to exceed overall tolerances. In operation, parts typically change shape slowly--they wear out and fail. 


2. Software:

Software mechanisms differ radically. Their parts consist of discrete bits in defined patterns--they do not form a continuum. There is no need to make bits, as there is to make mechanical parts. The fabrication of bit-patterns is a precise, digital process; it is either entirely correct or clearly wrong, never "just a little off."

 
The digital mechanisms, which underlie this precision, are made of imprecise devices, but these devices have distinct patterns of interconnection and distinct "on" and "off" states. Failures in the underlying devices can cause sporadic errors in memory and logic.

3. Nano-Machines:

Nanomechanisms do have obvious similarities to conventional mechanisms. Unlike software, they will be made of parts having size, shape, mass, strength, stiffness, and so forth. They will often include gears, bearings, shafts, casings, motors, and other familiar sorts of devices designed in accord with familiar principles of mechanical engineering. In most respects, nano-mechanical parts will resemble conventional parts, but made with far, far fewer atoms. Some of the interesting properties of Nano-Machines are as given –

1. In their shapes and functions, nanomechanisms will be much like ordinary machines. But in their discreteness of structure and associated perfection--to say nothing of their speed, accuracy, and replication ability.

2. And yet their similarity to software and digital mechanisms will be profound. As software consists of discrete patterns of bits, so nanomechanisms will consist of discrete patterns of atoms.
3. Atoms, like bits, need not be made; they are both flawless and available without need for manufacture. The parts of nanomechanisms will not form a continuum of shapes, built by inaccurate analog processes; they will instead be chosen from a discrete set of atom-patterns, and (like bit patterns) these patterns will be either entirely correct or clearly wrong. 

4. In stacking part on part there will be no buildup of small errors, as there is in conventional systems.

5. They will little resemble the algorithms and data structures of software.

“If an atom in a Nano-machine is missing or displaced the mechanism isn't worn--it is broken.”
3.5 Some examples of Nano-Machines:

1.  A Molecular Differential Gear

Macroscopic machines often use rotating shafts and gears to drive motion. Molecular machines can do likewise, sometimes using parts in ways that follow conventional engineering practice.

A differential gear links two shafts through a casing, constraining the sum of the rotational angles of the shafts to equal the rotational angle of the casing. In a car, a differential gear lets the engine drive the wheels while letting them roll different distances in cornering. A molecular differential gear like that shown above can serve this vital automotive function, but in a volume a few nano-meters on a side, containing mere thousands of atoms.

This cutaway reveals the two cylindrical shafts and their facing bevel (conical) gears, along with two of the four casing-mounted side-gears that mesh with both shaft-gears. Holding the casing fixed, clockwise rotation of the top shaft drives the side-gears, in turn driving counterclockwise rotation of the bottom shaft. Geometry and symmetries ensure relative smooth motion. For example, the shaft-gears have 14-fold symmetry, while the casing has 4-fold symmetry; if one side-gear is exactly opposite a shaft-gear tooth, its 90-degree partners will be opposite shaft-gear grooves. Thus, energy fluctuations at the tooth-meshing frequency will cancel, leaving only higher-frequency, lower-amplitude fluctuations as barriers to rotation. The shafts rotate in the casing on standard sliding-interface bearings, using the same principle to achieve smooth motion.

The chief constituents of this structure are hydrogen, carbon, silicon, nitrogen, phosphorus, oxygen, and sulphur. The larger size of second-row atoms helps in constructing tapered gears and reduces the number of atoms needed to construct the outer cylinder of the casing. Such structures are far beyond the state of the art of chemical synthesis today, but their design and modeling is becoming straightforward.

Figure of  “A Molecular Differential Gear” on next page.
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2.  A Fine-Motion Controller for Molecular Assembly

A general-purpose molecular assembler arm must be able to move its "hand" by many atomic diameters, position it with fractional-atomic-diameter accuracy, and then execute finely controlled motions to transfer one or a few atoms in a guided chemical reaction. Our arms use large muscles and joints for large motions, but more finely controlled finger motions for precision. Assembler mechanisms will likely be designed along similar lines.

This illustration shows a structure resembling a Stewart platform that results from a long sequence of designs and redesigns aimed at specifying the atomic structure of a molecular-scale fine-motion controller. Its core consists of a shaft linking two hexagonal endplates, sandwiching a stack of eight rings. In a complete system, each ring would be rotated by a lever, which is driven by a cam mechanism. Each ring supports a strut linked to a central platform (here shown raised, displaced, and twisted). Rotating a ring moves a strut; moving a strut moves the platform; positioning all eight rings (over-) determines a platform position in x, y, z, roll, pitch, and yaw. (If the struts were rigid, six would do the job; here, two struts have been added to increase stiffness and decrease elegance.) The chief design problem is to enable an adequate range of motion without mechanical interference or unacceptable bond strains, and within the size constraints set by available modeling tools and patience. The illustrated structure can execute precise motions over several atomic diameters with associated 90-degree rotations, and contains fewer than 3,000 atoms.

Figure of  “A Fine-Motion Controller for Molecular Assembly” on next page.
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3. Simple Pump Selective for Neon

The pump and segment of chamber wall pictured here contain 6165 atoms.

The deep grooves separating the bearing cylinders from the middle segment are partly illusory--realistic atomic radii would show these grooves as filled with what usually passes for solid matter. By the same token, the effective shape of the structure has a smoother surface, and ridges formed by lines of atoms on the surface are less knobby.

In operation, rotation of the shaft moves a helical groove past longitudinal grooves inside the pump housing. Only where facing grooves cross is there room for even a small gas molecule, and these crossing points move from one side to the other as the shaft turns. It is hoped that simulation will show this to be an effective pump, with substantial selectivity for different chemical species; the design target was an effective, selective pump for neon.

Figure of  “A Simple Pump Selective for Neon” on next page.
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3.6 Nano-Computing:

Some of the latest developments in Nanotechnology in the field of computing are presented here.

1. Nanowires as Switches:                      

A very different approach to building a molecular computer from the bottom up is being pursued at Rice University's Center for Nanoscale Science & Technology in Houston. There, a group of chemistry coworkers have been synthesizing and studying molecular wires and molecular devices of a different sort. Their nanowires are conjugated chains in which, for example, functionalized benzene rings alternate with acetylene groups. The wires bear specific functional groups at either end that serve as "molecular alligator clips" for attaching the wires to gold or other electrodes. Using several techniques, scientists have measured small electrical currents flowing through these wires.

When a steadily increasing voltage is applied to the monolayer, the molecules do not pass any significant current until a threshold voltage is reached. The current then zooms up, peaks, and turns off sharply as the voltage continues ramping up. This switching behavior, known as negative differential resistance (NDR), in a related molecule at room temperature, although in that case the magnitude of the effect is not as impressive. Because these molecules can be switched between two stable oxidation states, they can store information in the form of a "0" (insulating state) or "1" (conducting state) and thus also serve as a molecular memory device.

Figure of “A Molecular Electronic Device” on next page.

(File on floppy with name -- 4_molecular_electronic_device.gif)

2. Nano-scale Control of Electric Dipoles in Organic Molecules as ‘bits’:


The nanoscopic ferroelectric domains could be formed in thin films by applying electric pulses with a conductive atomic force microscope (AFM). They can be detected by using piezoelectric response, revealing that the directions of electric dipoles in organic molecules can be controlled in nano-scale. By changing the polarity of the applied pulses, temporally stable binary information could be "written" in these films. 

Copolymer of vinylidene fluoride and trifluoroethylene with a molar ratio of 73/27 has electric dipoles perpendicular to the molecular axis originated from the large difference in the electron affinity of H and F atoms. The copolymer samples were deposited on Pt substrate by a spin-coating method. The Pt substratewas sputtered on silicon dioxide. The polarization alignment and switching were conducted by applying electric pulses to the film sample by using an Au-coated conductive AFM tip as shown in figure (next page). Changing the polarity of the applied electric pulses did the write and erase procedure. 

Detection:  While, the ferro-electric domains were detected by utilizing piezo response. When we locate the tip on a polarization domain with applying the oscillating weak electric field, piezoelectric vibration is caused and the tip in contact with the film is consequently vibrated. The vibration is detected using the optical lever method and then the signal is demodulated by lock-in 9/30/97amplifier so that both in-phase and quadrature phase signals, i.e., both amplitude and phase information can be obtained. In this setup the oscillation frequency used must be located between the bandwidth of the feedback loop and the resonant frequency of the cantilever. When the tip is scanned, it follows the topography by feedback electronics but does not follow the oscillation. Then both topographic image and piezoelectric response can be simultaneously taken. From the detected phase information, we can determine the polarity of the domains, too. The Au coated tips and cantilevers had a spring constant of 0.75 N/m and a resonant frequency of 88 kHz, and the modulation signal applied to the tip had a frequency of 70 kHz and a voltage of 0.5 Vrms. 

Figure on next page.
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3. DNA as an “Engineering Material”

DNA can be considered as an "engineering material" and certainly has a possible role in the construction of molecular objects. However, the interest most people have had in it is not in its engineering properties, but in its informational properties.


The overwhelming reason people have done genetic engineering is that one can take a piece of DNA and insert it into bacteria, where the DNA is transcribed to make RNA molecules that contain the same information. The RNA molecules in turn bind to ribosomes and the ribosomes read the RNA. The RNA base turns out to have two bits of information. RNA reads three bases at a time, thus six bits at a time, that is, RNA reads a series of six-bit words. The reason people are interested in programming ribosomes to produce proteins is that proteins can serve as components of molecular machines.


“A very powerful principle that will be used, in developing nanotechnology, is the principle that if complex molecules are made with complementary surfaces, they will self-assemble to make complex structures.”

3.7 Nanotechnology Tool  -
1. Scanning Tunneling Microscope (STM)   -

The STM is a device that can position a tip to atomic precision near a surface and can move it around. The scanning tunneling microscope is conceptually quite simple. It uses a sharp, electrically conductive needle to scan a surface. The position of the tip of the needle is controlled to within 0.1 angstrom (less than the radius of a hydrogen atom) using a voltage-controlled piezoelectric drive. When the tip is within a few angstroms of the surface and a small voltage is applied to the needle, a tunneling current flows from the tip to the surface. This tunneling current is then detected and amplified, and can be used to map the shape of the surface, much as a blind man's stick can reveal the shape of an object. 

2. Recent Developments in Nanotechnology using STM – 

a. In the new work, the surface is atomically smooth graphite with a drop of dimethyl-   phthalate (a liquid) on its surface. (The type of organic liquid does not seem critical; many other compounds have been used.) The needle is electrochemically-etched tungsten, and is immersed in the liquid. Not only can the graphite surface be imaged in the normal way, but also a voltage pulse applied to the needle (3.7 volts for 100 nanoseconds) can 'pin' one of the organic molecules to the surface, where it can be viewed in the normal fashion. A second voltage pulse applied at the same location can remove the pinned molecule (though it often randomly pins other molecules in an as-yet uncontrollable way). In some cases, the voltage pulse will remove only part of the pinned molecule, leaving behind a molecularly altered fragment. 


APPLICATION:              The first application that comes to mind is a very high -density memory. The minimum spot-size demonstrated in the new work is 10 angstroms, though a somewhat larger size might be required in practice. If we assume that a single bit can be read or written into a 10 angstrom square, then a one square centimeter surface can hold 1014 bits. That's one hundred terabytes. The 100 nanosecond pulse time sets a 10-megabit/second maximum write rate, though this might be degraded for other reasons. At this rate, it would take several months to a year of constant writing to fill a one square centimeter memory. Access times will probably be limited by the time needed to move the needle--which might be a significant fraction of a second to travel one centimeter--giving access times similar to those on current disk drives. The manufacturing cost of such a system is unclear, but the basic components do not seem unduly expensive. It seems safe to predict that someone in the not-too-distant future is going to build a low-cost very large capacity secondary storage device (disk replacement) based on this technology. 
b. The larger implication of this work, however, is that it may put us on the threshold of controlled molecular manipulation. The great virtue of this technique is that we need not imagine it at all--it is real and is being pursued in Bell Laboratory and at IBM Almaden. 

3.8 Nanotechnology and Society:

It is estimated that Nanotechnology will provide a plethora of supreme new applications and devices. These devices will not only be confined to defense and research organizations, but will reach common man.

· One of the first obvious benefits is the improvement in manufacturing techniques. We are taking familiar manufacturing systems and expanding them to develop precision on the atomic scale. This will give us greater understanding of the building of things, and greater flexibility in the types and quantity of things we may build. We will be able to expand our control of systems from the macro to the micro and beyond, while simultaneously reducing the cost associated with manufacturing products.

· Some of the most dramatic changes are expected in the realms of medicine. Scientists envision creating machines that will be able to travel through the circulatory system, cleaning the arteries as they go. And, sending out troops to track down and destroy cancer cells and tumors; or repairing injured tissue at the site of the wound, even to the point of replacing missing limbs or damaged organs. The extent of medical repair systems is expected to be quite broad, with the cumulative impact being equally large.

· Nanotechnology is expected to touch almost every aspect of our lives, right down to the water we drink and the air we breathe. Once we have the ability to capture, position, and change the configuration of a molecule, we should be able to create filtration systems that will scrub the toxins from the air or remove hazardous organisms from the water we drink. We should be able to begin the long process of cleaning up our environment.

· Space will also open up to us in new ways. With the current cost of transporting payloads into space being so high (~$20,000/kg), little is being done to take advantage of space. Nanotechnology will help by allowing us to deliver more machines of smaller size and greater functionality into space, paving the way for solar system expansion. Some have suggested that application of medical nanotechnology might even go so far as to allow us to adapt our bodies for survival in space or on other worlds. While this is certainly a long way off, it provides a glimpse of the thorough control that nanotechnology may provide.

3.9 Abuse of Nanotechnology – 

Nanotechnology has nothing to do with nuclear technology. There is no transmuting of nuclei as the alchemists tried to do, and as is done by nuclear technologists. Nanotechnology only does what chemists do: rearrange molecules. Nonetheless, it is a technology where the principle of exponentiation can be brought to bear: nuclear explosions come from an exponential proliferation of neutrons in a critical mass of fissile material. Here, we are talking not about an exponential growth of destroying things and releasing energy, but we are talking about a potential exponential growth of constructing complex artifacts. 

4. Conclusion

The work in nanotechnology is being carried out not just on the materials of the future, but also the tools that will allow us to use these ingredients to create products. Experimental work has already resulted in the production of scanning tunneling microscope, molecular tweezers, nanotubes, and logic devices. Theoretical work in the construction of nano-computers is progressing as well. Taking all of this into account, it is clear that the technology is feasible. 

Nanotechnology is expected to have a profound impact on our economy and society in the 21st century, from the development of better, faster, stronger, smaller, and cheaper systems. Nanotechnology provides a far more powerful capability. Powerful not only in computers, defense, environment and medicine, but also in a higher standard of living for everyone on the planet. 

Nanotechnology- the science is good, the engineering is feasible, the paths of approach are many, the consequences are revolutionary-times-revolutionary, and the schedule is: in our lifetimes.







