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 Characterization technique Scanning probe microscopy: (Principle, construction and working ;) Scanning 

tunneling microscope, Atomic force microscope, scanning electron microscope, Transmission electron 

microscope, Carbon materials :Allotropes of carbon, Structure of Carbon Nanotubes, types of CNTs-, 

Electronic properties of CNTs, Band structure of Graphene ,Band structure of SWNT from grapbene ,electron 

transport properties of SWNTs. 

Quantum tunneling phenomena: Quantum tunneling refers to the quantum mechanical phenomenon where 
a particle tunnels through a barrier that it classically could not surmount because its total kinetic energy is 
lower than the potential energy of the barrier. This tunneling plays an essential role in several physical 
phenomena, including radioactive decay, and has important applications to modern devices such as flash 
memory, the tunneling diode, and the scanning tunneling microscope. 

Scanning Tunneling Microscope: The scanning tunneling microscope, or STM, invented by Gerd Binnig and 
Heinrich Rohrer, first allowed one to routinely image individual atoms on the surface of a metal. In 1981 this 
was a giant leap from the extremely specialized devices that had achieved atomic resolution on a few specific 
materials. The STM takes advantage of quantum tunneling probability's extremely sensitive relationship with 
distance (approximately exponential). This way, when the tip of STM's needle is brought very close to a 
conduction surface that has a voltage bias, one can tell extremely sensitively how close the needle is by 
measuring the current of electrons that are tunneling across between the needle and the surface. By using 
piezo rods that change slightly in size when voltage is applied over them the height of the tip can be 
continuously adjusted to keep the tunneling current constant. Then, the time-varying voltages that were 
applied to the piezo rods can be recorded and used to image the surface of the conductor. Today's STM's are 
accurate to 0.001 nm, or about 1% of an atomic diameter. 

Scanning tunneling microscope: 

 

Figure2.1 Image of reconstruction on a clean Gold (100) surface. 

 

Figure2.2 an STM image of single-walled Carbon nanotube. 

A scanning tunneling microscope (STM) is an instrument for imaging surfaces at the atomic level. Its 
development in 1981 earned its inventors, Gerd Binnig and Heinrich Rohrer (at IBM Zürich), the Nobel Prize in 
Physics in 1986. For an STM, good resolution is considered to be 0.1 nm lateral resolution and 0.01 nm depth 
resolution. With this resolution, individual atoms within materials are routinely imaged and manipulated. The 
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STM can be used not only in ultra high vacuum but also in air, water, and various other liquid or gas ambient, 
and at temperatures ranging from near zero Kelvin to a few hundred degrees Celsius.  

The STM is based on the concept of quantum tunneling. When a conducting tip is brought very near to the 
surface to be examined, a bias (voltage difference) applied between the two can allow electrons to tunnel 
through the vacuum between them. The resulting tunneling current is a function of tip position, applied 
voltage, and the local density of states (LDOS) of the sample. Information is acquired by monitoring the 
current as the tip's position scans across the surface, and is usually displayed in image form. STM can be a 
challenging technique, as it requires extremely clean and stable surfaces, sharp tips, excellent vibration 
control, and sophisticated electronics. 

Procedure 

 

Figure2.3 A close-up of a simple scanning tunneling microscope head using a platinum-iridium stylus. 

First, a voltage bias is applied and the tip is brought close to the sample by some coarse sample-to-tip control, 
which is turned off when the tip and sample are sufficiently close. At close range, fine control of the tip in all 
three dimensions when near the sample is typically piezoelectric, maintaining tip-sample separation W 
typically in the 4-7 Å range, which is the equilibrium position between attractive (3<W<10Å) and repulsive 
(W<3Å) interactions. In this situation, the voltage bias will cause electrons to tunnel between the tip and 
sample, creating a current that can be measured. Once tunneling is established, the tip's bias and position 
with respect to the sample can be varied (with the details of this variation depending on the experiment) and 
data is obtained from the resulting changes in current. 

If the tip is moved across the sample in the x-y plane, the changes in surface height and density of states cause 
changes in current. These changes are mapped in images. This change in current with respect to position can 
be measured itself, or the height, z, of the tip corresponding to a constant current can be measured. These 
two modes are called constant height mode and constant current mode, respectively. In constant current 
mode, feedback electronics adjust the height by a voltage to the piezoelectric height control mechanism. This 
leads to a height variation and thus the image comes from the tip topography across the sample and gives a 
constant charge density surface; this means contrast on the image is due to variations in charge density. In 
constant height mode, the voltage and height are both held constant while the current changes to keep the 
voltage from changing; this leads to an image made of current changes over the surface, which can be related 
to charge density. The benefit to using a constant height mode is that it is faster, as the piezoelectric 
movements require more time to register the change in constant current mode than the voltage response in 
constant height mode. All images produced by STM are grayscale, with color optionally added in post-
processing in order to visually emphasize important features. 

In addition to scanning across the sample, information on the electronic structure at a given location in the 
sample can be obtained by sweeping voltage and measuring current at a specific location. This type of 
measurement is called scanning tunneling spectroscopy (STS) and typically results in a plot of the local density 
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of states as a function of energy within the sample. The advantage of STM over other measurements of the 
density of states lies in its ability to make extremely local measurements: for example, the density of states at 
an impurity site can be compared to the density of states far from impurities. Frame rates of at least 1 Hz 
enable so called Video-STM (up to 50 Hz is possible). This can be used to scan surface diffusion.  

 Instrumentation 

The components of an STM include scanning tip, piezoelectric controlled height and x,y scanner, coarse 
sample-to-tip control, vibration isolation system, and computer. 

The resolution of an image is limited by the radius of curvature of the scanning tip of the STM. Additionally, 
i age artifa ts a  o ur if the tip has t o tips at the e d rather tha  a si gle ato ; this leads to dou le-tip 
i agi g,  a situatio  i  hi h oth tips o tri ute to the tu eli g Therefore it has ee  esse tial to develop 
processes for consistently obtaining sharp, usable tips. Recently, carbon nanotubes have been used in this 
instance. The tip is often made of tungsten or platinum-iridium, though gold is also used. Tungsten tips are 
usually made by electrochemical etching, and platinum-iridium tips by mechanical shearing 

Due to the extreme sensitivity of tunnel current to height, proper vibration isolation or an extremely rigid STM 
body is imperative for obtaining usable results. In the first STM by Binnig and Rohrer, magnetic levitation was 
used to keep the STM free from vibrations; now mechanical spring or gas spring systems are often used. 
Additionally, mechanisms for reducing eddy currents are sometimes implemented. 

Maintaining the tip position with respect to the sample, scanning the sample and acquiring the data is 
computer controlled. The computer may also be used for enhancing the image with the help of image 
processing as well as performing quantitative measurements.  

Other STM related studies 

 

Figure2.4 Nanomanipulation via STM of a self-assembled organic semiconductor monolayer (here: PTCDA 
molecules) on graphite, in which the logo of the Center for NanoScience (CeNS), LMU has been written. 

Many other microscopy techniques have been developed based upon STM. These include photon scanning 
microscopy (PSTM), which uses an optical tip to tunnel photons; scanning tunneling potentiometry (STP), 
which measures electric potential across a surface; spin polarized scanning tunneling microscopy (SPSTM), 
which uses a ferromagnetic tip to tunnel spin-polarized electrons into a magnetic sample, and atomic force 
microscopy (AFM), in which the force caused by interaction between the tip and sample is measured. 

Other STM methods involve manipulating the tip in order to change the topography of the sample. This is 
attractive for several reasons. Firstly the STM has an atomically precise positioning system which allows very 
accurate atomic scale manipulation. Furthermore, after the surface is modified by the tip, it is a simple matter 
to then image with the same tip, without changing the instrument. IBM researchers developed a way to 
manipulate Xenon atoms adsorbed on a nickel surface. This technique has been used to create electron 
"corrals" with a small number of adsorbed atoms, which allows the STM to be used to observe electron Friedel 
oscillations on the surface of the material. Aside from modifying the actual sample surface, one can also use 
the STM to tunnel electrons into a layer of E-Beam photo resist on a sample, in order to do lithography. This 
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has the advantage of offering more control of the exposure than traditional Electron beam lithography. 
Another practical application of STM is atomic deposition of metals (Au, Ag, W, etc.) with any desired (pre-
programmed) pattern, which can be used as contacts to nanodevices or as nanodevices themselves. 

Recently groups have found they can use the STM tip to rotate individual bonds within single molecules. The 
electrical resistance of the molecule depends on the orientation of the bond, so the molecule effectively 
becomes a molecular switch. 

Atomic force microscopy 

 

Figure2.5 Atomic force microscopy 

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high-resolution type of scanning 
probe microscopy, with demonstrated resolution on the order of fractions of a nanometer, more than 1000 
times better than the optical diffraction limit. The precursor to the AFM, the scanning tunneling microscope, 
was developed by Gerd Binnig and Heinrich Rohrer in the early 1980s at IBM Research - Zurich, a development 
that earned them the Nobel Prize for Physics in 1986. Binnig, Quate and Gerber invented the first atomic force 
microscope (also abbreviated as AFM) in 1986. The first commercially available atomic force microscope was 
introduced in 1989. The AFM is one of the foremost tools for imaging, measuring, and manipulating matter at 
the nanoscale. The information is gathered by "feeling" the surface with a mechanical probe. Piezoelectric 
elements that facilitate tiny but accurate and precise movements on (electronic) command enable the very 
precise scanning. In some variations, electric potentials can also be scanned using conducting cantilevers. In 
newer more advanced versions, currents can even be passed through the tip to probe the electrical  
conductivity or transport of the underlying surface, but this is much more challenging with very few research 
groups reporting reliable data. 

 

 

 

 

  

Downloaded from  be.rgpvnotes.in

Page no: 4 Follow us on facebook to get real-time updates from RGPV

http://en.wikipedia.org/wiki/Electron_beam_lithography
http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Diffraction_limited
http://en.wikipedia.org/wiki/Scanning_tunneling_microscope
http://en.wikipedia.org/wiki/Gerd_Binnig
http://en.wikipedia.org/wiki/Heinrich_Rohrer
http://en.wikipedia.org/wiki/IBM_Research_-_Zurich
http://en.wikipedia.org/wiki/Piezoelectricity
https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


Basic principles 

 

Figure2.6 Electron micrograph of a used AFM cantilever image width ~100 micrometers... And ~30 
micrometers 

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen surface. 
The cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order of nanometers. 
When the tip is brought into proximity of a sample surface, forces between the tip and the sample lead to a 
deflection of the cantilever according to Hooke's law. Depending on the situation, forces that are measured in 
AFM include mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic 
forces, magnetic forces (see magnetic force microscope, MFM), Casimir forces, solvation forces, etc. Along 
with force, additional quantities may simultaneously be measured through the use of specialized types of 
probe (see scanning thermal microscopy, scanning joule expansion microscopy, photothermal 
microspectroscopy, etc.). Typically, the deflection is measured using a laser spot reflected from the top surface 
of the cantilever into an array of photodiodes. Other methods that are used include optical interferometry, 
capacitive sensing or piezoresistive AFM cantilevers. These cantilevers are fabricated with piezoresistive 
elements that act as a strain gauge. Using a Wheatstone bridge, strain in the AFM cantilever due to deflection 
can be measured, but this method is not as sensitive as laser deflection or interferometry. 

If the tip was scanned at a constant height, a risk would exist that the tip collides with the surface, causing 
damage. Hence, in most cases a feedback mechanism is employed to adjust the tip-to-sample distance to 
maintain a constant force between the tip and the sample. Traditionally, the sample is mounted on a 
piezoelectric tube that can move the sample in the z direction for maintaining a constant force, and the x and 
y directions for scanning the sample. Alternatively a 'tripod' configuration of three piezo crystals may be 
employed, with each responsible for scanning in the x, y and z directions. This eliminates some of the 
distortion effects seen with a tube scanner. In newer designs, the tip is mounted on a vertical piezo scanner 
while the sample is being scanned in X and Y using another piezo block. The resulting map of the area s = f(x, y) 
represents the topography of the sample. 

The AFM can be operated in a number of modes, depending on the application. In general, possible imaging 
modes are divided into static (also called contact) modes and a variety of dynamic (or non-contact) modes 
where the cantilever is vibrated. 

Imaging modes 

The primary modes of operation for an AFM are static mode and dynamic mode. In static mode, the cantilever 
is "dragged" across the surface of the sample and the contours of the surface are measured directly using the 
deflection of the cantilever. In the dynamic mode, the cantilever is externally oscillated at or close to its 
fundamental resonance frequency or a harmonic. The oscillation amplitude, phase and resonance frequency 
are modified by tip-sample interaction forces. These changes in oscillation with respect to the external 
reference oscillation provide information about the sample's characteristics. 
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Contact mode 

In the static mode operation, the static tip deflection is used as a feedback signal. Because the measurement 
of a static signal is prone to noise and drift, low stiffness cantilevers are used to boost the deflection signal. 
However, close to the surface of the sample, attractive forces can be quite strong, causing the tip to "snap-in" 
to the surface. Thus static mode AFM is almost always done in contact where the overall force is repulsive. 
Consequently, this technique is typically called "contact mode". In contact mode, the force between the tip 
and the surface is kept constant during scanning by maintaining a constant deflection. 

Non-contact mode 

 

AFM - non-contact mode 

In this mode, the tip of the cantilever does not contact the sample surface. The cantilever is instead oscillated 
at a frequency slightly above its resonant frequency where the amplitude of oscillation is typically a few 
nanometers (<10 nm). The van der Waals forces, which are strongest from 1 nm to 10 nm above the surface, 
or any other long range force which extends above the surface acts to decrease the resonance frequency of 
the cantilever. This decrease in resonant frequency combined with the feedback loop system maintains a 
constant oscillation amplitude or frequency by adjusting the average tip-to-sample distance. Measuring the 
tip-to-sample distance at each (x, y) data point allows the scanning software to construct a topographic image 
of the sample surface. 
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Non-contact mode AFM does not suffer from tip or sample degradation effects that are sometimes observed 
after taking numerous scans with contact AFM. This makes non-contact AFM preferable to contact AFM for 
measuring soft samples. In the case of rigid samples, contact and non-contact images may look the same. 
However, if a few monolayers of adsorbed fluid are lying on the surface of a rigid sample, the images may look 
quite different. An AFM operating in contact mode will penetrate the liquid layer to image the underlying 
surface, whereas in non-contact mode an AFM will oscillate above the adsorbed fluid layer to image both the 
liquid and surface. 

Schemes for dynamic mode operation include frequency modulation and the more common amplitude 
modulation. In frequency modulation, changes in the oscillation frequency provide information about tip-
sample interactions. Frequency can be measured with very high sensitivity and thus the frequency modulation 
mode allows for the use of very stiff cantilevers. Stiff cantilevers provide stability very close to the surface and, 
as a result, this technique was the first AFM technique to provide true atomic resolution in ultra-high vacuum 
conditions. In amplitude modulation, changes in the oscillation amplitude or phase provide the feedback 
signal for imaging. In amplitude modulation, changes in the phase of oscillation can be used to discriminate 
between different types of materials on the surface. Amplitude modulation can be operated either in the non-
contact or in the intermittent contact regime. In dynamic contact mode, the cantilever is oscillated such that 
the separation distance between the cantilever tip and the sample surface is modulated. 

Amplitude modulation has also been used in the non-contact regime to image with atomic resolution by using 
very stiff cantilevers and small amplitudes in an ultra-high vacuum environment. 

Tapping mode 

 

Figure2.7 tapping mode 

In ambient conditions, most samples develop a liquid meniscus layer. Because of this, keeping the probe tip 
close enough to the sample for short-range forces to become detectable while preventing the tip from sticking 
to the surface presents a major problem for non-contact dynamic mode in ambient conditions. Dynamic 
contact mode (also called intermittent contact or tapping mode) was developed to bypass this problem.  

In tapping mode, the cantilever is driven to oscillate up and down at near its resonance frequency by a small 
piezoelectric element mounted in the AFM tip holder similar to non-contact mode. However, the amplitude of 
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this oscillation is greater than 10 nm, typically 100 to 200 nm. Due to the interaction of forces acting on the 
cantilever when the tip comes close to the surface, Van der Waals force, dipole-dipole interaction, 
electrostatic forces, etc. cause the amplitude of this oscillation to decrease as the tip gets closer to the sample. 
An electronic servo uses the piezoelectric actuator to control the height of the cantilever above the sample. 
The servo adjusts the height to maintain a set cantilever oscillation amplitude as the cantilever is scanned over 
the sample. A tapping AFM image is therefore produced by imaging the force of the intermittent contacts of 
the tip with the sample surface. 

This method of "tapping" lessens the damage done to the surface and the tip compared to the amount done 
in contact mode. Tapping mode is gentle enough even for the visualization of supported lipid bilayers or 
adsorbed single polymer molecules (for instance, 0.4 nm thick chains of synthetic polyelectrolytes) under 
liquid medium. With proper scanning parameters, the conformation of single molecules can remain 
unchanged for hours.  

AFM cantilever deflection measurement 

 

Figure2.8 AFM beam deflection detection 

Laser light from a solid state diode is reflected off the back of the cantilever and collected by a position 
sensitive detector (PSD) consisting of two closely spaced photodiodes whose output signal is collected by a 
differential amplifier. Angular displacement of cantilever results in one photodiode collecting more light than 
the other photodiode, producing an output signal (the difference between the photodiode signals normalized 
by their sum) which is proportional to the deflection of the cantilever. It detects cantilever deflections <10 nm 
(thermal noise limited). A long beam path (several centimeters) amplifies changes in beam angle. 
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Force spectroscopy 

Another major application of AFM (besides imaging) is force spectroscopy, the direct measurement of tip-
sample interaction forces as a function of the gap between the tip and sample (the result of this measurement 
is called a force-distance curve). For this method, the AFM tip is extended towards and retracted from the 
surface as the deflection of the cantilever is monitored as a function of piezoelectric displacement. These 
measurements have been used to measure nanoscale contacts, atomic bonding, Van der Waals forces, and 
Casimir forces, dissolution forces in liquids and single molecule stretching and rupture forces. Furthermore, 
AFM was used to measure in aqueous environment dispersion force due to polymer adsorbed on the 
substrate. Forces of the order of a few piconewtons can now be routinely measured with a vertical distance 
resolution of better than 0.1 nanometers. Force spectroscopy can be performed with either static or dynamic 
modes. In dynamic modes, information about the cantilever vibration is monitored in addition to the static 
deflection.  

Problems with the technique include no direct measurement of the tip-sample separation and the common 
need for low stiffness cantilevers which tend to 'snap' to the surface. The snap-in can be reduced by 
measuring in liquids or by using stiffer cantilevers, but in the latter case a more sensitive deflection sensor is 
needed. By applying a small dither to the tip, the stiffness (force gradient) of the bond can be measured as 
well.  

Identification of individual surface atoms 

The AFM can be used to image and manipulate atoms and structures on a variety of surfaces. The atom at the 
apex of the tip "senses" individual atoms on the underlying surface when it forms incipient chemical bonds 
with each atom. Because these chemical interactions subtly alter the tip's vibration frequency, they can be 
detected and mapped. This principle was used to distinguish between atoms of silicon, tin and lead on an alloy 
surface, by comparing these 'atomic fingerprints' to values obtained from large-scale density functional theory 
(DFT) simulations.  

The trick is to first measure these forces precisely for each type of atom expected in the sample, and then to 
compare with forces given by DFT simulations. The team found that the tip interacted most strongly with 
silicon atoms, and interacted 23% and 41% less strongly with tin and lead atoms, respectively. Thus, each 
different type of atom can be identified in the matrix as the tip is moved across the surface. 

Such a technique has been used now in biology and extended recently to cell biology. Forces corresponding to 
(i) the unbinding of receptor ligand couples (ii) unfolding of proteins (iii) cell adhesion at single cell scale have 
been gathered. 

Advantages and disadvantages of AFM method? 

 

Figure2.9 The first atomic force microscope 
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Just like any other tool, an AFM's usefulness has limitations. When determining whether or not analyzing a 
sample with an AFM is appropriate, there are various advantages and disadvantages that must be considered. 

Advantages 

AFM has several advantages over the scanning electron microscope (SEM). Unlike the electron microscope 
which provides a two-dimensional projection or a two-dimensional image of a sample, the AFM provides a 
three-dimensional surface profile. Additionally, samples viewed by AFM do not require any special treatments 
(such as metal/carbon coatings) that would irreversibly change or damage the sample. While an electron 
microscope needs an expensive vacuum environment for proper operation, most AFM modes can work 
perfectly well in ambient air or even a liquid environment. This makes it possible to study biological 
macromolecules and even living organisms. In principle, AFM can provide higher resolution than SEM. It has 
been shown to give true atomic resolution in ultra-high vacuum (UHV) and, more recently, in liquid 
environments. High resolution AFM is comparable in resolution to scanning tunneling microscopy and 
transmission electron microscopy. 

Disadvantages 

A disadvantage of AFM compared with the scanning electron microscope (SEM) is the single scan image size. 
In one pass, the SEM can image an area on the order of square millimeters with a depth of field on the order 
of millimeters. Whereas the AFM can only image a maximum height on the order of 10-20 micrometers and a 
maximum scanning area of about 150×150 micrometers. One method of improving the scanned area size for 
AFM is by using parallel probes in a fashion similar to that of millipede data storage. 

The scanning speed of an AFM is also a limitation. Traditionally, an AFM cannot scan images as fast as a SEM, 
requiring several minutes for a typical scan, while a SEM is capable of scanning at near real-time, although at 
relatively low quality. The relatively slow rate of scanning during AFM imaging often leads to thermal drift in 
the image[9][10] making the AFM microscope less suited for measuring accurate distances between 
topographical features on the image. However, several fast-acting designs [11][12] were suggested to increase 
microscope scanning productivity including what is being termed videoAFM (reasonable quality images are 
being obtained with video AFM at video rate: faster than the average SEM). To eliminate image distortions 
induced by thermal drift, several methods have been introduced.  

AFM images can also be affected by hysteresis of the piezoelectric material and cross-talk between the x, y, z 
axes that may require software enhancement and filtering. Such filtering could "flatten" out real topographical 
features. However, newer AFMs utilize closed-loop scanners which practically eliminate these problems. Some 
AFMs also use separated orthogonal scanners (as opposed to a single tube) which also serve to eliminate part 
of the cross-talk problems. 

As with any other imaging technique, there is the possibility of image artifacts, which could be induced by an 
unsuitable tip, a poor operating environment, or even by the sample itself. These image artifacts are 
unavoidable however; their occurrence and effect on results can be reduced through various methods. 

Due to the nature of AFM probes, they cannot normally measure steep walls or overhangs. Specially made 
cantilevers and AFMs can be used to modulate the probe sideways as well as up and down (as with dynamic 
contact and non-contact modes) to measure sidewalls, at the cost of more expensive cantilevers, lower lateral 
resolution and additional artifacts. 
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Introduction and background of Carbon materials: 

 

Figure2.10 A schematic animation of a carbon nanotube that can be formed by rolling up graphene. 

According to Moore's law, the dimensions of individual devices in an integrated circuit have been decreased 
by a factor of approximately two every two years. This scaling down of devices has been the driving force in 
technological advances since late 20th century. However, as noted by ITRS 2009 edition, further scaling down 
has faced serious limits related to fabrication technology and device performances as the critical dimension 
shrunk down to sub-22 nm range. The limits involve electron tunneling through short channels and thin 
insulator films, the associated leakage currents, passive power dissipation, short channel effects, and 
variations in device structure and doping. These limits can be overcome to some extent and facilitate further 
scaling down of device dimensions by modifying the channel material in the traditional bulk MOSFET structure 
with a single carbon nanotube or an array of carbon nanotubes. 

Carbon allotropes 

Many of the commonly used materials for NEMS technology have been carbon based, specifically carbon 
nanotubes and graphene. This is mainly because of the useful properties of carbon based materials which 
directly meet the needs of NEMS. The mechanical properties of carbon (such as large Young's modulus) are 
fundamental to the stability of NEMS while the metallic and semiconductor conductivities of carbon based 
materials allow them to function as transistors. 

Both Graphene and Carbon exhibit high Young's modulus, excessively low density, low friction and large 
surface area. The low friction of CNTs, allow practically frictionless bearings and has thus been a huge 
motivation towards practical applications of CNTs as constitutive elements in NEMS, such as nanomotors, 
switches, and high-frequency oscillators [6] Car o  a otu es a d graphe e’s ph si al stre gth allo s arbon 
based materials to meet higher stress demands, when common materials would normally fail and thus further 
support their use as a major materials in NEMS technological development.  

Along with the mechanical benefits of carbon based materials, the electrical properties of carbon nanotubes 
and graphene allow it to be used in many electrical components of NEMS. Nanotransistors have been 
developed for both carbon nanotubes [8] as well as graphene [9]. Transistors are one of the basic building 
blocks for all electronic devices, so by effectively developing usable transistors, carbon nanotubes and 
graphene are both very crucial to NEMS. Metallic carbon nanotubes have also been proposed for 
nanoelectronic interconnects since they can carry high current densities [7]. This is a very useful property as 
wires to transfer current are another basic building block of any electrical system. Carbon nanotubes have 
specifically found so much use in NEMS that methods have already been discovered to connect suspended 
carbon nanotubes to other nanostructure. This allows carbon nanotubes to be structurally set up to make 
complicated nanoelectric systems. Because carbon based products can be properly controlled and act as 
interconnects as well as transistors, they serve as a fundamental material in the electrical components of 
NEMS. 
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Electronic structure of carbon nanotubes 

 

 

Figure2.11 Graphene atomic structure with a translational vector T a d a hiral e tor Ĉh of a CNT 

 

Figure2.12 One-dimensional energy dispersion relations for (a) (n,m)=(5,5) metallic tube, (b) (n,m)=(10,0) 
semiconducting tube. 

The exceptional electrical properties of carbon nanotubes arise from the unique electronic structure of 
graphene itself that can roll up and form a hollow cylinder. The circumference of such carbon nanotube can be 
e pressed i  ter s of a hiral e tor: Ĉh=nâ1+mâ2 which connects two crystallographically equivalent sites of 
the two-dimensional graphene sheet. Here n and m are integers and â1 and â2 are the unit vectors of the 
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hexagonal honeycomb lattice. Therefore, the structure of any carbon nanotube can be described by an index 
with a pair of integers (n,m) that define its chiral vector. 

In terms of the integers (n,m), the nanotube diameter dt is given by: and the chiral 
angle θ is given by: 
The differences in the chiral angle and the diameter cause the differences in the properties of the various 
carbon nanotubes. For example, it can be shown that an (n, m) carbon nanotube is metallic when n = m, has a 
small gap when n – m = 3i, where i is an integer, and is semiconducting when n – m ≠ i. This is due to the fact 
that the periodic boundary conditions for the one-dimensional carbon nanotubes permit only a few wave 
vectors to exist around the circumference of carbon nanotubes. Metallic conduction occurs when one of these 
wave vectors passes through the K-point of graphene’s D he ago al Brilloui  zo e, here the ale e a d 
conduction bands are degenerate. For the semiconducting carbon nanotubes, there is a diameter dependency 
on band gap. For example, according to a single-particle tight-binding description of the electronic structure, 

here γ is the hoppi g atri  ele e t, a d a is the carbon-carbon bond distance.  
CNTs have unique properties such as stiffness, strength, and tenacity compared to other materials especially 
to silicon. 

Carbon nanotube and their fabrication: 

:  

 

Figure2.13 Carbon nanotube and their fabrication 

Carbon nanotubes (CNTs; also known as buckytubes), not to be confused with carbon fiber, are allotropes of 
carbon with a cylindrical nanostructure. Nanotubes have been constructed with length-to-diameter ratio of up 
to 132,000,000:1,[1] significantly larger than any other material. These cylindrical carbon molecules have novel 
properties, making them potentially useful in many applications in nanotechnology, electronics, optics, and 
other fields of materials science, as well as potential uses in architectural fields. They may also have 
applications in the construction of body armor. They exhibit extraordinary strength and unique electrical 
properties, and are efficient thermal conductors. 
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Nanotubes are members of the fullerene structural family, which also includes the spherical buckyballs. The 
ends of a nanotube may be capped with a hemisphere of the buckyball structure. Their name is derived from 
their size, since the diameter of a nanotube is on the order of a few nanometers (approximately 1/50,000th of 
the width of a human hair), while they can be up to 18 centimeters in length (as of 2010). [1] Nanotubes are 
categorized as single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs). 

Applied quantum chemistry, specifically, orbital hybridization best describes chemical bonding in nanotubes. 
The chemical bonding of nanotubes is composed entirely of sp2 bonds, similar to those of graphite. These 
bonds, which are stronger than the sp3 bonds found in alkanes, provide nanotubules with their unique 
strength. Moreover, nanotubes naturally align themselves into "ropes" held together by van der Waals forces. 

Types of carbon nanotubes and related structures 

Single-walled 

 

Armchair 
(n,n) 

 

The chiral vector is bent, while the 
translation vector stays straight 

 

Graphene nanoribbon 

 

The chiral vector is bent, while the 
translation vector stays straight 

 

Zigzag (n,0) 

 

Chiral (n,m) 

 

n and m can be counted at 
the end of the tube 

 

Graphene nanoribbon 

The (n,m) nanotube naming scheme can be thought of as a vector (Ch) in an infinite graphene sheet that 
describes how to "roll up" the graphene sheet to make the nanotube. T denotes the tube axis, and a1 and a2 
are the unit vectors of graphene in real space. 

 

 Figure2.14 an STM image of single-walled carbon nanotube 

 

Figure2.15 Transmission electron microscopy image showing a single-walled carbon nanotube 
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Most single-walled nanotubes (SWNT) have a diameter of close to 1 nanometer, with a tube length that can be 
many millions of times longer. The structure of a SWNT can be conceptualized by wrapping a one-atom-thick 
layer of graphite called graphene into a seamless cylinder. The way the graphene sheet is wrapped is 
represented by a pair of indices (n, m) called the chiral vector. The integers n and m denote the number of 
unit vectors along two directions in the honeycomb crystal lattice of graphene. If m = 0, the nanotubes are 
called "zigzag". If n = m, the nanotubes are called "armchair". Otherwise, they are called "chiral". The diameter 
of a nanotube can be calculated from its (n, m) indices as follows 

Where a = 0.246 nm. 

Single-walled nanotubes are an important variety of carbon nanotube because they exhibit electric properties 
that are not shared by the multi-walled carbon nanotube (MWNT) variants. In particular, their band gap can 
vary from zero to about 2 eV and their electrical conductivity can show metallic or semiconducting behavior, 
whereas MWNTs are zero-gap metals. Single-walled nanotubes are the most likely candidate for miniaturizing 
electronics beyond the micro electromechanical scale currently used in electronics. The most basic building 
block of these systems is the electric wire, and SWNTs can be excellent conductors.[2][3] One useful application 
of SWNTs is in the development of the first intramolecular field effect transistors (FET). Production of the first 
intramolecular logic gate using SWNT FETs has recently become possible as well.[4] To create a logic gate you 
must have both a p-FET and an n-FET. Because SWNTs are p-FETs when exposed to oxygen and n-FETs 
otherwise, it is possible to protect half of an SWNT from oxygen exposure, while exposing the other half to 
oxygen. This results in a single SWNT that acts as a NOT logic gate with both p and n-type FETs within the same 
molecule. 

Single-walled nanotubes are dropping precipitously in price, from around $1500 per gram as of 2000 to retail 
prices of around $50 per gram of as-produced 40–60% by weight SWNTs as of March 2010.[5][6] 

 
Concept of Multi-walled CNT 

 

Figure2.16 SEM image of carbon nanotubes bundles. 
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Multi-walled nanotubes (MWNT) consist of multiple rolled layers (concentric tubes) of graphite. There are two 
models which can be used to describe the structures of multi-walled nanotubes. In the Russian Doll model, 
sheets of graphite are arranged in concentric cylinders, e.g. a (0, 8) single-walled nanotube (SWNT) within a 
larger (0,17) single-walled nanotube. In the Parchment model, a single sheet of graphite is rolled in around 
itself, resembling a scroll of parchment or a rolled newspaper. The interlayer distance in multi-walled 
nanotubes is close to the distance between graphene layers in graphite, approximately 3.4 Å. 

The special place of double-walled carbon nanotubes (DWNT) must be emphasized here because their 
morphology and properties are similar to SWNT but their resistance to chemicals is significantly improved. This 
is especially important when functionalization is required (this means grafting of chemical functions at the 
surface of the nanotubes) to add new properties to the CNT. In the case of SWNT, covalent functionalization 
will break some C=C double bonds, leaving "holes" in the structure on the nanotube and thus modifying both 
its mechanical and electrical properties. In the case of DWNT, only the outer wall is modified. DWNT synthesis 
on the gram-scale was first proposed in 2003[7] by the CCVD technique, from the selective reduction of oxide 
solutions in methane and hydrogen. 

Torus 

 

Figure2.17 A stable nanobud structure 

In theory, a nanotorus is a carbon nanotube bent into a torus (doughnut shape). Nanotori are predicted to 
have many unique properties, such as magnetic moments 1000 times larger than previously expected for 
certain specific radii.[8] Properties such as magnetic moment, thermal stability, etc. vary widely depending on 
radius of the torus and radius of the tube.  

Properties 

Strength 

Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of tensile strength and 
elastic modulus respectively. This strength results from the covalent sp² bonds formed between the individual 
carbon atoms. In 2000, a multi-walled carbon nanotube was tested to have a tensile strength of 63 gigapascals 
(GPa). (This, for illustration, translates into the ability to endure tension of a weight equivalent to 6422 kg on a 
cable with cross-section of 1 mm2.) Since carbon nanotubes have a low density for a solid of 1.3 to 1.4 g·cm− , 
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its specific strength of up to 48,000 kN·m·kg−  is the best of known materials, compared to high-carbon steel's 
154 kN·m·kg− . 

Under excessive tensile strain, the tubes will undergo plastic deformation, which means the deformation is 
permanent. This deformation begins at strains of approximately 5% and can increase the maximum strain the 
tubes undergo before fracture by releasing strain energy. 

CNTs are not nearly as strong under compression. Because of their hollow structure and high aspect ratio, they 
tend to undergo buckling when placed under compressive, torsional or bending stress.  

Synthesis 

 

 

Figure2.18 Powder of carbon nanotubes 

Techniques have been developed to produce nanotubes in sizeable quantities, including arc discharge, laser 
ablation, high pressure carbon monoxide (HiPco), and chemical vapor deposition (CVD). Most of these 
processes take place in vacuum or with process gases. CVD growth of CNTs can occur in vacuum or at 
atmospheric pressure. Large quantities of nanotubes can be synthesized by these methods; advances in 
catalysis and continuous growth processes are making CNTs more commercially viable. 
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Arc discharge 

Nanotubes were observed in 1991 in the carbon soot of graphite electrodes during an arc discharge, by using a 
current of 100 amps that was intended to produce fullerenes. However the first macroscopic production of 
carbon nanotubes was made in 1992 by two researchers at NEC's Fundamental Research Laboratory. The 
method used was the same as in 1991. During this process, the carbon contained in the negative electrode 
sublimates because of the high discharge temperatures. Because nanotubes were initially discovered using 
this technique, it has been the most widely-used method of nanotube synthesis. 

The yield for this method is up to 30 percent by weight and it produces both single- and multi-walled 
nanotubes with lengths of up to 50 micrometers with few structural defects.[18] 

Laser ablation 

In the laser ablation process, a pulsed laser vaporizes a graphite target in a high-temperature reactor while an 
inert gas is bled into the chamber. Nanotubes develop on the cooler surfaces of the reactor as the vaporized 
carbon condenses. A water-cooled surface may be included in the system to collect the nanotubes. 

The laser ablation method yields around 70% and produces primarily single-walled carbon nanotubes with a 
controllable diameter determined by the reaction temperature. However, it is more expensive than either arc 
discharge or chemical vapor deposition.  

Chemical vapor deposition (CVD) 

 

Figure2.19 Chemical vapor deposition (CVD) 
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CVD is a common method for the commercial production of carbon nanotubes. For this purpose, the metal 
nanoparticles are mixed with a catalyst support such as MgO or Al2O3 to increase the surface area for higher 
yield of the catalytic reaction of the carbon feedstock with the metal particles. One issue in this synthesis 
route is the removal of the catalyst support via an acid treatment, which sometimes could destroy the original 
structure of the carbon nanotubes. However, alternative catalyst supports that are soluble in water have 
proven effective for nanotube growth.  

If a plasma is generated by the application of a strong electric field during the growth process (plasma 
enhanced chemical vapor deposition*), then the nanotube growth will follow the direction of the electric 
field.[59] By adjusting the geometry of the reactor it is possible to synthesize vertically aligned carbon 
nanotubes (i.e., perpendicular to the substrate), a morphology that has been of interest to researchers 
interested in the electron emission from nanotubes. Without the plasma, the resulting nanotubes are often 
randomly oriented. Under certain reaction conditions, even in the absence of plasma, closely spaced 
nanotubes will maintain a vertical growth direction resulting in a dense array of tubes resembling a carpet or 
forest. 

Of the various means for nanotube synthesis, CVD shows the most promise for industrial-scale deposition, 
because of its price/unit ratio, and because CVD is capable of growing nanotubes directly on a desired 
substrate, whereas the nanotubes must be collected in the other growth techniques. The growth sites are 
controllable by careful deposition of the catalyst. In 2007, a team from Meijo University demonstrated a high-
efficiency CVD technique for growing carbon nanotubes from camphor.[61] Researchers at Rice University, until 
recently led by the late Richard Smalley, have concentrated upon finding methods to produce large, pure 
amounts of particular types of nanotubes. Their approach grows long fibers from many small seeds cut from a 
single nanotube; all of the resulting fibers were found to be of the same diameter as the original nanotube and 
are expected to be of the same type as the original nanotube.  

 
Current applications of CNT 

Current use and application of nanotubes has mostly been limited to the use of bulk nanotubes, which is a 
mass of rather unorganized fragments of nanotubes. Bulk nanotube materials may never achieve a tensile 
strength similar to that of individual tubes, but such composites may nevertheless yield strengths sufficient for 
many applications. Bulk carbon nanotubes have already been used as composite fibers in polymers to improve 
the mechanical, thermal and electrical properties of the bulk product. 

 Easton-Bell Sports, Inc. have been in partnership with Zyvex Performance Materials, using CNT 
technology in a number of their bicycle components—including flat and riser handlebars, cranks, forks, 
seatposts, stems and aero bars.  

 Zyvex Performance Materials has also built a 54' maritime vessel, the Piranha Unmanned Surface 
Vessel, as a technology demonstrator for what is possible using CNT technology. CNTs help improve 
the structural performance of the vessel, resulting in a lightweight 8,000 lb boat that can carry a 
payload of 15,000 lb over a range of 2,500 miles.[91]  

 Amroy Europe Oy manufactures Hybtonite carbon nanoepoxy resins where carbon nanotubes have 
been chemically bond to epoxy, resulting composite material that is 20% to 30% stronger than other 
composite materials. It has been used for wind turbines, marine paints and variety of sports gear such 
as skis, ice hockey sticks, baseball bats, hunting arrows and surfboards.[92]  

Other current applications include: 

 tips for atomic force microscope probes 

 in tissue engineering, carbon nanotubes can act as scaffolding for bone growth 
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 in the Kanzius cancer therapy, single-walled carbon nanotubes are inserted around cancerous cells, 
then excited with radio waves, which causes them to heat up and kill the surrounding cells  

Potential applications 

 

 

Figure2.19 the joining of two carbon nanotubes with different electrical properties to form a diode has been 
proposed. L Chico et al. Phys Rev Lett 76, 971 (1996) 

The strength and flexibility of carbon nanotubes makes them of potential use in controlling other nanoscale 
structures, which suggests they will have an important role in nanotechnology engineering. The highest tensile 
strength of an individual multi-walled carbon nanotube has been tested to be is 63 GPaCarbon nanotubes 
were found in Damascus steel from the 17th century, possibly helping to account for the legendary strength of 
the swords made of it.  

Structural 

Because of the carbon nanotube's superior mechanical properties, many structures have been proposed 
ranging from everyday items like clothes and sports gear to combat jackets and space elevators. However, the 
space elevator will require further efforts in refining carbon nanotube technology, as the practical tensile 
strength of carbon nanotubes can still be greatly improved.[18] 

For perspective, outstanding breakthroughs have already been made. Pioneering work led by Ray H. 
Baughman at the NanoTech Institute has shown that single and multi-walled nanotubes can produce materials 
with toughness unmatched in the man-made and natural worlds.[98][99] 

Because of the high mechanical strength of carbon nanotubes, research is being made into weaving them into 
clothes to create stab-proof and bulletproof clothing. The nanotubes would effectively stop the bullet from 
penetrating the body, although the bullet's kinetic energy would likely cause broken bones and internal 
bleeding.  

In electrical circuits 

Nanotube-based transistors, also known as carbon nanotube field-effect transistors (CNFETs), have been made 
that operate at room temperature and that are capable of digital switching using a single electron.[101] 
However, one major obstacle to realization of nanotubes has been the lack of technology for mass production. 
In 2001 IBM researchers demonstrated how metallic nanotubes can be destroyed, leaving semiconducting 
ones behind for use as transistors. Their process is called "constructive destruction" which includes the 
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automatic destruction of defective nanotubes on the wafer. This process, however, only gives control over the 
electrical properties on a statistical scale. 

The potential of carbon nanotubes was demonstrated in 2003 when room-temperature ballistic transistors 
with ohmic metal contacts and high-k gate dielectric were reported, showing 20–30x higher ON current than 
state-of-the-art Si MOSFETs. This presented an important advance in the field as CNT was shown to potentially 
outperform Si. At the time, a major challenge was ohmic metal contact formation. In this regard, palladium, 
which is a high work function metal was shown to exhibit Schottky barrier-free contacts to semiconducting 
nanotubes with diameters >1.7 nm.  

The first nanotube integrated memory circuit was made in 2004. One of the main challenges has been 
regulating the conductivity of nanotubes. Depending on subtle surface features a nanotube may act as a plain 
conductor or as a semiconductor. A fully automated method has however been developed to remove non-
semiconductor tubes.  

Another way to make carbon nanotube transistors has been to use random networks of them. By doing so one 
averages all of their electrical differences and one can produce devices in large scale at the wafer level. This 
approach was first patented by Nanomix Inc. (date of original application June 2002). It was first published in 
the academic literature by the United States Naval Research Laboratory in 2003 through independent research 
work. This approach also enabled Nanomix to make the first transistor on a flexible and transparent substrate.  

Large structures of carbon nanotubes can be used for thermal management of electronic circuits. An 
approximately 1 mm–thick carbon nanotube layer was used as a special material to fabricate coolers, this 
materials has very low density, ~20 times lower weight than a similar copper structure, while the cooling 
properties are similar for the two materials.  

Overall, incorporating carbon nanotubes as transistors into logic-gate circuits with densities comparable to 
modern CMOS technology has not yet been demonstrated. 

As paper batteries 

A paper battery is a battery engineered to use a paper-thin sheet of cellulose (which is the major constituent 
of regular paper, among other things) infused with aligned carbon nanotubes. The nanotubes act as 
electrodes; allowing the storage devices to conduct electricity. The battery, which functions as both a lithium-
ion battery and a super capacitor, can provide a long, steady power output comparable to a conventional 
battery, as well as a super apa itor’s quick burst of high energy—and while a conventional battery contains a 
number of separate components, the paper battery integrates all of the battery components in a single 
structure, making it more energy efficient. 

Boron nitride nanotubes 

Boron nitride nanotubes, were theoretically predicted in 1994 and experimentally discovered in 1995They can 
be imagined as a rolled up sheet of boron nitride. Structurally, it is a close analog of the carbon nanotube, 
namely a long cylinder with diameter of several to hundred nanometers and length of many micrometers, 
except carbon atoms are alternately substituted by nitrogen and boron atoms. However, the properties of BN 
nanotubes are very different: whereas carbon nanotubes can be metallic or semiconducting depending on the 
rolling direction and radius, a BN nanotube is an electrical insulator with a bandgap of ~5.5 eV, basically 
independent of tube chirality and morphology. In addition, a layered BN structure is much more thermally and 
chemically stable than a graphitic carbon structure.  

All well-established techniques of carbon nanotube growth, such as arc-discharge, laser ablation and chemical 
vapor deposition, are used to synthesize BN nanotubes. BN nanotubes can also be produced by ball milling of 
amorphous boron, mixed with a catalyst - iron powder, under NH3 atmosphere. Subsequent annealing at 
~1100 °C in nitrogen flow transforms most of the product into BN.  
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Electrical and field emission properties of the thus prepared nanotubes can be tuned by doping with gold 
atoms via sputtering of gold on the nanotubes. Doping rare-earth atoms of europium turns a BN nanotube 
into a phosphor material emitting visible light under electron excitation.  

Like BN fibers, boron nitride nanotubes show promise for aerospace applications where integration of boron 
and in particular the light isotope of boron (10B) into structural materials improves their radiation-shielding 
properties; the improvement is due to strong neutron absorption by 10B. Such 10BN materials are of particular 
theoretical value as composite structural materials in future manned interplanetary spacecraft, where 
absorption-shielding from cosmic ray spallation neutrons is expected to be a particular asset in light 
construction materials.  

Composites containing BN 

Addition of boron nitride to silicon nitride ceramics improves the thermal shock resistance of the resulting 
material. For the same purpose, BN is added also to silicon nitride-alumina and titanium nitride-alumina 
ceramics. Other materials being reinforced with BN are, e.g., alumina and zirconia, borosilicate glasses, glass 
ceramics, enamels, and composite ceramics with titanium boride-boron nitride and titanium boride-
aluminium nitride-boron nitride and silicon carbide-boron nitride composition.  

Fullerene 

A fullerene is any molecule composed entirely of carbon, in the form of a hollow sphere, ellipsoid, or tube. 
Spherical fullerenes are also called buckyballs, and cylindrical ones are called carbon nanotubes or buckytubes. 
Fullerenes are similar in structure to graphite, which is composed of stacked graphene sheets of linked 
hexagonal rings; but they may also contain pentagonal (or sometimes heptagonal) rings.  

The first fullerene to be discovered, and the family's namesake, buckminsterfullerene (C60), was prepared in 
1985 by Richard Smalley, Robert Curl, James Heath, Sean O'Brien, and Harold Kroto at Rice University. The 
name was homage to Buckminster Fuller, whose geodesic domes it resembles. The structure was also 
identified some five years earlier by Sumio Iijima, from an electron microscope image, where it formed the 
core of a "bucky onion." Fullerenes have since been found to occur in nature. More recently, fullerenes have 

ee  dete ted i  outer spa e. A ordi g to astro o er Letizia “ta ghelli i, "It’s possi le that u k alls fro  
outer spa e pro ided seeds for life o  Earth.   

The discovery of fullerenes greatly expanded the number of known carbon allotropes, which until recently 
were limited to graphite, diamond, and amorphous carbon such as soot and charcoal. Buckyballs and 
buckytubes have been the subject of intense research, both for their unique chemistry and for their 
technological applications, especially in materials science, electronics, and nanotechnology. 

Types of fullerene 

Since the discovery of fullerenes in 1985, structural variations on fullerenes have evolved well beyond the 
individual clusters themselves. Examples include:  

 buckyball clusters: smallest member is C20 (unsaturated version of dodecahedrane) and the most 
common is C60;  

 nanotubes: hollow tubes of very small dimensions, having single or multiple walls; potential 
applications in electronics industry;  

 megatubes: larger in diameter than nanotubes and prepared with walls of different thickness; 
potentially used for the transport of a variety of molecules of different sizes;  

 polymers: chain, two-dimensional and three-dimensional polymers are formed under high pressure 
high temperature conditions  
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 nano"onions": spherical particles based on multiple carbon layers surrounding a buckyball core; 
proposed for lubricants;  

 linked "ball-and-chain" dimers: two buckyballs linked by a carbon chain;  

 Fullerene rings.  
Buckyballs 

C60 with isosurface of ground state electron density as calculated with DFT 

 

Figure2.20 Buckminsterfullerene C60 

Buckminsterfullerene 

Buckminsterfullerene is the smallest fullerene molecule in which no two pentagons share an edge (which can 
be destabilizing, as in pentalene). It is also the most common in terms of natural occurrence, as it can often be 
found in soot. de of twenty hexagons and twelve pentagons, with a carbon atom at the vertices of each 
polygon and a bond  

The structure of C60 is a truncated (T = 3) icosahedron, which resembles a soccer ball of the type ma along 
each polygon edge. 

The van der Waals diameter of a C60 molecule is about 1.1 nanometers (nm). The nucleus to nucleus diameter 
of a C60 molecule is about 0.71 nm. 

The C60 molecule has two bond lengths. The 6:6 ring bonds (between two hexagons) can be considered 
"double bonds" and are shorter than the 6:5 bonds (between a hexagon and a pentagon). Its average bond 
length is 1.4 angstroms. 

Silicon buckyballs have been created around metal ions. 

Molecular machine 

A molecular machine, or nanomachine, is defined as a discrete number of molecular components which 
perform mechanical-like movements (output) in response to specific stimuli (input). More generally, the 
expression is often applied to molecules that simply mimic functions which occur at the macroscopic level. The 
term is also common in nanotechnology, and a number of highly complex molecular machines have been 
proposed towards the goal of constructing a molecular assembler. Molecular machines can be divided into 
two broad categories: synthetic and biological. 
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Molecular systems capable of shifting a chemical or mechanical process away from equilibrium represent a 
potentially important branch of chemistry and nanotechnology. As the gradient generated from this process is 
able to perform useful work, by definition, these types of systems are examples of molecular machinery. 
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