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Characterization of Nanomaterials:  

Course of Study: X-Ray Diffraction, Optical Microscopy: Scanning Electron 
Microscopy, Transmission Electron Microscopy, Atomic Force Microscopy, 
Scanning Tunneling Microscopy. 

-------------------------------------------------------------------- 

X-Ray Diffraction: Completed in class 

Optical Microscopy: 

I. Scanning Probe Microscopy (SPM):  

Scanning Probe Microscopy (SPM) includes Scanning Tunneling Microscopy (STM), 

Atomic Force Microscopy (AFM), and a variety of related experimental techniques. 

These are experimental methods that are used to image both organic and inorganic 

surfaces with (near) atomic resolution. In a scanning tunneling microscope a sharp 

metal tip, terminating ideally in a single atom, is positioned over an electrically 

conducting substrate, and a small potential difference is applied between them. The 

gap between the tip and the substrate surface is made large enough that electrical 

conduction cannot occur; yet, it is small enough to let electrons tunnel (a quantum 

mechanical phenomenon) between the tip and the surface. Tunneling probability 

decays exponentially with increasing tip-to-surface separation. Thus, the spatial 

arrangement of atoms on the surface is determined by the variation in tunneling 

current sensed by the probe tip as it moves in atomic-scale increments across the 

surface, a process called rastering. Scanning is more commonly done by adjusting the 

tip-to-surface separation so as to maintain a constant tunneling current, thereby 

preventing the tip from crashing into the surface. In either mode of operation, a “map” 

of the sample surface with atomic resolution results.  

 

II. Atomic Force Microscopy (AFM) 

Basic Principle: The AFM consists of a microscale 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, 
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magnetic forces, solvation forces etc. As 

well as force, additional quantities may 

simultaneously be measured through the 

use of specialised types of probe. 

Typically, the deflection is measured 

using a laser spot reflected from the top 

surface of the cantilever into an array of 

photodiodes. 

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 over 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 

Contact Mode: In the static (contact) mode of 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 

Block diagram of Atomic Force Microscope 
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‘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: Here the tip of the cantilever does not contact the sample surface. 

Instead, during scanning, it oscillates above the adsorbed fluid layer on the surface. 

The cantilever is oscillated at a frequency slightly above its resonance frequency. The 

amplitude is typically a few nanometers (<10nm). The van der Waals forces, which 

extend from 1nm to 10 nm above the adsorbed fluid layer, or any other long range 

force which extends above the surface decreases the resonance frequency of the 

cantilever. The decrease in resonance frquency causes the amplitude of oscillation to 

decrease. The feedback loop maintains a constant oscillation amplitude or frequency 

by vertically moving the scanner at each (x, y) data point until a “setpoint” amplitude 

or frequency is reached. The distance the scanner moves vertically at each (x, y) data 

point is stored by the computer to form the topographic image of the sample surface. 

 

III. Scanning Tunneling Microscopy (STM): 

To understand how the scanning tunneling microscope works, the behavior of 

electrons in metals and other electrically conducting materials needs to be considered. 

Electrostatic forces acting between the electrons and the nuclei of atoms hold the 

atoms of a metal together. Core electrons are bound tightly to individual nuclei but the 

valence electrons that are farthest from the nuclei feel a relatively weak electrostatic 

attraction and are free to move about in the space between the nuclei. Since these 

conduct the electric current, they are referred to as conduction electrons. The large 

numbers of valence electron orbitals 

overlap and provide a continuous 

distribution of states available to the 

conduction electrons, called a band 

that extends over the entire solid. 

Each orbital can be occupied by a 

pair of electrons with opposite spin, 

and they are filled in order from 

lowest to highest orbital in energy. 

The Fermi energy (EF) is the energy 
Two atoms with their electron cloud slightly overlapping 
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of the most weakly bound electrons. The electrons at the Fermi energy are held in the 

metal by an energy barrier. Classically, these electrons can never leave the metal 

unless they are given enough energy to go over this potential barrier. Quantum 

mechanically, however, electrons near the Fermi energy can tunnel through the 

potential barrier. 

  
Tunneling Mechanism: 

The quantum mechanical phenomenon called tunneling is possible when the tip is 

only within a few angstroms ( ~ 10-8 cm) of the surface. Tunneling is the term used to 

describe the movement of an electron through a classical barrier, which is possible 

only due to its wave nature and hence impossible in classical physics. To understand 

this better, consider only one atom. The electrons surrounding the atomic nucleus are 

not confined to a hard shell but are within a varying probability distribution. This 

causes the edges of the atom to be indistinct. When the quantum mechanical equations 

describing the probability of the electron locations are solved, it is found that the 

electron spends most of its time near the nucleus, and the probability distribution falls 

off exponentially as the distance from the nucleus increases. Because the electron 

probability distribution falls off so rapidly with distance from the nucleus, this 

tunneling current provides a very sensitive probe of inter-atomic separation. If two 

atoms are within angstroms of each other, an electron from one atom can move 

through the region of overlapping electron density to become part of the other atom’s 

electron cloud.  

 

Challenges for STM 

Theoretically, STM can be used 

to image individual atoms on 

the surface; in practice, 

however, three challenges arise. 

The first challenge, vibrations, 

are important because the 

separation between the sample 

and probe is so small. Since the 

tip is only a few angstroms from 

the surface, it is easy to crash it into the sample unless the substrate is smooth on the 
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atomic scale. Another problem, probe sharpness, determines how small a structure can 

be imaged on the surface. Electrochemical etching can be used to sharpen the end of a 

metal wire to a radius of about 1000 nm. A probe with such a large surface area would 

allow tunneling to occur over a large region of the sample surface. In order to detect 

individual atoms, the probe tip must be comparable in size to an atom. Thus, the probe 

tip must ideally consist of a single atom. The final problem is that of position control. 

In order to move the probe with controllable displacements of 0.1 nm (1 angstrom) or 

less, a special type of piezoelectric ceramic material is used. This material expands 

and contracts on a scale of angstroms when appropriate external voltages are applied 

to pairs of electrodes on its opposite faces. Therefore, a probe attached to a piece of 

piezoelectric ceramic can be moved with great precision by application of external 

voltages.  

 
The STM tip 

The tip is prepared so that it 

terminates in a single atom. 

The tip is usually composed 

of tungsten or platinum. If 

the experiment is performed 

in a vacuum, tungsten is the 

preferred material because it 

is relatively easy to prepare a single-atom-terminated tip. If the STM experiment is to 

be performed in a liquid or in air, tungsten reacts too quickly. Therefore, Pt or Pt-Ir 

alloys are preferred even though it is more difficult to prepare tips with these 

materials, and they generally are not as atomically sharp. 

 

Uses of STM 

STM has many uses. (i) It is used in fundamental studies of the physics of atoms at 

surfaces. (ii) STM can be constructed to be compatible with high-vacuum conditions, 

which are used to study the properties of atomically “clean” surfaces. (iii) The STM 

can image structures ranging from DNA in a biological environment to the surface of 

an operating battery electrode. The application of the STM to biological molecules 

has been proposed as a method of gene sequencing. (iv) Research is currently being 

done to demonstrate the ability to write with atomic resolution. Features a few 
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nanometers wide have been written by using the probe to scratch or dent the surface 

directly or by using the tunneling current to locally heat the surface of a substance. (v) 

The probe has even been used to move individual atoms so as to form a word. (vi) 

Scanning tunneling microscopy is a practical demonstration of quantum mechanics. 

Scanning probe microscopy techniques may be used to create atomic-scale devices 

and new structures. For example the STM has been used to prepare a “nanobattery,” 

which consists of two copper pillars and two silver pillars that are placed sequentially 

on a graphite surface by electrochemical reduction of solutions of copper sulfate and 

silver fluoride. 

 

IV. Scanning Electron Microscope (SEM): 

Basic Principle: The scanning electron microscope (SEM) is a type of electron 

microscope that images the sample surface by scanning it with a high-energy beam of 

electrons in a raster scan pattern. The electrons interact with the atoms that make up 

the sample producing signals that contain information about the sample’s surface 

topography, composition and other properties such as electrical conductivity. 

The types of signals produced by an SEM include secondary electrons, back 

scattered electrons (BSE), characteristic x-rays, light (cathodoluminescence), 

specimen current and transmitted electrons. These types of signal all require 

specialized detectors for their detection that are not usually all present on a single 

machine. The signals result from interactions of the electron beam with atoms at or 

near the surface of the sample. In the most common or standard detection mode, 

secondary electron imaging or SEI, 

the SEM can produce very high-

resolution images of a sample surface, 

revealing details about 1 to 5 nm in 

size. Due to the way these images are 

created, SEM micrographs have a 

very large depth of field yielding a 

characteristic three - dimensional 

appearance useful for understanding 

the surface structure of a sample. A wide range of magnifications is possible, from 

about × 25 (about equivalent to that of a powerful hand-lens) to about × 250,000, 

about 250 times the magnification limit of the best light microscopes. Back-scattered 

SEM opened sample chamber 
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electrons (BSE) are beam electrons that are reflected from the sample by elastic 

scattering. BSE are often used in analytical SEM along with the spectra made from 

the characteristic x-rays. Because the intensity of the BSE signal is strongly related to 

the atomic number (Z) of the specimen, BSE images can provide information about 

the distribution of different elements in the sample. For the same reason BSE imaging 

can image colloidal gold immuno-labels of 5 or 10 nm diameter that would otherwise 

be difficult or impossible to detect in secondary electron images in biological 

specimens. Characteristic X-rays are emitted when the electron beam removes an 

inner shell electron from the sample, causing a higher energy electron to fill the shell 

and release energy. These characteristic x-rays are used to identify the composition 

and measure the abundance of elements in the sample.  

 

 

 

Magnification 

Magnification in a SEM can be controlled over a range of up to 6 orders of magnitude 

from about × 25 to × 250,000 and exceptionally to 2 million times in some cases. 

Unlike optical and transmission electron microscopes, image magnification in the 

SEM is not a function of the power of the objective lens. SEMs may have condenser 

and objective lenses, but their function is to focus the beam to a spot, and not to image 

Schematic diagram of SEM apparatus 
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the specimen. Provided the electron gun can generate a beam with sufficiently small 

diameter, an SEM could in principle work entirely without condenser or objective 

lenses, although it might not be very versatile or achieve very high resolution. In an 

SEM, as in scanning probe microscopy, magnification results from the ratio of the 

dimensions of the raster on the specimen and the raster on the display device. 

Assuming that the display screen has a fixed size, higher magnification results from 

reducing the size of the raster on the specimen, and vice versa. Magnification is 

therefore controlled by the current supplied to the x, y scanning coils, and not by 

objective lens power. 

 

Sample preparation 

 All samples must also be of an appropriate size to fit in the specimen chamber and 

are generally mounted rigidly on a specimen holder called a specimen stub.  

For conventional imaging in the SEM, specimens must be electrically 

conductive, at least at the surface, and electrically grounded to prevent the 

accumulation of electrostatic charge at the surface. Metal objects require little special 

preparation for SEM except for cleaning and mounting on a specimen stub. 

Nonconductive specimens tend to charge when scanned by the electron beam, and 

especially in secondary electron imaging mode, this causes scanning faults and other 

image artifacts. They are therefore usually coated with an ultrathin coating of 

electrically-conducting material, commonly gold, deposited on the sample either by 

low vacuum sputter coating or by high vacuum evaporation. Conductive materials in 

current use for specimen coating include gold, gold/palladium alloy, platinum, 

osmium, iridium, tungsten, chromium and graphite. Coating prevents the 

accumulation of static electric charge on the specimen during electron irradiation. 

 

Transmission Electron Microscopy (TEM):  

Basic Principle: Transmission electron microscopy (TEM) is a microscopy technique 

where a beam of electrons is transmitted through an ultra thin specimen, interacting 

with the specimen as they pass through. An image is formed from the interaction of 

the electrons transmitted through the specimen, which is magnified and focused onto 

an imaging device, such as a fluorescent screen, or detected by a sensor such as a 

CCD camera. 
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 TEMs are capable of imaging at a significantly higher resolution than light 

microscopes, owing to the small de Broglie wavelength of electrons. At smaller 

magnifications TEM image contrast is due to absorption of electrons in the material, 

due to the thickness and composition of the material. At higher magnifications 

complex wave interactions modulate the intensity of the image. 

 

 

 

 

Theoretically, the maximum resolution, d, that one can be obtained with a light 

microscope has been limited by the wavelength (λ) of the photons that are being used 

to probe the sample, and the numerical aperture (NA) of the system. 
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Early twentieth century scientists theorized ways of getting around the limitations of 

the relatively large wavelength of visible light (wavelengths of 400–700 nanometers) 

by using electrons. Like all matter, electrons have both wave and particle properties 

(as theorized by Louis-Victor de Broglie), and their wave-like properties mean that a 

beam of electrons can be made to behave like a beam of electromagnetic radiation. 

The wavelength of electrons is found to be given by equating the de Broglie equation 

to the kinetic energy of an electron. An additional correction must be made to account 

Schematic diagram of TEM apparatus 
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for relativistic effects, as in TEM an electron’s velocity approaches the speed of light 

(c). 
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Electrons are usually generated in an electron microscope by a process known as 

thermionic emission from a filament, usually tungsten, in the same manner as a light 

bulb, or alternatively by field emission. The electrons are then accelerated by an 

electric potential (measured in volts) and focused by electrostatic and electromagnetic 

lenses onto the sample. The beam interacts variously with the sample due to 

differences in density or chemistry. The transmitted beam contains information about 

electron density, phase and periodicity; this beam is used to form an image of the 

sample. 

 

Uses of TEM:  

(i) Very high resolving power enables the instrument to examine fine detail - even as 

small as a single column of atoms, which is tens of thousands times smaller than the 

smallest resolvable object in a light microscope. (ii) TEM forms a major analysis 

method in a range of scientific fields, in both physical and biological sciences. (iii) 

TEMs find applications in cancer research, virology, materials science as well as 

pollution and semiconductor research. (iv) Alternate modes of use of TEM allow it to 

observe modulations in chemical identity, crystal orientation, electronic structure and 

sample induced electron phase shift as well as the regular absorption based imaging. 

 

 

------------------------------------------------------------------------------------------------------- 

References: 

1. S. K. Kulkarni, Nanotechnology: Principles & Practices (Springer). 

2. K. K. Chattopadhyay and A. N. Banerjee, Introduction to Nanoscience & 

Technology (PHI Learning Private Limited). 

3. Richard Booker and Earl Boysen, Nanotechnololgy for DUMMIES (Wiley 

Publishing Inc.). 

4. https://en.wikipedia.org 


