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About Nanoforum
This European Union sponsored (FP5) Thematic Network provides a comprehensive source of
information on all areas of nanotechnology to the business, scientific and social communities. The
main vehicle for the thematic network is the dedicated website www.nanoforum.org. Nanoforum
encompasses partners from different disciplines, brings together existing national and regional
networks, shares best practice on dissemination of national, EU-wide and Venture Capital funding to
boost SME creation, provides a means for the EU to interface with networks, stimulates
nanotechnology in underdeveloped countries, stimulates young scientists, publicises good research and
forms a network of knowledge and expertise.
Nanoforum aims to provide a linking framework for all nanotechnology activity within the European
Community. It serves as a central location, from which to gain access to and information about
research programmes, technological developments, funding opportunities and future activities in
nanotechnology within the community.

The Nanoforum consortium consists of:
The Institute of Nanotechnology (UK) http://www.nano.org.uk
VDI Technologiezentrum (Germany) http://www.vditz.de/
CEA-Leti (France) http://www-leti.cea.fr/uk/index-uk.htm
Malsch TechnoValuation (Netherlands) http://www.malsch.demon.nl/
METU (Turkey) http://www.physics.metu.edu.tr/
Monte Carlo Group (Bulgaria) http://cluster.phys.uni-sofia.bg:8080/
Institute of High Pressure
http://www.unipress.waw.pl/

Physics,

Polish

Academy

of

Sciences

"Unipress”

(Poland)

European Nanotechnology Trade Alliance (UK) http://www.euronanotrade.com
Spinverse (Finland) http://www.spinverse.com
FFG (Austria) http://www.ffg.at/
NanoNed (Netherlands) http://www.stw.nl/nanoned/

For further information please contact the coordinator, Mark Morrison: mark.morrison@nano.org.uk
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Other Nanoforum reports
The Nanoforum consortium has produced a number of reports on nanotechnology in Europe, all of
which are available for free download from www.nanoforum.org
General Reports:


1st Nanoforum General Report: “Nanotechnology Helps Solve the World’s Energy
Problems”, first edition published in July 2003, updated in December 2003 and April 2004.



2nd Nanoforum General Report: “Nanotechnology in the Candidate Countries; Who’s Who
and Research Priorities”, first edition published in July 2003, updated in November 2003.
Revised edition published September 2005.



3rd Nanoforum General Report: “Nanotechnology and its Implications for the Health of
the EU Citizen”, first edition published in December 2003.



4th Nanoforum General Report: “Benefits, Risks, Ethical, Legal and Social Aspects of
Nanotechnology”, first edition published in June 2004, updated October 2005.



5th Nanoforum General Report: “European Nanotechnology Education Catalogue”, first
edition published in March 2005.



6th Nanoforum General Report: “European
Networks”, first published in July 2005.



7th Nanoforum General Report: “European Support for Nanotechnology SMEs”, first
published in December 2005.

Nanotechnology
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and
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“VC Investment opportunities for small innovative companies”, April 2003.



“Socio-economic report on Nanotechnology and Smart Materials for Medical Devices”,
December 2003.



“SME participation in European Research Programmes”, October 2004.

Series background studies to policy seminars:


“Nanotechnology in the Nordic Region”, July 2003.



“Nano-Scotland from a European Perspective”, November 2003.

Short reports:


“Nanotechnology in Agriculture and Food”, April 2006.

Others:


“Nanotechnology in the EU – Bioanalytical and Biodiagnostic Techniques”, September
2004.



“Outcome of the Open Consultation on the European Strategy for Nanotechnology”,
December 2004.



“Funding and Support for International Nanotechnology Collaborations”, December
2005.



“Nanotechnology and the Environment”, report from the International Workshop in
Brussels 29 – 30 March 2006, published May 2006.
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Executive summary
This report aims to provide information for a wide audience: academic researchers active in
nanotechnology; engineers in industry; PhD students; researchers with experience in various
measurement techniques who would like to enter the field of nanoscience, nanotechnology, and
nanometrology; university and college teachers who would like to widen their knowledge in modern
techniques and methods of material analysis; fundamental researchers who are interested in
improvement of 'classical' theories that cannot explain the new phenomena emerging in the field of
nanoscience; investors who would like to benefit from a future technology; SMEs with innovative
programmes in their business plans. A wealth of figures, images and graphs give the reader the basis
for understanding the peculiar field of nanosized objects and the materials made of them.
The concept of nanometrology is introduced and defined in the first part of this report. Its importance
is highlighted through an introduction to size – property relationships, which is the key aspect of
nanometrology. Nanotechnology and nanosciences exploit and study new phenomena that appear
when some characteristic structure of a material is in the nanometre size range. It is obvious that a
key element of nanometrology is to measure dimensions in the range 1 to about 100 nm (with
precision reaching 0.1 nm nowadays), and to correlate the measured size with properties.
This introduction is followed be a review of European institutions and companies active in
nanometrology, which shows that there are not that many organisations involved with nanometrology
considering the importance of the field.
In nanometrology there are two main issues to consider: precise measurement of sizes in the
nanometre range, and adapting existing or developing new methods to characterise properties as a
function of size. A direct consequence of this is obviously developing methods to characterise sizes
based on evaluation of properties, and to compare sizes measured using various methods. This report
provides a comprehensive review of characterisation methods, properties that are size dependent in a
range of materials, as well as characteristic dimensions. It also provides a classification of
nanostructures and dimensions that characterise them with regard to possible applications.
Nanometrology standards is an emerging field of nanotechnology, and so in this report some fields are
reviewed in more detail. The motivation is to share the experience gathered by the authors with a
broad scientific community. This part of the report concerns in particular:


determination of size and grain size distribution in nanoparticles and nanomaterials. This field
addresses nanostructures with a stochastic component as far as shape and size distribution,
which is a considerable challenge for nanometrology. Solutions and procedures regarding how
to deal with size characterisation for nanopowders and bulk nanomaterials are presented and
open questions explained.



examples of nanometrology in the nanometre range. This section concerns surfaces and thin
films measured with single atom precision.

It is felt that some methods and procedures need to be unified to achieve comparable and reliable
results. It is hoped that these sections will contribute to further development of nanometrology
standards.
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1 Introduction
1.1 Outline
In the first part of this report an introduction to nanometrology is given (section 2). This introduction is
followed be a review of European activities in nanometrology (section 3).
In section 4 a range of nanometrology techniques are listed and some of the techniques are explained
in more detail. The most important question in this respect is how the methods of measurement known
for macroscopic materials need to be modified for nanostructures, and how the properties depend on
characteristic structure size.
In section 5 nanoscale structure characterisation of nanoparticles and nanomaterials (metals,
ceramics) is discussed in detail. There is a strong need for nanometrology and normalisation in the
nanomaterials and nanoparticles field, since applications of nanomaterials in all industrial sectors are
rapidly developing. A good illustration of this is given in the recent EU project NANOROAD SME [1]
illustrating industrial applications of nanomaterials in the automotive, aeronautics, health and medical
systems, and energy sectors, particularly for SMEs. In order to correlate properties with nanostructure,
a quantitative characterisation of nanostructures in materials is needed. The characteristic sizes for
such materials is in the range 10 –100 nm. The motivation to write this part was to share experience
gathered by the authors with a broad scientific community. It is felt that some methods and
procedures need to be unified to achieve comparable and reliable results. The questions addressed
were how to measure such parameters important in the fabrication and application of nanoparticles
and nanocrystalline or nanostructured materials such as:


density of nano-sized particles



particle size distribution or grain size distribution



particle shape



complex shapes



what is really measured



how to use diffraction methods to determine shape, size and structure of nanoparticles



how to describe the characteristic dimension of nanostructured metals



difficulties with assessment of nanoporosity in sintered materials

Section 6 is devoted to techniques of measurement of dimensions in the 1 nm range. Details are given
concerning measurements of thickness of nm thick films which are the fundament of nanotechnology in
semiconductors.
The rich world of nanostructures requires a classification of them. This is a broad subject, and
therefore was limited to semiconductors with relatively simple nanostructures in this report. Section 7
presents a first attempt to classify semiconductor nanostructures.

1.2 Report Constraints
In the applications part, the report focuses on a limited number of fields and methods corresponding to
the range of expertise of the authors. It was decided to cover some fields in detail instead of many
fields superficially.
The list of Companies and institutions active in nanometrology listed in the report is based on a web
search and information provided by the Nanoforum project partners.

1

http://www.nanoroad.net/
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1.3 Definitions
The following list contains definitions that are used in this report.
Metrology [2]:
The International Organization of Legal Metrology (OIML) introduces following definitions:
Metrology: Science of measurement
Legal metrology:
part of metrology relating to activities which result from statutory requirements
and concern measurement, units of measurement, measuring instruments and methods of
measurement and which are performed by competent bodies. A more descriptive definition is given in
ref. [3]:
Metrology: the science of weights and measures or of measurement
Nanometrology:
The Nanotechnology - Nanoscience Glossary [4] provides following definition: Nanometrology is the
science of measurement at the nanoscale level. Nanometrology has a crucial role in order to produce
nanomaterials and devices with a high degree of accuracy and reliability (nanomanufacturing). This
reference provides following further explanations: “Nanometrology includes length or size
measurements (where dimensions are typically given in nanometres and the measurement uncertainty
is often less than 1nm) as well as measurement of force, mass, electrical and other properties”. They
also pinpoint importance of nanometrology for the future of nanotechnologies: “Nanotechnologies,
however defined, cannot progress independently of progress in nanometrology”.
Nanoscale [4]:
Scale with nanometre order of magnitude.
Nanotechnology and Nanoscience:
There are many definitions of these terms. We will define it as science and technology of structures
made of materials or composites of inorganic and organic materials where at least one dimension is
less than 100 nm, and in addition new phenomena are observed which result from such a small size.
Stereology:
One of the definitions of stereology is: Stereology is a "toolbox" of efficient practical methods for
obtaining 3 dimensional information (number, length, surface or volume) from measurements made on
2D microscope sections [5]. This is a mature field of science described in several text books which
helps to correlate microstructure and properties of materials [6].
Structure:
A structure is defined as “elements and their interactions” [7]
Nanostructure:
A nanostructure will be therefore be characterised by surfaces, interfaces, grain boundaries,
precipitates, thin layers, particles as small as even a few atoms, or as large as 100 nm, biological
matter like peptides, viruses, etc, interacting with each other, providing the characteristic dimensions
and distances are below 100 nm.
Nanocrystalline material:
Material with characteristic geometric dimensions below 100 nm and new properties resulting from the
nanostructure. In the following text the term nano-sized material and nanostructured material will be
frequently interchanged.
Nanocrystal:
Single-crystalline particle of dimension in the range of nanometres
Nanoparticle:

2

As defined by the International Organization of Legal Metrology (OIML) in its 2000 publication
International Vocabulary of Terms in Legal Metrology http://www.oiml.org/publications/V/V001ef00.pdf, see also http://en.wikipedia.org/wiki/Metrology
3
Nanometrology in Nanomanufacturing, Nanotech 2003 Conference, by Mark L. Schattenburg, NASA
Tech Briefs
4
http://www.nanocompositech.com
5
http://www.liv.ac.uk/fetoxpath/quantoxpath/stereol.htm
6
K.J. Kurzydlowski, B. Ralph (1995). „The quantitative description of the microstructure of materials”.
New York, London, Tokyo: CRC Press.
7
W. Lojkowski, H.J. Fecht, “The Structure of Intercrystalline Interfaces” , Progress in Materials Science
45 (2000) 339
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particle of dimension in the range of nanometres. It may be amorphous, crystalline or of mixed
character, with for instance amorphous surface layer and crystalline interior.
Nanocrystalline particle:
Powder particle with a nanostructure (i.e., composed of nanocrystallites)
Grain size:
Dimension of grains in polycrystals. The dimension is usually understood as the diameter of a sphere of
equivalent volume, but other definitions can be used as well.
Particle size:
Diameter of a particle, used mainly for free standing particles or particles in suspension
Crystallite size:
As particle size, but it might be also the size of the crystalline core of a particle.
Coherent domain size:
Size of a crystallite as detected using XRD techniques

1.4 Symbols and abbreviations frequently used in the text.
Nanometre [4], nm: one nanometre (nm) is equal to one-billionth of a metre, 10-9 m. Atoms are below
a nanometre in size, whereas many molecules, including some proteins, range from a nanometre
upwards.
XRD: X-Ray Diffraction
XDPFS: X-ray Diffraction Peak Fine Structure
TEM: Transmission Electron Microscopy
HREM: High Resolution Transmission Electron Microscopy
AFM: Atomic Force Microscopy
SEM: Scanning Electron Microscopy
SPM: Scanning Probe Microscopy
SP-STM/STS: Spin-polarized scanning tunneling microscopy and spectroscopy
FE–SEM: Field Emission Scanning Electron Microscopy
XPS: X-ray Photoluminescence Spectroscopy
PL: Photoluminescence
EL: Elektroluminescence
C-V: Capacitance-Voltage
GSD: Grain Size Distribution
PSD: Particle Size Distribution
SSA (Specific Surface Area SBET): total surface of particles of unit weight, for instance one gram.
BET: Brunauer, Emmett, Teller method to determine specific surface [8].
R: Equivalent size: diameter of a sphere with volume identical to the volume of the particle
Dispersion: relative width of the GSD function expressed as R/, where R is the average grain size and
 is the width of the GSD.
d2: Equivalent diameter – diameter of a circle with the same surface as the cross section of a particle
Pair distribution function: function describing the probability that two atoms are at a distance say r
from each other, as a function of r. This is used to calculate diffraction patterns assuming a model of
the structure of a particle.
FWHM: Full Width at Half Maximum : Width of a peak (here XRD peak) at half of its height.
Equipment broadening: broadening of XRD diffraction lines is caused by properties of investigated
objects like size, strains, and by the equipment itself.
MBE: Molecular Beam Epitaxy
8

http://www.clearsci.com/BET.htm
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2 What is special about nanometrology?
The question arises: why introduce the term Nanometrology, and define it as a sub-section of
Metrology? The High Level Expert Group on the generic activity “Measurement and testing” of the fifth
European framework programme stated: “Nanometrology must be seen as indispensable part of all
kinds of nanotechnology” [9].

2.1 Importance of nanometrology
a) Nanotechnology is already a large sector of industry, and is expected to continue to grow at
very fast rate.
b) Precise control of dimensions of objects is the key issue of nanotechnology and the science of
nano-objects. The dimensions of these objects are below 100 nm, and the precision requested
frequently is of the order of 0.1 nm. This requires new methods of measurement to be
developed.
c)

The measurement techniques developed for conventional materials in many cases cannot be
simply applied to nanostructures. Special protocols for nanostructures and
nanomaterials must be developed. Not respecting this could lead to severe mistakes
in evaluating results.

d) Scientists and engineers want to exploit new physical phenomena that appear when the
dimensions of the system are reduced to the nanometre range. New phenomena at the
nanoscale require an understanding and ability to measure the physics of very small objects.
e) Nanostructures interpreted as arrangement of atoms or particles form new, sometimes quite
exotic forms. Examples are fullerenes, core shell nanoparticles, tangled nanotubes,
nanostructured metals, dendrites. This opens a challenge to Stereology.
f)

New equipment must be developed to meet the challenges above. Not only that, but the
development of such equipment also permits the production of reproducible nanostructures
and is a prerequisite for understanding their properties.

g) Standards have to be developed to match technology advances and support the increasing
applications of nanostructures.
h) At the nano-scale, separate research fields such as biology, chemistry, and materials
technology merge, and are underpinned by a joint fundament of physics and computational
materials science techniques which develop at a fast rate [10].
Hence the nanometrology field is a vivid and exciting research and development area combining
chances for discoveries in basic science and offering commercialisation opportunities.

Industrial and research nanometrology
A review of these two streams of nanometrology is given in ref. [11]. According to this reference
research-oriented nanometrology is well established in research institutes and in industry. However,
implementation of industrial nanometrology is still facing a variety of problems. The main differences
between those two nanometrology streams can be identified in the area of precision, cost/efficiency
and parameter types and of course conditions in which measurement takes place. The table below
illustrates these main differences:

9

Kim Carneiro from the Danish Institute of Fundamental Metrology: Nanometrology, Smart Materials
Bulletin, April 2002
10
E-MRS Fall Meeting, Symposium H, Computational Materials Science, Warsaw, September 2004,
http://www.e-mrs.org/meetings/fall2004/sympH/
11
Hasche, K. ; Mirande, W. ; Wilkening, G.: “Dimensional measurements in the micro- and nanometre
range : Applications, challenges, state-of-the art” Proceedings of the 4th Seminar on Quantitative
Microscopy, Bremerhaven: Wirtschaftsverlag NW, 2000, (PTB-Berichte: Fertigungsmeßtechnik F-39),
ISBN 3-89701-503-X, p.111
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Table 1. Research oriented and industrial nanometrology (Quoted from [11])
Nanometrology
Research-oriented

Industrial

Requires highest precision possible

Requires highest effectiveness of measuring
systems

Vision driven observations mostly

Quantitative parameters need to be measured

Quantity of measured parameters – as many as
possible

Quantity of measured parameters – minimum
acceptable

Measurement time and cost – are not important

Measurement time and cost - minimum

Significant importance of ambient conditions

Measurement under conditions in a production
process
(rough
conditions,
affected
by
vibration, air pollution, etc.)

Importance of the nano-dimension
As was mentioned in definition of nanotechnology, dimensions play a key role in determining the
properties of nanomaterials. New phenomena are being observed and exploited in research and
applications. For example [12]:


Atomic diffusion through interfaces becomes an efficient mechanism of transport of matter at
relatively low temperatures comparing to conventional matter. This effect can be used for
example to considerably increase the sensitivity of a gas sensor, the kinetics of hydrogen
diffusion in a hydrogen storage device, or lower the operation temperature of Solid Oxide Fuel
Cells.



If the crystal size is smaller than the electron mean free path, the electronic conductivity and
the temperature coefficient is found to decrease because of grain boundary scattering.



Phonon spectra are modified due to the effect of surfaces and the small size of particles – so
called phonon confinement effects.



Band gap changes in nanosized semiconductor particles leads to a blue shift of luminescence.



Size induced control of luminescence relaxation in oxide nanoparticles leads to changes in the
optical properties and therefore interesting optoelectronic device applications.



Reduction of the size of quantum dots to the point where only a few electrons are present in
each one is the basic technology for spintronics.



Surface effects in magnetic materials control the magnetic properties of thin layers, leading to
more efficient data storage devices and more sensitive magnetic sensors. Examples are Giant
Magnetic Resistance, GMR.



For metals with grain size less than 100 nm, mechanical properties change strongly because of
the contribution of grain boundaries. This mechanism can lead to the development of materials
with superior strength and ductility, and thus improved service performance.



Thermodynamic phase equilibria are shifted or changed due to the contribution of interfaces or
interface related strains, to the free energy of the system. This allows production of new nonequilibrium materials which exhibit properties not previously known.



Tribological properties are changed tremendously when the interacting materials are in the
nanoscale. These changes facilitate reduced friction and wear in MEMS applications,
microsystems and microsurgical instruments.

12

A. Daniszewska, W. Łojkowski, H. Fecht, K.J. Kurzydlowski, U. Narkiewicz, G. A. Salishchev, M. J.
Zehetbauer, M. Kulczyk, M. Chmielecka, D. Kuzienko, „Metallic Nano-Materials and Nanostructures:
Development of Technology Roadmap”, Solid State Phenomena, 114 (2000) 345. E-MRS Fall Meeting,
Warsaw, September 2005, High Pressure School on Technology of Nanomaterials” Report of EC Project
Nanoroad – SME in the field of metals [1].
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Table 2. Effects of nanomaterials and applications due to the reduced dimension (according to [12])
Effect of nanoscale

Applications

Higher surface-to-volume ratio, enhanced reactivity

Catalysis, solar cells, batteries, gas sensors

Lower percolation threshold

Conductivity of materials, sensors

Increased hardness/wear resistance with decreasing
Hard coatings, tools, protection layers
grain size
Narrower bandgap with decreasing grain size

Opto-electronics

Higher resistivity with decreasing grain size

Electronics, passive components, sensors

Improved atomic transport kinetics

Batteries, hydrogen storage

Lower melting and sintering temperature

Processing of materials,
sintering materials

Improved reliability, fatigue

Electronic components, MEMS

low

temperature

2.2 Importance of size distribution in nanostructures
In real systems there is usually a size distribution of nano-objects. For polycrystalline materials there is
Grain Size Distribution (GSD) and for particles, Particle Size Distribution (PSD). This may be a
considerable problem when effects related to nano-size are studied. A wide PSD and GSD may result in
no nanotechnology related effects being observed at all.

Figure 1. Strength of a measured signal depending on the size of particles as a function of the
particle size (horizontal axis) and dispersion of sizes (vertical axis) [13].
Example: assume a hypothetical property of a nanoparticle is most intense for 5 nm particles and
decays with the particle size as 1/R. This may be for instance a property proportional to the fraction of
surface atoms, such as catalytic activity per mass unit of particles. Assume that particles close to 5 nm
show a strong enhancement of the given property, while those with much larger size do not. Figure 1

13

Curtesy R. Pielaszek
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illustrates the dependence of the property on average particle size and dispersion. It is seen that for
large dispersion, the size specific property is weakly dependent on the average particle size.
Consequently, engineering PSD and GSD within specific boundaries and determination of these is a
must in nanotechnology.

2.3 Classification of nanostructures according to dimensionality
Various definitions of the dimensionality of nanostructures may be found in the literature. For example
according to nanoscience and nanotechnologies report from the Royal Society and the Royal Academy
of Engineering July 2004 [14]) nanostructures are divided into 3 classes:
1. Nanoscale in one dimension: thin films layers and surfaces
2. Nanoscale in two dimensions: carbon nanotubes, inorganic nanotubes, nanowires, biopolymers
3. Nanoscale in three dimensions: nanoparticles, fullerenes, dendrimers, quantum dots.
According to Łojkowski and Fecht classification in [12] nanomaterials can be classified as follows:
(0-D) Nanoparticles, quantum dots, nanodots;
(1-D) Nanowires, nanorods, nanotubes;
(2-D) Coatings, thin-film-multilayers;
(3-D) Bulk;
Powders;
Other nanostructures, including fractal structures.
For the purpose of this report the authors have decided to follow classification defined in the report
from the NanoRoad–SME [1] project published in [12]
0-D: Nanoparticles: crystals made of metals, with sizes below 100 nm, free standing or suspended in a
fluid or embedded in another material. The characteristic dimension important for special applications
depends on the physical phenomenon important for that application.
1-D: Nanowires: wires with thickness below 100 nm, free standing or suspended in a fluid or
embedded in another material.
2-D: Coatings and surface layers. This category includes coatings made of nanocrystalline metals, or
nanocomposites. The structural analysis of the coating will reveal grains (single crystals) of metal of
diameter in the nanometre scale, joined by grain boundaries. Another example of a 2-D nanomaterial
is the surface of a non-nanocrystalline metal, where due to special treatment (for instance shotpeening) a nanostructured layer is formed. In this study such a structure is considered as a 2D layer.
The case when a surface layer is approximately one nanometre thick single crystalline film of metal on
a single crystal surface, a sandwich of such structures, or an array of metal particles on the surface, is
not included in this category. Such a structure has been considered to belong to the category of
nanostructures [15], described below. In short: in the future there may be a need to distinguish
between nanostructured layers, self-assembled patterns of nano-wires, nano-crystallites,
single
standing thin films and coating made of nanocrystals. In this study the former were classified as
nanostructures, whereas the coatings, as mentioned above, were included in the 2D category.
3-D: Bulk. This category comprised pieces of metal that can be handled as individual items of
material, but are composed of nanocrystals. The dimensions of the material are in all directions
significantly larger than the grain size. The difference compared to thick nano-coatings, where the
dimension is larger than the grain size in all dimensions is that a 3-D nanostructured metal is assumed
to be a free standing material, while a coating can not be handled as an item separate from the
substrate.
It is necessary to comment on the structure of nano-metals. In literature the alternative terms
nanocrystalline metals and nanostructured metals are used. However, strictly speaking these terms
mean different things. After heavy plastic deformation (i.e. SPD), metals usually develop a special
kind of structure, which is called "nanostructure" but this cannot be easily described in the classical
terms of nano-sized crystals separated from each other by grain boundaries because these boundaries
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http://www.nanotec.org.uk/
It needs to be mentioned that the term coating implies that no "single standing" membranes were
considered. During conducted survey no such items like 50 nm thick metal membranes had been
found, for instance.
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are ‘blurred’ and the shapes of the crystal are irregular. However, nanocrystalline metals can be
produced by compacting single crystals of size in the range of nanometres, with clearly defined high
angle grain boundaries between them. Although the two terms are in scientific literature considered as
corresponding to different kinds of structure, they are frequently also treated as being equivalent.
Powders: These consist of nanocrystals produced, for instance, by mechanical milling techniques. The
powder particle size is much larger than the size of the individual nanocrystallites as it is composed of,
for instance of nanocrystals of size 50 nm compared to 20 m particles. It can, in part, have an
amorphous structure. Formally speaking this is a 3-D structure, but this is opposed to the common
understanding that a powder cannot possess a 3-D structure. Therefore such materials have been
classified in a separate category – ‘Powders’.
In literature, frequently the terms: nanopowder, nanoparticle, and nanocrystal are treated as
equivalent and they refer to nano-sized particles that are single crystals. However, nanocrystalline
powder may mean a powder that is not nanocrystalline in dimension, but is composed of nanocrystals.
Care must be taken to understand whether the materials being considered are nanocrystalline powders
according to the present category "powders" or are truly nano-sized powders, as each will possess
completely different properties and require different methods of handling.
Other Nanostructures: these are structures made of various materials, or consist of one material,
with some aspects of the structure measured at the nanoscale. Examples include filters with
nanopores, foams with nanopores, single or multilayer films on the surfaces of materials with a
thickness of a few nm, self-assembled nanoparticles on the surface of material, etc. For nanostructures
the material itself does not matter as much as its form.
In the case of foams and membranes the voids are nanometric, not the material itself, hence it is a
case of a nanostructure, and not a nanomaterial. Nanometric films can hardly be called a material
either. They exist only jointly with the substrate. Together they form a nanostructure, but cannot be
described as a nanomaterial. The key to the properties results from behaviour taking place at the
interface between the materials.
In the case of coatings, on the contrary, we can speak about a material covered with another
nanomaterial.
One can imagine an infinite variety of combinations of nanopowders, nanowires, intermixed or
embedded in bulk materials or films, membranes etc. Their categorization in terms of materials is not
always possible. The proper terminology categorization for such structures needs to be developed yet.
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3 European nanometrology
3.1 Conferences and training courses on nanometrology.
Conferences and training courses are a useful indicator of “hot topics” in a given field, and those
related to nanometrology are now a constant element of the nanoscience and nanotechnology
landscape. One can mention for example the on-line training in nanometrology by EUSPEN [16]. This
course describes well established methods to characterize nanostructure, mainly for physics and the
electronic industry.
On the other hand, techniques at the forefront are explored in some scientific meetings, like the one of
the symposia of the E-MRS Spring Meeting 2006 in Nice [17]: ”Nanoscale Imaging and Metrology of
devices and Innovative Materials, with particular attention to imaging of spatial distribution of physical
signals”. The introduction to the program of the symposium gives a clear definition of the forefront
questions in nanometrology: “When approaching the nanoscale dimensions, most of the information on
the built devices or materials should be determined by using microscopy. Advanced microscopy is
based on the use of a physical multiplicative law that directly relates a nanoscopic parameter (A) to a
measurable parameter (B). The capability to have the right interpretation of the images is due to our
ability in measuring B precisely combined with our understanding of the physical law in the applied
range of measurements and with our skills in building the appropriate equipment. […] a deep
discussion on the characterisation methods itself is necessary. A continuous improvement of the tools
and equipments is necessary to obtain better and better information on the nanoworld. Using this
approach not only morphology or topography can be imaged, but many other parameters such as
chemical composition, local carrier concentration, local interface properties (energy barrier), hardness,
conductivity. [..]
Another current issue is the imaging dimension. Often to date 1D and 2D imaging has been
considered, due the dimensional asymmetry of the devices or of material film. At least one dimension
has been so large with respect to the others, that it could be neglected. However, when analysing
nanodevices, their structure and the material properties need to be imaged in all three dimensions.
This is an additional complexity to the measurements concepts with the first results now emerging”.

3.2 Papers and Patents on Nanometrology
As far as papers are concerned, according to www.ingentaconnect.com there have been 34 articles on
nanometrology published in various journals since 1995. ScienceDirect lists 15 articles on
nanometrology since 1995. Electronic journals (www.journals.iop.org) store records of 31 (with 25 that
mention nanometrology in the title and/or abstract) published articles since 1990.
Comparative analysis of the above shows that 66 different papers have been published in various
journals since 1990 that have addressed the issue of nanometrology.
In comparison a search in ScienceDirect for the word “nanotechnology” finds about 1140 articles
covering the corresponding period of time. It has been observed that papers dedicated directly to
nanometrology comprise about 7% of all the nanotechnology papers in the last 10 years.
However, nanometrology is indirectly involved in all papers on this subject. The relatively low fraction
of papers addressing it directly can be probably interpreted as an indication that this is not considered
as a scientifically rewarding subject, although it is of crucial industrial importance. It is also likely that
papers do not mention the term nanometrology, although they actually deal with it.
A search for patents in ESPACE NET identified 3 patents with the word “Nanometrology” although there
may be several patents related to measuring of dimensions in the nanoscale (a combination of key
words “nano AND measure” resulted in over 40 hits, while “nano AND measurement” gave a list of 111
patents but only about 10% of those were addressing nanoscale measurements).

16

http://www.euspen.org/content/pdfs/2004/Precision%20%20nano%20metrology.pdf
http://www.emrs-strasbourg.com/index.php?option=com_content&task=view&id=29&Itemid=11,
organisers: Corrado Spinella, Wilfried Vandervorst, Mauro Ciappa, Vito Raineri
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3.3 Standardisation in Nanometrology
3.3.1

Needs for standards

From the industrial perspective a critical parameter (a parameter that needs to be measured) is a
parameter that is important for the material/specimen function. Also in order to demonstrate that a
particular product or process fulfils a specified requirement, quantitative measurement is needed, and
this has to include measurement at the nanoscale. Thus to apply practical nanometrology it is crucial
to develop and establish practical measurement standards (including reference samples). According to
the report Nanometrology, (Smart Materials Bulletin, April 2002) [ 18 ] there are areas in which
practical measurement standards are required:


Written standards to be included in a format of ISO GPS – Geometric Product Specification.



Scientific instrumentation including: scanning probe microscopes (including SNOM – Scanning
Near-field Optical Microscopy); SEM techniques; TEM; X-ray interferometry; XPS; VUV and EUV
lithography; laser interference microscopy; focused ion beam (FIB); measurement of
displacement; surface texture measuring.



Validated measurement methods, in particular mask metrology; on-wafer metrology; test and
development of calibration software for nanometrology



Measurement standards: surface standards, such as roughness and flatness standards for
optics and sheet metal; thickness standards for coating and painting, applicable also in depth
profilometry used for microanalysis; methods of thickness measurement of thin layers from
molecular scale to approximately 10 pm, especially non-destructive methods for transparent
polymer layers; characterisation of topography and nanostructures on surfaces, especially
blood or tissue compatible surfaces; characterisation of surface modification on the nanoscale
and in depth profilometry; XYZ standards for use in microelectronics and precision engineering
and biochemistry; standards applicable in micro-hardness and other techniques for
determination of mechanical properties like elasticity and particle size standards; accurate
force standards for measurements in the nN-range; Soft gauges for surface texture and similar
software checks for other instrumentation and 3D structures for calibrating micro-/nano-CMMs;
novel nanometrology of macroscopic physical, chemical and biological quantities.



Methods of measurement developed for conventional materials in many cases cannot be
directly applied to nano-objects. For such cases special protocols need to be developed. Failure
to do so may lead to serious mistakes in interpretation of data.

A similar conclusion was drawn in the MNT Roadmap in Metrology (Network Report MNT04 [19] that
there is a need to further develop standards for nanometrology methods for physical and
chemical property evaluation. Such standards for characterisation of nanomaterials (e.g. particle
size and distribution, morphology, degree of aggregation, solubility) are required to define the
material, its suitability for given applications, and product consistency.
Calibration standards (reference samples) are crucial elements of any measuring technique. There are
a number of calibration or reference samples available on the market that can be applied for
calibrations of stylus or optical instruments as well as of SPM. Nanoscale seminar organisers (see the
EUROMET Nanometrology initiatives in next chapter) have started an initiative to group and
characterize
many,
if
not
most
of
the
available
reference
samples
(http://www.nanoscale.de/standards/design.htm).
Since there is no universal standard for such artifacts, every company that offers measuring equipment
provides this equipment with its own calibration sample. Thus due to the shortage of written official
standards, selection of such artifacts becomes a challenge – results obtained in the same environment
and using the same measuring technique, but after calibrating equipment according to different
reference samples can vary.
So there is a need not only for measuring tools and techniques (especially for application in industrial
environment, since the science-based nanometrology is rather well equipped with sophisticated and
other demanding equipment) including calibration artifacts, but also for an unquestionable guidance on
how to interpret the measured results from a practical perspective.
18

http://www.ingentaconnect.com/content/els/14713918;jsessionid=4goi4bcmc7k.alice
http://mnt.globalwatchonline.com/epicentric_portal/binary/com.epicentric.contentmanagement.servl
et.ContentDeliveryServlet/MNT/Knowledge%2520Centre/Resources/Roadmaps/MNT%2520Network%2
520Roadmaps/2004%253A%2520MNT%2520Network%2520Metrology%2520Roadmap%2520Report)
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3.3.2

Nanometrology normalization initiatives

Because nanotechnology is a global enterprise any standards related to it must be developed with
global acceptance, thus efforts of the EU should be coordinated with those from outside of EU. What is
even more important – there should be consensus within EU efforts. There are several programmes
and networks for nanotechnology existing in the EU many of which are involved and investing in
nanometrology related projects. Perhaps the most important of these is the ISO TC 229 technical
committee on nanotechnologies, which aims to develop internationally agreed definitions, standards
and metrology techniques related to nanotechnology. The list below was assembled based on websearches and information supplied by the Nanoforum partners.

BSI (British Standards Institution) initiatives
http://www.bsi-global.com/emergingtechnologies/Nano/BSI.xalter
BSI Committees for Nanotechnologies
BSI technical committee NTI/1 is responsible for UK standardization in the emerging field of
nanotechnologies. This technical committee (TC) was established in June 2004 and has the
following Terms of Reference:






To mirror the work of ISO/TC 229 Nanotechnologies and of the equivalent CEN TC if and
when it is established
To formulate a UK strategy for standardization in nanotechnologies through a broad
consultation with relevant stakeholders
To ensure the UK view is given due consideration within the European Union, CEN and
ISO
To develop and support formal standards and other standardization documents in the
area of nanotechnologies and to promote their use by industry and other potential users
To ensure due consideration of the need for standards and standardization is given by UK
nanotechnology networks and organisations, and to coordinate activities and actions in
this area.

BSI Publicly Available Specification, PAS 71:2005 Vocabulary - Nanoparticles – available for
download free of charge http://www.bsi-global.com/Manufacturing/Nano/index.xalter

European Committee for Standardization, (CEN)
http://www.bsi-global.com/emergingtechnologies/Nano/Newsitem/cen
CEN (Comité Européen de Normalisation/European Committee for Standarisation) Technical
Committee on Nanotechnologies
At the end of November 2005, CEN confirmed the establishment of a new Technical Committee,
CEN/TC 352, in the area of Nanotechnologies with the following title and scope:
TC/352 Title: Nanotechnologies
Scope: Standardization in the field of nanotechnologies, with specific tasks being classification,
terminology and nomenclature, basic metrology, measurement and characterisation (including
procedures for calibration), health, safety and environmental issues. Liaison will be ensured with
relevant national, regional and international standardization bodies and organisations, and with
other relevant bodies, organisations and groupings world-wide. For topics of mutual interest to
ISO (ISO/TC 229 Nanotechnology) and CEN, work should be carried out under the Vienna
Agreement with ISO lead. CEN/TC 352 will only focus on topics or themes not addressed in
ISO/TC 229, to ensure that the resources of the international and European standardization
communities are used in the most efficient way.
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ISO – International Standards Organisation
http://www.iso.org/iso/en/stdsdevelopment/tc/tclist/TechnicalCommitteeDetailPage.TechnicalCo
mmitteeDetail?COMMID=5932
ISO/TC 229 Title: Nanotechnologies
Scope: Standardization in the field of nanotechnologies, with specific tasks being classification,
terminology and nomenclature, basic metrology, characterization, including calibration and
certification, risk and environmental issues. The methods of test are to include methods for
determining physical, chemical, structural and biological properties of materials or devices for
which the performance, in the chosen application, is critically dependent on one or more
dimension of <100 nm. Test methods for applications, and product standards shall come within
the scope of the TC.

ANSI (American National Standards Institute) Nanotechnology
Standards Panel
http://www.ansi.org/standards_activities/standards_boards_panels/nsp/overview.aspx?menuid=
3
U.S. TAG to ISO TC 229-Nanotechnologies. The American National Standards Institute's
Nanotechnology Standards Panel (ANSI-NSP) serves as the cross-sector coordinating body for
the purposes of developing standards in the area of nanotechnology including, but not limited to,
nomenclature/terminology; materials properties; and testing, measurement and characterization
procedures.

ASTM (American Society for Testing and Materials) Committee
E56 on ASTM Committee E56 on Nanotechnology
http://www.astm.org/cgi-bin/SoftCart.exe/COMMIT/COMMITTEE/E56.htm?L+mystore+vgtc6325
ASTM Committee E56 on Nanotechnology was formed in 2005. This Committee addresses issues
related to standards and guidance materials for nanotechnology & nanomaterials, as well as the
coordination of existing ASTM standardization related to nanotechnology needs. This coordination
includes the apportioning of specific requests for nanotechnology standards through ASTM's
existing committee base, as well as the maintenance of appropriate global liaison relationships
with activities (internal and external) related to this subject area. The Committee, with a
membership of approximately 170, currently has its standards published in the Annual Book of
ASTM Standards, Volume 14.02.
WK8051 New Standard Terminology for Nanotechnology - This standard contains terms
and their definitions as used in the field of nanotechnology; multiple scientific fields and
disciplines, both existing and emerging, are contained herein. Standard is not available free of
charge.

Micro & Nano Technology (MNT) Measurement Club
http://www.npl.co.uk/mnt/
The National Physical Laboratory (NPL, The UK's National Measurement Laboratory) has set up a
new National Measurement Club on behalf of the DTI with the aim of promoting awareness and
take up of micro and nano technology (MNT). The MNT Measurement Club focuses on metrology
and related issues such as national and international standards and regulations.
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The Nanometrology Network
One of Engineering and Physical Sciences Research Council projects – Nanometrology Network
has been created in order to:




Develop cohesion between main UK metrology research groups involved in
nanometrology research and practice;
Use the combined efforts of the group to maintain open channels between primary UK
research groups and users in industry;
Establish focused interfaces between nanometrology and targeted applications areas in
the nanotechnology community.

The nanometrology network, as funded, was based around a group of core members and a looser
group of interested industrialists. The core group consisted of the University of Huddersfield,
University of Warwick, Cranfield University, the National Physical Laboratory and Taylor Hobson
Ltd. The looser group consisted of Renishaw Ltd, Zeeko and GE Druck.
One of the primary functions of the network was to organise a series of free themed seminars
dealing with aspects of nanometrology as applied to specific industrial/research areas. One of
the Network outcomes was the creation of the Micro & Nano Technology (MNT)
Measurement Club

EUROMET
http://www.euromet.org/cgi-bin/projectfile.pl
European collaboration on measurement standards – is investigating available
measurement possibilities and trying to forecast needs.
EUROMET Initiative on Nanometrology.
In the context of this project, the field of Nanometrology shall be restricted to Dimensional
Metrology for the Service of Nanotechnology, the latter originating from areas such as Precision
Engineering, Microelectronics or Biotechnology. The project shall possibly involve not only
European NMIs, but also other research insti-tutes, existing networks and industry. For this,
EUSPEN will provide an excellent forum. In addition contacts to NIST are established. Euromet in
collaboration with METAS and Competence Center “Ultra precise surface figuring” organizes
Nanoscale seminaries (www.nanoscale.de).

Euspen
European Society for Precision Engineering and Nanotechnology – organisation has set up
an educational programme that included nanometrology (i.e. Design for Precision-Precision &
Nanometrology,
http://www.euspen.org/content/pdfs/2004/Design%20for%20PrecisionPrecision%20&%20Nanometrology.pdf ) within activities funded by the 5th Framework.
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3.4 EU companies involved in nanometrology
The list below highlights many of the EU companies involved in nanometrology through development of
equipment or techniques. This list was assembled based on web-search and information supplied by
the Nanoforum partners.

Alicona imaging
http://www.alicona.com/
Country: Austria, offices also in the USA
Alicona imaging offers:
- The optical 3D measurement device InfiniteFocus allows robust and highly accurate 3D
measurements of micro- and nano structures up to 20nm z-resolution.
- Software that enables 3D Measurements in Scanning Electron Microscopy (Mex).
- Tex- innovative software solution that allows the capture of images from an optical microscope
for 2D feature and dimensional analysis in its basic form through to 3D analysis over a larger area
in the Tex 3D Professional version.

Certech asbl
http://www.certech.be/index.php?ContentID=54
Country: Belgium
The Centre of Technological Resources in Chemistry (Certech) offers R&D services to a broad range
of industries directly or indirectly involved with chemical technology: automobile, construction,
packaging, food, agriculture, personal care, pharmaceutical, medical, energy, environment, etc.
The research centre can perform observation and analysis from the millimetre down to the
nanometre scale. This expertise makes use of microscopy, micro-analysis, topographic analysis and
study of macroscopic properties.

ATG – Advanced Technology Group s.r.o.
http://www.atg.cz/stranka-atg-a/index-a.htm
Country: Czech Republic
ATG is an SME specialising in non destructive testing, materials engineering and R&D, including
titania photocatalytic applications, and nanomaterials R&D. ATG is legally representing the national
Research Centre for Nanosurfaces Engineering (NANOPIN), www.nanopin.cz (2005-2009. ATGNANOPIN initiated EU-COST proposal aiming to harmonizing testing methods on the field of
application of photacatalytic technologies to create worldlwide acceptable standards .
www.COST540.com

Delong Instruments
http://www.dicomps.com/
Country: Czech Republic
This company produces special electron microscopes, including Low Voltage Transmission Electron
Microscopes, X-ray photoemission and low energy emission microscopes, and electron beam
welding machines.

Limtek
http://www.limteklaser.com/
Country: Czech Republic
Production of the laser measurement systems for precise measurements in machinery,
microelectronics and metrology;
Production of HeNe tubes according to customer's needs;
Repairing of some lasers including refilling of tubes;
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Repairing lasers interferometrs Spindler & Hoyer;
Solving customer's applications, on-site measurements;
Sale of measuring devices.

Metra Blansko a.s.
http://www.metra.cz/
Country: Czech Republic
This well-established company (1911) is active in the electrotechnical industry. Among other things
it produces precise measuring systems based on laser interferometers.

Tescan s.r.o.
http://www.tescan.cz/an/index.html
Country: Czech Republic
This company develops and manufactures scientific and laboratory instruments for scanning
electron microscopy and hardware and software for image analysis. The company employs 51
people, about 30% (15) are R&D workers. It started in 1991, as a spin off from TESLA, special
electron microscopes. The company collaborates with sales representatives all over Europe.

Image Metrology
http://www.imagemet.com/index.php?main=products&sub=applications&id=21
home page: http://www.imagemet.com/index.php
Country: Denmark
SPIP™ (the Scanning Probe Image Processor) is a modular software package offered as a basic
module and 14 optional add-ons dedicated to specific purposes. It has a large metrology tool box
used for assuring the highest accuracy when measuring in SPM images and other images acquired
at nano scale. Danish Fundamental Metrology (DFM) is applying SPIP for various analytical
services.

Danish Fundamental Metrology
http://www.dfm.dtu.dk/
Country: Denmark
DFM is a private company, an independent institution. DFM is the Danish national measurement
institute. DFM's primary duty is to support Danish industry by offering metrological know-how and
calibrations with international recognition. DFM develops and maintains national standards within
length, mass, DC-electricity, and optical radiometry, and by offering calibrations to accredited as
well as industrial calibration laboratories, international recognition of products is ensured.
Nano-metrology group at DFM offers imaging of samples (surface imagining) and limited range of
measurements as a commercial service. http://www.dfm.dtu.dk/spmhome/

MikroMasch Eesti Ltd., R&D
http://www.MikroMasch.com
Country: Estonia
MikroMasch is a worldwide company dealing with North America (USA, Canada), European Union,
Asia (Japan, China, South Korea, Taiwan) and Australia.
The nanotechnological activities in Mikromash can be divided into nanotools and nanometrology:
- Regarding Nanotools MikroMasch is developing technology for production of novel SPM probes.
- Regarding Nanometrology MikroMasch is developing calibration techniques and calibration
structures (micro and nano standards) for quantitative analysis of nanoscale objects measured
using various microscopy methods, nanolithography and nanoindentation. Further MikroMasch is
developing the basic concepts for nanometrology. Currently 15 people are involved in the
nanotechnological field.
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PI (Physik Instrumente) L.P
http://www.physikinstrumente.de/about/index.php, http://www.pi-usa.us/
Country: Germany, offices also in the USA, Canada and Asia
Physik Instrumente is the leading manufacturer of nanopositioning & scanning stages, piezo
actuators; nanotools for scanning microscopy, nanotechnology, biotech, test and measurement,
mask alignment, nanometrology, semiconductors. Photonics alignment solutions; piezo ceramics
for smart structures and adaptronics http://www.capacitance-sensors.com/.
Capacitive sensors (capacitance sensors) are the nanometrology system of choice for the most
demanding precision positioning & scanning applications. Two plate capacitive position sensors
ensure highest linearity and longterm stability. These absolute-measuring, non-contact sensors
detect motion at sub-nanometer levels directly (direct metrology). They provide accuracy, linearity,
resolution, stability and bandwidth superior to conventional sensors such as LVDTs, strain gauge
type sensors (piezo resistive sensors), and incremental encoders (glass scale type encoders).

Surface PLD
http://www.surface-tec.com/index.php
Country: Germany
SURFACE is specialized since nearly ten years in nano metrology. The major focus is done to the
field of SPM. The different physical properties of thin films or bulk material with lateral resolution in
the nm scale are measured with instruments from SURFACE.
Surface PLD offers material analysis services - quantitative surface analytics by Scanning Probe
Microscopy and Nanoindentation and thermo mechanical analysis.

Supracon
www.Supracon.com
Country: Germany
A spin-off from the Fraunhofer IPHT, Supracon introduces three new products for ultra-precision
measuring tasks developed together with the Institute for Physical High Technology Jena e.V.
(IPHT). The nanoscale calibration standards can be used for different applications ranging from
DUV (Deep Ultra Violet) to SEM (Scanning Electron) microscopy. The standards contain patterns for
line width and pitch calibration.

The Deutscher Kalibrierdienst (DKD)
http://www.dkd.info/en/
Country: Germany
An association of calibration laboratories of industrial firms, research institutes, technical
authorities, inspection and testing institutes.
These laboratories are accredited and supervised by the Accreditation Body of Deutscher
Kalibrierdienst. They calibrate measuring instruments and material measures for measurands and
measurement ranges specified within the framework of accreditation. The DKD calibration
certificates issued by these laboratories prove traceability to national standards as required in the
“standards’ family” ISO 9000 and the ISO/IEC 17025.

Nanofocus
http://www.nanofocus.info/
Country: Germany
Nanofocus is a high-tech company and technology leader in the sector of directly process-related
optical surface measurement in the micro- and nanometer range.
The core components of the NanoFocus systems—which are both used in laboratory environments
and in production-oriented process control—are innovative optical procedures with resolutions up
to the nanometer range.
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CEDRAT
http://www.cedrat.com/
Country: France
CEDRAT provides a complete range of precision instruments for electromagnetic measurements
and magnetisation.

Digital Surf
http://www.digitalsurf.fr/en/index.html
Country: France
The company Digital Surf is an innovator and leader in surface metrology and image analysis
technologies. Its technologies for the visualisation and analysis of 2D and 3D surface texture, noncontact optical measurement and the electronic control of scanning measurement systems are
highly valued in many sectors, including electronics, automobile, aerospace, energy, medical,
printing and cosmetics. Main applications of IST technologies:
Micro- and nano-surface metrology, image analysis.
Keywords describing the company's products: Dimensional metrology, profilometry, topography,
image analysis, image processing, form, form deviation, waviness, roughness, flatness, contour,
SPM, distance, area, volume, angle, step height, non-contact measurement, granulometry.

Fogale Nanotech
http://www.fogale.fr/
Country: France
Fogale Nanotech, an engineering company created in 1983, is now a reference in the field of high
accuracy dimensional metrology. With prestigious partners (ONERA, ESRF, LNE, BTG) FOGALE
Nanotech developed equipments and of products dedicated to metrology without contact.
It proposes a range of instruments for alignment, for dimensional measurement, for optics
measurement and measures of biomass and works for different sectors of industry and laboratory
(cars, aerospatial, nuclear, heavy industry, synchrotron.), in France and Europe as in the United
States and Japan.

MECASEM
http://www.mecasem.com/anglais/start.html
Country: France
Industrial inspections, analysis and metrology laboratories
MECASEM, specialist in the inspection of welded assemblies and metal materials, as well as in
metrology was created in 1980.
The group is involved in different activities :
- Dimensional metrology (Standars, cylinfrical and threaded gauges, Measuring instruments
(micrometers, dial gauges, etc), Three-dimensional checks on products, Surface roughness)
- Times and frequency metrology
- Electrical metrology
- Temperature metrology
- Nanomachining

NanoLane
http://www.nano-lane.com
Country: France
NanoLane is an innovative nanotechnology company. Nanolane develops and commercializes new
optical solutions for:
- Visualization and/or detection of nano-objects and ultra thin films;
- Thickness measurement of ultra thin films (repeatability < 0.3nm).
Its tools offer many benefits: easy to use, extreme sensitivity, no scanning, real-time visualization,
3D representation, large observation area (up to mm), lateral resolution of optical microscopy.
Its ability to design and manufacture high quality visualization and metrology tools for
nanotechnology is its company's key assets.
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Nanotimes
http://www.nanotimes-corp.com/
Country: France
Nanotimes is a French start-up company designing simulation software solutions for Scanning
Probe Microscopy (SPM).
We wish to help accelerate the development of nanoscience research in order to speed up their
transfer to the nanotechnology industry.

Sopra Sa
http://www.sopra-sa.com/index2.htm
Country : France
SOPRA is a metrology partner for the semiconductor industry.
SOPRA's ability to design and manufacture high quality metrology tools and analytical equipment
with integrated mechanics, optics, electronics and software has become one of the company's key
assets.
SOPRA operates from three locations (France, Germany, USA) and employs 80 people worldwide
Involved in the Thin Film production control in TFT-LCD Fabs for over 10 years, SOPRA has
developed the ReferenceTM metrology tool for the FPD industry.
This tool is currently used in TFT-LCD Fabs (SE-FPD) and Plasma Display Panel Fabs (SE-PDP).

Xenocs
http://www.xenocs.com/accueil.htm
Country: France
Xenocs is the leading independent supplier of x-ray optics and x-ray optical components. Using
proprietary manufacturing technologies based on precision free-form optical surfaces including
aspheric substrates, sub-nanometer precision multilayer coating technology and innovative single
reflection optical concepts, the company manufactures a wide range of x-ray optical components.
Its products find their use in a wide range of applications, such as protein structure determination,
semiconductor metrology and characterisation of nano-materials.

El-Mul Technologies
http://www.el-mul.com/
Country: Israel
The company is a major supplier of detectors and devices for the semiconductor manufacturing,
analytical electron and ion beam tools, and mass spectrometry markets. El-Mul offers a variety of
detector types, ranging from MCP-based technologies, novel material-based scintillators, ion-toelectron converters, to the very newest hybrid designs.

FEI Company. Tools for Nanotech
http://www.feicompany.com/
Country: The Netherlands and other countries
FEI is a nanotechnology company providing enabling 3D Structural Process Management(TM)
solutions for NanoMetrology and NanoFabrication to the world's technology leaders in the fields of
semiconductors, data storage, structural biology and industry. Its range of DualBeam(TM) and
single-column focused ion and electron beam products enables manufacturers and researchers to
keep pace with technology shifts and develop next generation technologies and products. FEI's
products allow advanced three-dimensional metrology, device editing, trimming and structural
analysis for management of sub-micron structures including those found in integrated circuits, high
density magnetic storage devices, industrial materials, chemical compounds and biological
structures. FEI solutions also deliver enhanced production yields, lower costs and faster time to
market-critical benefits in highly competitive markets.
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Millbrook Scientific Instruments PLC
http://www.millbrook-instruments.com/
Country: UK
Millbrook Scientific Instruments PLC is the parent company of a nanoscience metrology group. The
Group specialises in the design, manufacture and sale of innovative desktop scientific instruments
used in the investigation of surfaces, coatings and thin films.

L.O.T. Oriel
http://www.lot-oriel.com/site/pages_il_en/int/int/int.php
European HQ in Germany
Supply a wide range of AFMs and accessories.

Malvern Instruments
http://www.malvern.co.uk/home/index.htm
Country: UK
Supplier of analytical solutions for particle characterization and rheological applications.
Instrumentation uses: laser diffraction, image analysis, laser doppler micro electrophoresis, static
and dynamic light scattering and stress and strain controlled rheometry.

Taylor Hobson
http://www.taylor-hobson.com/
Country: UK
Offers nanometre and sub nanometre accuracy in surface characterisation for contact and noncontact measurements.

Aquila Instruments Ltd
http://www.aquila-instruments.com/index.htm
Country: UK
Subsidiary of Millbrook Scientific Instruments plc. Offer advanced optical measurement and
analysis of surfaces.

CSMA
http://www.csma.ltd.uk/index.html
Country: UK
Provides characterisation and analytical services including SEM, FIB, XPS, Auger Electron
Spectroscopy, Laser Scanning Optical Microscopy, and X-ray spectrometry and diffraction
techniques.

Hiden Analytical
http://www.hidenanalytical.com/index.html
Country: UK
Manufacture quadrupole mass spectrometers which provide vacuum, plasma and surface analysis
in nanotechnology applications, including SIMS depth profiling of nanometre scale thin film
structures, plasma characterisation for enhancement of device etch processes, and vacuum
diagnostics / temperature programmed desorption analysers in UHV scanning tunnelling
microscopes.
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Infinitesima
http://www.infinitesima.com/
Country: UK
Specialises in developing innovative accessories and advanced products based on scanning probe
microscopy methods and techniques. These tools enable the visualisation and characterisation
surfaces at a nanometre level.

Intertek
http://www.intertek-cb.com/newsitetest/news/materialanalysis.shtml
Country: UK
The Material Analysis Laboratory provides nanoscale measurements such as SEM, EDX, TEM, SPM,
AFM, particle sizing (such as Size Exclusion Chromatography, and Multi-Angle Laser Light
Scattering), Powder X-Ray Diffraction.

Metryx
http://www.metryx.net/
Country: UK
Equipment provides weight measurement with atomic layer accuracy for characterization of
individual materials and processes, or process control of the complete manufacturing sequence.

Micro Materials
http://www.micromaterials.co.uk/
Country: UK
Subsidiary of Millbrook Scientific Instruments plc. Analytical tools for nanoindentation and
tribology.

Molecular Profiles
http://www.molprofiles.co.uk/
Country: UK
Provides advanced analytical research for the pharmaceutical and healthcare industry, including
AFM and Scanning Thermal Microscopy.

Nanograph Systems
http://www.nanographsystems.co.uk/
Country: UK
Manufactures SPMs and accessories.

Nanosight
http://www.nanosight.co.uk/
Country: UK
Provides instrumentation for individual nanoparticle analysis (down to 15 nm diameter).
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Obducat CamScan Ltd.
http://www.camscan.com/index.html
Country: UK
Manufacture a comprehensive range of SEMs, designed to meet the requirements and challenges of
the modern microscopist.

Oxford Instruments
http://www.oxford-instruments.com/wps/wcm/connect/Oxford+Instruments/Internet/Home/
Country: UK
Provides nanoanalytical tools in the form of SEM, TEM, X-ray diffraction, Energy Dispersive
Microanalysis.

Oxford Nanoscience
http://www.oxfordnanoscience.com/index.shtml
Country: UK
Wholly owned subsidiary of Imago Scientific Instruments Corp. Provides AFM probes for
nanoanalysis including grain boundary segregation; precipitate size, composition, and distribution;
thin film thickness and interface integrity; nanocrystallization in amorphous alloys.

Queensgate Instruments Ltd
http://www.nanopositioning.com/
Country: UK
Provide nanopositioning and sensing solutions for high technology industries, for analysis in 1, 2 or
3 dimensions in the pm to mm range. Technologies include capacitance micrometry, and
positioning platforms for microscopy.

Kelvin Nanotechnology
http://www.kelvinnanotechnology.com/index.html
Country: UK
Offers electrical and optical characterization services to the electronics industry.

QinetiQ Nanomaterials Ltd
http://www.qinetiq.com/home_nano.html
Country: UK
Offers nanoscale analyses on material composition, purity, particle size distribution, BET.

Concentris
http://www.concentris.com/
Country: Switzerland
Provides analytical instruments for the detection of molecules and measurement of molecular
interactions. The technology is based on micromechanical cantilevers with applications in medical
diagnostics, drug discovery, surface chemistry and environmental monitoring.
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NanoFeel
http://www.nanofeel.com/
Country: Switzerland
Produces force feedback nano-scale manipulators for AFMs.

Nanosurf AG
http://www.nanosurf.com/
Country: Switzerland
Researches and develops SPM and positioning devices with nanometre resolution.

Nanoworld AG
http://www.nanoworld.com/
Country: Switzerland
Manufactures a variety of SPM tips including to customer specification.

Sulzer Innotec
http://www.sulzerinnotec.com/en/DesktopDefault.aspx/tabid-45/
Country: Switzerland
Provide a variety of types of equipment and technques for the analysis of nanoscale structures
including: AFM, BET, Glow Discharge Spectroscopy (GDOS), SEM, XRD, Particle Size Analysis.

NanoManyetik Bilimsel Cihazlar Ltd.
http://www.nanomagnetics-inst.com
Country: Turkey
Scanning Hall Probe Microscopy (SHPM) is a quantitative and non-invasive method to obtain
magnetic measurements at nanometer scale. NanoMagnetics Instruments provides Room
temperature and Low temperature SHPM with STM, AFM, EFM and MFM modes to image surfaces
with high resolution. NanoManyetik’s expertise in SHPM solutions provides a spatial resolution up
to 50 nm and a unprecedented sensitivity up to 6 nT/Hz-1/2 at 4K. SHPM is a unique tool to
investigate dynamic magnetic phenomenon and can offer real-time imaging of magnetic surfaces.
Our LT-SHPM has a temperature range from mK to 300 K and is PPMS® compatible. With its
compact size of 23.6mm diameter, it fits into almost any cryostat.
Nananomanyetik also supplies SPM Controller Electronics and USB-PLL systems for researchers
who wish to upgrade their old SPM Controllers or build their own microscopes
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3.5 EU institutions active in Nanometrology
Below is a non-exhaustive list of the major institutions active in nanometrology within the EU. The list
below was assembled based on web-search and information supplied by the Nanoforum partners.

Czech Metrology Institute
http://www.cmi.cz/index.php?lang=2
Country: Czech Republic
The Czech Metrological Institute is the national measurements institute. The institute engages in
new national standardisation activities, international collaboration and certified measurements and
testing. They have 291 staff members working in four divisions. These are the Laboratories of
Fundamental Metrology in Prague, Branch Inspectorate Prague, Branch Inspectorate Brno and
Inspectorate for Ionizing Radiation in Prague.
Nanotechnology related activities: The institute can precisely measure dimensions in the micro and
nanorange, and offers metrological services. The institute's equipment includes Atomic Force
Microscopy, which is available for customers. CMI has an Accurex II.L AFM from TopoMetrix. They
offer measurements of surface topography, point spectroscopy, magnetic properties and heatcarrying capacity, temperature and thermal capacity. The institute also collaborates in an
international project for nanotechnology length and roughness measurements.

The Institute of Scientific Instruments ISI in AS CR
http://www.isibrno.cz/?lang=_an
Country: Czech Republic
The institute specialises in Nuclear Magnetic Resonance, Electron Microscopy and Coherent Optics.
They engage in five nanoactivities. Optical trapping of nanoparticles, nanometrology through
interferometry; Scanning Electron Microscopy, E-beam lithography and using nanocomposite
coatings as lubricants.

Brno Technical University,

Faculty of Electrical Engineering and Communication, Dept
of Physics, Laboratory of Optical Nanometrology
http://www.ufyz.feec.vutbr.cz/veda/labor-en.htm
Country: Czech Republic
This research laboratory is oriented to noncontact, nondestructive study of local electro-optical
characterisation of semiconductor and photonic structures with quantum features using a Scanning
Near-field Optical Microscope with local probe, working in both reflection and transmission modes.
The manufacture of reproducible fiber probes for SNOM microscopes are world-wide known. The
main goals are local spectroscopy, local tunnel current spectroscopy and local fluorescence
measurements on semiconductor and photonic structures. The laboratory is part of the Scientific
Centre of Nanotechnology and Surface Engineering organised by Brno University of Technology.
Head of Laboratory: P. Tománek.

PTB - German National Metrology Institute
http://www.ptb.de/en/org/5/51/index.htm
Country: Germany
The Physikalisch-Technische Bundesanstalt (PTB) is the national metrology institute providing
scientific and technical services. PTB measures with the highest accuracy and reliability –
metrology as the core competence. Their division 5 has Department solely dedicated to Nano- and
Microtechnology. Main task of this department is to develop and improve measurement methods
and - facilities in the area of hardness measurement, measurement of the thickness of layers,
roughness measurement, gauge block and volume measurement as well as measurement of
structures of microsystems, and to calibrate respective reference standards. The department
cooperates in the determination of Avogadro's constant and in a number of national and European
research projects
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BAM,

the Federal Institute for Materials Research and Testing

http://www.bam.de/index_en.htm
Country: Germany
The Federal Institute for Materials Research and Testing (BAM) is a technical and scientific senior
federal institute under the authority of the Federal Ministry of Economics and Technology (BMWi).
Among other activities Institute develops "Certified reference Materials" in cooperation with NIST,
for example “Nanoscale strip pattern for length calibration and testing of lateral resolution”.

Nanometrolgie. Group associating various Institutions

(among them:

PTB, NIST, METAS, Fraunhofer IPT, DFM)
http://www.nanometrologie.de/
Country: Germany
In the field of nanometrology research we are working on these subjects:
Development of a Nanometer Coordinate Measuring Machine (NCMM)
Development of measuring and evaluating strategies for coordinate measuring in
submicrometer-ranges
Procedures for calibration of Scanning Probe Microscopes (SPM) and methods to make
them traceable
Topographic measurements on varying surfaces with Atomic Force Microscopes (AFM)
Dimensional AFM-measurements on microstructures
Measurement of surface qualities (roughness, profile pitches, occurrence of defects etc.)
with Light Scattering Sensors and Atomic Force Microscopes
The aim is to develop methods of quality assurance for objects in the field of Nanotechnology

FEMTO-ST -

Franche-Comté Electronique, Mécanique, Thermique et Optique Sciences et Technologies
http://www.femto-st.fr/
Country: France
In 2004, five laboratories have decided to merge to create FEMTO-ST institute gathering four
important research themes : Microfabrication micro et nano systems, Biomedical Engineering, Time
frequency systems and telecommunications, Energy et environment
These five laboratories are the following:
- CREST (Research centre on flows, Surfaces and Transfers): it is composed of three research
teams: ECOT (flow and Transfers), IRMA/REV (Matter and coating radiation Interaction) and
MiNaDO (Micro and Nanotechnologies and Optical Diagnostic)
- LMARC (Applied mechanics Laboratory of R. Chaléat): Structure dynamics; Mechanism and
robotics; Micro machine; modelling and materials design; mechanical properties of materials
- LOPMD (Optical laboratory P.M. Duffieux): Nano-opticals and near field; Optoelectronic, non
linear optics, nanometrology and microsystems for life sciences.
- LPMO (Oscillator metrology and Physics Laboratory): acoustics and microsonics; wave physics
and oscillators metrology, microsystem and microelectronics, microscopy near field and
instrumentation.
- LCEP (Chronometry, Electronics, and Piezoelectricity Laboratory): Electronics, oscillators and
Time-Frequency systems, Piezoelectric Resonators, Frequency output sensors and transducers,
Anisotropic chemical micromachining and applications, Caracterization of piezoelectric materials

CEA-LETI / MINATEC – Nano-Characterisation Platform
http://www.minatec.com/minatec_uk/index.htm
http://www-leti.cea.fr/fr/index-fr.htm
Country: France
The LETI characterization platform sets up in Minatec centre. Its principal task is to specify new
physico-chemical characterization techniques at nanometer level. The platform which represents
about 50 tools, is organized in eight competence centres :
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-

In line Metrology (FIB-TEM in line)
Scanning Microscopy (SSRM-SCM)
Elecxtronic Microscopy (Holography HR-STEM)
Preparation (FIB-DB-STEM)
Optical
X Ray
Ion Beam Analysis (MEIS TOF-SIMS)
Trace analysis (VPD-TXRF)

LNE (Laboratoire national de metrologie et d’essai ) Nanometrology Project
http://www.lne.fr/en/r_and_d/nanometrology/nanometrology_introduction.shtml
Country: France
In order to fulfil its public service mission by providing French industry with reference metrology
support, LNE has set the objective of laying the foundations for a new reference activity to satisfy a
range of needs in nanometric dimensional metrology.
This objective will be met through the Nanometrology project, which aims to:
offer a measurement capability for reference standards traceable to the national standard
of length, covering different needs according to the type of standard, the type of
measurement and the corresponding degree of uncertainty
contribute to the development of future reference standards adapted to industrial needs
and to the drafting of international normative documents
cooperate with other European national metrology laboratories to pool and expand
knowledge and share it with companies
offer a measurement capability for the characterization of advanced products
acquire and master technologies which will be essential for submicrometric dimensional
measurements applied to other fields of metrology.
LNE has set up a special nanometrology unit within its dimensional metrology division. This unit is
responsible for a new and innovative three-dimensional measuring instrument. It will be the first
reference metrology instrument traceable to the national standard of length that combines atomic
force microscopy technology with a mobile mechanical structure offering movement of the standard
through 300 mm x 300 mm x 50 µm. The measurement uncertainties expected with this
equipment are 30 nm in directions X and Y and 1 nm in direction Z.
Technical competencies involved
- High precision mechanical design
- Nanopositioning:
• capacitive sensors
• piezoelectric actuators
• two-dimensional linear optical encoders
• interferometry
• position servo control
- Insulation against thermal perturbation and vibration.
- LabVIEW programming.
- Estimation and control of measurement uncertainties.

CEMES

(Centre d'Elaboration des Matériaux et d'Etudes Structurales)

http://www.cemes.fr/r7_english/r1_labo/index.htm
Country: France
CEMES studies materials from an experimental and a theoretical point of view, from the atomic up
to the macroscopic scale. CEMES encompasses an important activity in elaboration, chemical
synthesis, realisation of new devices and instrumentation.
The nanosciences and picotechnology Group (GNS) is settling the scientific and technological basis
of the conception, of the chemical synthesis and of the physical studies of uni-molecular nanomachines able to compute, to have mechanical action, to communicate or to measure.
It is developing all the chemistry to build those nano-machines and all the modern nanocommunication techniques (ultimate spectroscopy, atomic and molecular manipulation, atomic UHV
nano-lithography) to be able to measure, to control and to exchange information from and to a
single (and always) the same well identified molecule. It is looking for the physical and chemical
limits of the machines, it is opening new ways to describe the properties of the intramolecular
medium. It is also developing the technological basis for the ultimate miniaturisation of our
computers and well known micro-robots.
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LNIO-UTT

(Laboratoire de Nanotechnologies et d’instrumentation Optique)

http://www-lnio.utt.fr/
Country: France
The LNIO studies the physical phenomena of the near field optics and develops different
apertureless Scanning Near Field Optical Microscopy (SNOM).
- Optical near field spectroscopy : fluorescence (DNA biochips), Raman (carbon nanotubes),
surface plasmon on metallic nanoparticles for biochemical sensors (application to the biological
field)
- Nanophotolithography on polymer and phase change materials (lithography and optical memories
applications)
- Local nano-characterization of optoelectronic components and photonic structures
- Theory and computer simulation (modelisation of the near field optics)
The approach of the laboratory consists in studing the different associated physical phenemena and
all above the mechanism involved in ASNOM optics to study the influence of the tip vibration on the
detection of the electromagnetic field and the lightning rod effect allowing to have a confinement
and an exaltation of the electromagnetic field under the tip.
Equipement:
- E-beam lithography (by SEM) + Nabity software
- Joule evaporator and electron beam evaporator
- AFM / SNOM
- NUV/visible/NIR spectrometers with PM and CCD cooled detectors
- A photon counting electronic system
- A Raman microspectrometer
- Argon lasers (6 and 20 W)
- A femto/pico laser system NUV - visible - NIR (Ti-Sa - OPO)
- Navitar ultrazooms with CCD colour camera and video monitor
- Optical microscopes
- SEM with a X microanalysis
- 2 clean rooms (15 m2 class 100 + 15 m2 class 1000)

LIRIS

(Laboratoire d'Instrumentation et de Relations Individu Système) Versailles

http://www.liris.uvsq.fr/
Country: France
Metrology is one of the two research axes of the laboratory. The objectives of this axe comes
within the fields of dimensional nanometrology and instrumentation. Researchers work particularly
on measure and control of system moving.

Materials Ireland Research Centre (MIRC)
http://www.ul.ie/~mirc/index.htm
Country: Ireland
MIRC is a commercial technical research and development organisation focusing on the special
needs of the materials and related industries. The services include Materials Testing, Validation and
Sourcing.

National Centre for Laser Applications
http://www.physics.nuigalway.ie/ncla/apps_matchar.htm
Country: Ireland
The Centre interacts with industry through consultancy, laboratory-based feasibility trials, full R&D
services, technology transfer, prototyping, laser safety audits and a number of tailored training
courses in laser technology, applications and safety. The centre is involved in a range of
characterisation techniques in Spectroscopy, Thin film measurement and Surface analysis.
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Tyndall National Institute
http://www.tyndall.ie/industry/chartest.htm
Country: Ireland
Research and Development in nanotechnology at the Institute focuses on the design, development
and understanding of the novel nanoscale materials, structures and devices that will be required to
provide logic, memory and interconnect functionality at the ultimate levels of miniaturisation. It
offers a wide variety of services to the Industry in testing and characterisation.

Centre for Research on Adaptive Nanostructures and Nanodevices
(CRANN)
http://www.crann.tcd.ie/
Country: Ireland
CRANN is Ireland's first purpose-built Research Institute with a focus on the three major research
areas respectively Nano-Biology of Cell Surface Interactions, Bottom-Up Fabrication and Testing of
Nanoscale Integrated Devices and Magnetic Nano-Structures and Devices.

National Nanotechnology Lab
http://www.nnl.it/characterization.asp
Country: Italy
The Nanotechnology Research Centre operating at the University of Lecce is a multidisciplinary
centre exploiting and developing novel concepts and nano-systems using the bottom-up and the
top-down approaches. The lab has various divisions working on different subjects. The
characterisation division focuses on the optical properties of semiconductors, both organic and
inorganic, for applications to light emitting devices in the visible and infrared.

The TASC National Laboratory
http://www.tasc-infm.it/
Country: Italy
The TASC National Laboratory serves as a National resource for the solid state physics materials
science, synchrotron radiation spectroscopy communities and implements a number of advanced
in-house research programs including growth and elaboration of new materials and nanostructures.
It specialises on the growth and characterization of semiconductors, two dimensional highly mobile
electron gases, insulating oxides, carbon based nanostructured materials.

ELETTRA
http://www.elettra.trieste.it/info/index.html
Country: Italy
ELETTRA is a multidisciplinary Synchrotron Light Laboratory equipped with ultra-bright light
sources in the spectral range from UV to X-rays and boasts 10 support labs including the
Microscopy Laboratory, the Surface Science Laboratory, the Multilayer Laboratory and the
Laboratory for Interdisciplinary Lithography (LILIT).

IFN
http://www.ifn.cnr.it/
Country: Italy
Institute for Photonics and Nanotechnologies conducts the study and fabrication of advanced
devices for photonics, optoelectronics and electronics. One of the main focused areas of the
institute lies in the characterization and development of materials for photonics and optoelectronic
with a further specialisation on dielectric glass-based materials.
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ISMN-CNR
www.ism.bo.cnr.it/home.html
Country: Italy
The Institute is the Italian leading centre for the growth and chemical-physical characterization of
molecular thin films.

INFM
www.infm.it
Country: Italy
The National Institute for the Physics of Matter (INFM) carries out fundamental and applied
research. INFM operates through a wide Network of Research Units, Laboratories and R&D Centres,
and involves over 3500 scientists. The research focuses on advanced structure, electrical and
optical characterisation at nanoscale.

S3- INFM Research Centre
http://www.s3.infm.it/
Country: Italy
S3 is a National Research Center devoted to nanostructures and biosystems at surfaces. One of the
areas of research concentrates on nanostructure fabrication and structural characterization using
electron and ion beams and TEM structural characterization capabilities.

Tethis-lab
http://www.tethis-lab.com/eng/technology_tethis.html
Country: Italy
Tethis produces nanomaterials based on its proprietary pulsed microplasma cluster source (PMCS)
technology. It is an advanced technique for the production of nanostructured thin films through
the deposition of nanoparticles transported in a supersonic beam (Supersonic Cluster Beam
Deposition, SCBD), the nanotechnological equivalent to paint-spraying. Tethis scientists and
engineers will design and fabricate entire deposition apparatus or individual parts.

Ben-Gurion University
http://www.bgu.ac.il/nanocenter/Pages/About/GeneralDescription.htm
Country: Israel
Nanocentre at Ben-Gurion University conducts research addressing fundamental questions in the
field of mesoscale science. The centre has labs in Nanofabrication and lithography (e.g. e-beam
and focused ion beam, nano-positioning systems), Microscopy (SEM, TEM, AFM), NMR, Bio-physics
(DSC, fluorimeter), Thin Layers (Ellipsometer, SPM), Anionic Polymerization, Material micro
analysis, x-ray, reflectometer, and vibration isolation plate with VC-E class.

Russel Berrie Nanotechnology Institute- Technion Israel Institute
of Technology
http://rbni.technion.ac.il/index.html
Country: Israel
With over 100 faculty and 300 graduate students and post-doctorate fellows, the institute is one of
the largest in Israel pioneering nanoscale science and technology. Some of the facilities at the
centre include the service of established centres with in the University including Wolfson
Microelectronics Center (Electrical Engineering), Electron Microscopy Center (Materials
Engineering), Cryo Electron Microscopy Center (Chemical Engineering), Surface Characterization
Center (Solid State Institute).
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Tel Aviv University
Nanotechnology

Research

Institute

for

Nanoscience

and

http://nanotau.org.il/index.html
Country: Israel
The university has a multimillion characterisation and analytical facility in nanoscience and
nanotechnology. The university collaborates with international organisations in various projects
studying the atomic structure and local composition of nanoscale structures.

Weisman Institute of Science- Dept. of Materials and Interfaces
http://www.weizmann.ac.il/materials/
Country: Israel
The department has facilities for the design and understanding of novel material properties, the
investigation of the structure and interactions of interfaces, their modification, and their role in
determining macroscopic properties of inorganic, organic, and biological materials.

Centre for Materials Science and Nanotechnology
http://www.smn.uio.no/index.php
Country: Norway
The Centre at the University of Oslo acts as the strategic unit, coordinating the activities within
materials science, microtechnology and nanotechnology. Some of the focused research involves the
design and investigations of nanostructures based on oxides, semiconductors superconductors and
magnetic materials as well as the investigations of functional surfaces.

Norwegian Micro and Nano Laboratories (SINTEF)
http://www.sintef.no/content/page3____348.aspx
Country: Norway
NMNL (Norwegian Micro and Nano Laboratories) is the research infrastructure in Norway hosted by
SINTEF (the Foundation for Scientific and Industrial Research at the Norwegian Institute of
Technology (NTH)), the Norwegian University of Science and Technology (NTNU) and the University
of Oslo (UiO). The characterisation equipments include processing and characterization systems
assigned for basic research within physical electronics, semiconductor physics and MEMS.

LTFN
Country: Greece
http://skiathos.physics.auth.gr/thinfilmslab/
The Laboratory for Thin Films - Nanosystems & Nanometrology (LTFN) is established at the Physics
Department of Aristotle University of Thessaloniki (AUTh). It has an experience in Thin films &
coatings technology, Fabrication of nanostructured materials, Developing/Deploying in-situ & realtime monitoring techniques and in Nanometrology.
The main research activities of the LTFN are focused on the following topics:
Thin Films & Nanosystems Fabrication: Thin film and Coatings, Multilayers deposition &
Microfabrication with various PVD techniques, Surface Cleaning and Materials Surface Treatment
with ion beams, Vacuum Systems Design & Process control, Plasma Treatment & Surface
Engineering: Ion beam processes, Surface preparation & Dry Cleaning, Materials Surface
Treatment with ion beams, Hard & Functional Thin films and Coatings.
Optical Technology & Nanometrology: Non-destructive characterization & Nanometrology
applications, Diagnostic imaging & nanoparticles
Nanostuctural & Nanomechanical Properties: Thin films and Coatings, Nanostructured materials,
Membranes, Soft & hard materials.
Modeling & Software: Thin films growth & Etching processes, Optimization of growth parameters,
Ion beam process, Micro and Nano machining, Optical - Electronic - Mechanical behavior of
materials and microsystems.
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National Office of Measures
http://www.omh.gov.hu/en/index.html
Country: Hungary
OMH is the national office responsible for metrology in Hungary. Their work includes R&D and
international collaborations on metrology standards.

Kaunas University of Technology,

Research Center for Microsystems and

Nanotechnology
Country : Lithuania
http://www.microsys.ktu.lt/
It was established in 1999 to act as a focus for interdisciplinary research into microsystems
and nanoinstrumentation through which new ideas for improved performance, new
materials and miniatiurization may be brought into industrial practice
Research interests
• Development of Scanning Probe Microscopy methods and instrumentation
• Nanostructured materials and nanomanipulation
• Precision engineering and microsystems
Research projects
• Synthesis and investigation of macromolecular nanostructures for nanodevices
• Investigation and application of sol-gel derived ferroelectric thin films
• Development of Scanning Near-field Optical Microscope (SNOM) with time-resolved spectroscopy
capabilities
• Investigation of influence of the ultrasound on contact on the nanoscale
• Development of Atomic Force Microscopy (AFM) methods for imaging and measurement of
different surface properties
• Surface Nanometrology

Consumer Agency Iceland
http://www.ls.is/template1.asp?PageID=15
Country: Iceland
The Consumer Agency is responsible for metrology in Iceland, and also collaborates in international
cooperation and harmonisation in this field. They have participated in N-MERA, a project on future
metrology including nanometrology in which the Nordic countries have collaborated.

University of Leiden, Kamerlingh Onnes laboratory, Interface Physics Group
http://www.physics.leidenuniv.nl/sections/cm/ip/
Country: The Netherlands
The Interface Physics group uses various types of Scanning Probe Microscopy to investigate the
structure and dynamic behavior of surfaces and interfaces. The microscopes used in this research
are all home-built, special-purpose instruments. Topics that we are working on at present include
surface diffusion, surface phase transitions, gas-surface interactions, nanotribology, and
nanobiology.

NMI

Van

Swinden

Laboratory,

Mechanics,

Length

Metrology

and

Nanotechnology
http://www.nmi.nl/
Country: Netherlands
Profile: NMi van Swinden Laboratory B.V. is the Dutch national standard institute. It keeps and
maintains the present Dutch measurement standards and develops new measurement standards
and reference materials. The NMI VSL department of Mechanics, Length Metrology and
Nanotechnology is responsible for nanometrology.
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NaMic - International Network of Nano and Microtechnology
http://www.unipress.waw.pl/NaMic/
Country: Poland
The goal of the International Network of Nano and Microtechnology is to coordinate scientific
research on nano and microtechnologies, where the nanomaterials can find a lot of applications. Its
purpose is also to support development of research strategy in nano and microtechnology in
Poland, and its better coordination with European Research.
The main strategic directions for the next 4 years are synthesis and applications of nanopowders
and nanofibres, as the fastest developing sector of nanotechnology. The first project under
preparation concern photonic powders and ceramics.
The practical goals of the Network are:
-

to formulate research proposals in nanotechnology and nano-materials, which is a priority
research direction in the 6th Framework Program of the European Commission
to promote the Polish research on nano and microtechnology and support of its
international position
to foster cooperation with industry
The main actions of the Network are:
supporting of the scientific cooperation of Polish and international research groups in the
field of nanomaterials and nano and microtechnology
submission of the national and international scientific projects and proposals
creation of the database of Polish research in the field of nano and microtechnology
creation of the contact point for international networks and research groups which look for
the Polish partners
supporting the cooperation of scientific and industrial entities
organizing the coordination meetings, workshops and conferences
enhancing the number of memberships of Polish scientists in the international networks
supporting the attendance of Polish scientists at the conferences, especially these
dedicated to the applications and cooperation with industry partners
combining the fundamental and applied research, which should result in increasing number
of patents

Wroclaw University of Technology
http://www.cmzin.pwr.wroc.pl/menu/prospekt/4_lab.html
Country: Poland
The Scanning Probe Microscopy, Nanostructures and Nanometrology laboratory, Wroclaw University
of Technology, Faculty of Microsystem Electronics and Photonics. The main research equipment
includes 5 homebuilt scanning probe microscopes, optical fiber technology instruments, systems for
measurement of force and displacement in MEMS and MNEMS devices.
The laboratory main scientific interest concerns:
Investigation of micro- and nanostructures using modular scanning probe microscopy methods.
Detection of the microtip deflection in subnanometer scale with the position sensitive,
interferometric, piezoresitive and piezoelectric (tuning fork) detectors. Design and analysis of
microsystem nearfield sensor. Development and application of optical fiber sensors for deflection
measurements of micro- and nanostructures. The developed measurement method enables
detection of piezoactuator deflection with the resolution of 30 nm in the bandwidth of 100 Hz.
Software engineering for modular scanning probe microscopy. Advanced image analysis including
e.g. 2-FFT routines, 3D- and 2D-visualization and procedures for image leveling.
Development of precision analog and control electronics for nanometrology systems. Calibration of
microsystem force and displacement sensors. The precise technique enabling calibration of the
piezoresistive force and displacement sensors with accuracy of 5%. Characterization of
piezoelectrical actuators, design of mechanical sensor stage, characterization of mechanical
cantilever parameters. Calibration of piezoelectrical actuator using fiber interferometry. The
investigations of quantitative nearfield interactions between the microtip and surface in scanning
probe microscopy requires the exact knowledge of the piezoactuator deflection. In our experiments
we apply the interferometric techniques for characterization of the mechanical behavior of the
applied actuation stages in XYZ planes.
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Nanocentre, Warsaw University of Technology
http://www.nanocentre.inmat.pw.edu.pl/
Country: Poland
The NanoCentre focuses on: processing, modelling and characterisation of structure and
properties of nanomaterials: Investigated materials: permanent magnet materials, soft magnetic
materials, intermetallics, Al-based structural materials, nanocomposites, etc.
Processing techniques: nanocrystalization of metallic glasses, mechanical alloying, rapid
solidification, severe plastic deformation, impulse plasma deposition, nanopowders consolidation
by impulse plasma. Structural characterization by:
 TEM,SEM, AFM, X-ray microanalysis, XRD and other techniques
Properties characterization: mechanical properties (microsamples), corrosion resistance, magnetic
properties, termal properties

IPQ –

Portuguese Institute for Quality

http://www.ipq.pt/custompage.aspx?pagid=0&modid=736
Country: Portugal
IPQ is the national quality control institute, responsible for metrology including scientific metrology.
It is not clear if they are involved in nanometrology activities.

National R&D Institute for Non-ferrous and Rare Metals (IMNR)
Country: Romania
In the frame of FP6 Integrated Project IP 0264672 “Direct Ultraprecision ManufacturingMANUDIRECT” IMNR will be responsible for interactions with ISO TC 229 Nanotechnologies
Committee (established on 9-11 November 2005 meeting in London) to develop the first
international standards for Nanotechnologies will be considered in the following specific
standardisation tasks: Metrology and instrumentation (including specification for reference
materials) and Modelling and simulation, science based health and safety and environmental
practices. Beginning with 2006 in IMNR a first National Accredited Laboratory for Chemical and
Physical Analysis for nanobiomaterials was established. This will contribute to the development of
best practices related to characterization of new metallic, ceramic, metal-ceramic and hybrid
inorganic-organic nanomaterials for applications in regenerative medicine and tissue engineering.

Technical University Kosice, Faculty of Metallurgy, Departement of Material
http://www.tuke.sk/index-e.html
Country: Slovakia
Profile: Nanometrology (instrumental indentation for mechanical testing in nanoscale)

CEM
http://www.cem.es/cem/en_EN/presentacion/home2.jsp
Country: Spain
The Centro Español de Metrología (CEM) is an autonomous organisation attached to the
Secretaría General de Industria of Ministerio de Industria, Turismo y Comercio, created by the Real
Decreto 415/1985, of 27th March in compliance with the Ley 3/1985, of 18th March of Metrology.
This law establishes a judicial framework in which every metrological activity in Spain is developed.
It has three different aims:
To define legal units of measurement and establish the official calibration chains in order to
relate and organize all the measurement standards in Spain;
To establish the State control on metrological issues to guarantee the more suitable and
reliable measures attending requirements of business and the broader needs of society;
To unify the metrological activity in Spain thanks to the creation of a national metrology centre.
The institute is involved in nanometrology projects in Europe and internationally (BIPM/CIPM).
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UP Comillas

– Mechanical Engineering department

http://www.upcomillas.es/centros/cent_icai_dim.aspx?idDpto=217
Country: Spain
The research in this department includes nanometrology and interferometry, according to the
Nanospain database www.nanospain.org

SP
http://www.sp.se/eng/
Country: Sweden
Swedish National Testing and Research institute is the country’s primary measurement technology
institute. Their research includes metrology and nanotechnology of surfaces and particles. They
participate in international networks and projects.

Federal Office of Metrology METAS
http://www.metas.ch/en/labors/3/35.html
Country: Switzerland
Tasks and Main Activities
The Federal Office of Metrology (METAS) makes available internationally agreed units and
standards at the accuracy required. It supervises the use of measuring instruments in the fields of
commerce, transport, public safety, health and environmental protection. It monitors the
compliance to legal requirements by cantons and echniques bodies, as well as trains and advises
verification experts and verification agencies. Its services are available to researchers, industry and
commerce.
A Base for National Standards in Measurements. By means of national standards, the most
accurate reference means of measurement available in the country, METAS can provide nearly all
of the units of measure needed in Switzerland today. These procedures ensure a very high degree
of accuracy, independent of location, time and material.
METAS supervises the legally regulated metrology, conducts pattern tests and approvals of
measurement equipment subject to calibration obligations, runs the Swiss Verification Service
(SVS), and ensures that the latter’s reference measurement instruments are traceable to the
national standards. The SVS today consists of altogether 120 cantonal and private verification
agencies
echniques by the federal government, which are responsible for the verification of
measurement equipment and market surveillance.
METAS also calibrates (not for legal purposes) reference measuring equipment of calibration
laboratories in industry, commerce and trade, service departments of the federal and canton
governments, and for research and development. Around 90 calibration laboratories accredited to
EN 45001 are members of the METAS-operated Swiss Calibration Service (SCS).
The development and operation of the Swiss Accreditation Service (SAS) is also a task of METAS,
which monitors and accredits the professional level of competence of laboratories and offices in the
fields of calibration, testing, inspection and certification, in accordance with international
requirements
METAS offers measurement services:
AFM – Atomic Force Microscopy
Laser diffractometer
Interference Microscope
Micro coordinate measuring machine (µ-CMM)
Mask Metrology – system now being under construction
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Swiss Center for Electronics and Microtechnology (CSEM)
http://www.csem.ch/homepage/
Country: Switzerland
Offer metrology services based on optical methods (scanning near-field optical microscopy, NSOM),
electron microscopy, ellipsometry, AFM, electrical and electrochemical characterization.

EMPA
http://www.empa.ch/plugin/template/empa/32/*/---/l=2
Country: Switzerland
Provides surface analytical facilities in the form of two FIB systems, SPM, SEM.

EPFL (Center of MicroNanoTechnology)
http://cmi.epfl.ch/organisation/presentation.html
Country: Switzerland
Has a section devoted to metrology and the FEI Nova 600 Nanolab which offers a Dual Beam SEM /
FIB for nanoscale prototyping, machining, characterization, and analysis of structures below 100
nm.

Institute of Microtechnology (SAMLAB)
http://www-samlab.unine.ch/
Country: Switzerland
Develops new tools for the characterization of nanoscale structures including those based on
SNOM, cantilevers, Electrolytic Scanning Tunneling Microscopy (ECSTM), Scanning Electrochemical
Microscopy (SECM), Scanning Force Microscopy. Also offers analytical tools in the form of AFM,
SEM, TEM.

Paul Scherrer Institut (PSI)
http://www.psi.ch/index_e.shtml
Country: Switzerland
Provides facilities for surface analysis using synchrotron radiation and high resolution analytical
tools (AFM, XPS, TIMS, SIMS, EPMA, SEM, ICP-MS).

FIRST (Centre for Micro- and Nanoscience)
http://www.first.ethz.ch/
Country: Switzerland
Provides facilities for material characterization including X-ray Diffraction, SEM, AFM, Spectroscopic
Ellipsometer, and Surface Step Profiler

European Organization for Nuclear Research (CERN)
http://public.web.cern.ch/Public/Welcome.html
Country: Switzerland
The world's largest particle physics centre, providing various sub-atomic particle accelerators.
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IBM Zurich Laboratory
http://www.zurich.ibm.com/
Country: Switzerland
Research activities include the investigation of nanoscale magnetic phenomena, and STM-based
spectroscopy and electroluminescence (EL) excitation to study the physical and electronic structure
of organic materials for OLEDs.

NATIONAL METROLOGY INSTUTUE (UME)
http://www.ume.tubitak.gov.tr/
Country: Turkey
National Metrology Institute of Turkey was established in 1992 with main objective of building and
maintaining national standards for all measurements carried out for scientific and commercial
purposes. All these measurements are traceable to the national standards. National standards are
linked to the standards in other countries or those of BIPM by a process of international
comparisons. UME is able to carry out measurements in the field of physics (acoustic, vibration,
time and frequency, electricity and magnetism, emissivity, humidity, electric field, color,
spectrophotometry, optics, etc. ) , mechanics (mass, volume and density, viscosity, gas flow, liquid
flow, pressure, vacuum, force, torque, hardness, surface roughness, etc. ) and electronics (AC, DC
voltage, current, and resistance, capacitance, inductance, power, RF and microwave, etc.)

UNIVERSITY OF WARWICK, DEPARTMENT OF ENGINEERING
http://www.eng.warwick.ac.uk/
Country: United Kingdom
Nanometrology (topography, x-ray interferometry, SPM, etc.); nm-sensitivity surface and thin-film
characterisation (x-ray and optical reflection and diffraction, nanoindentation); microtribology;
micro-sensors and actuators (gas-sensors, electronic nose, ultrasonic devices); MEMS (design and
evaluation of non-conventional materials such as conductive polymers, ion-beam processing).

UK’s National Physics Laboratory
http://www.npl.co.uk/
Country: United Kingdom
The laboratory offers number of services including number of self-developed instruments for
measuring surface texture and form – Stylus instruments (NanoSurfI-IV), Scanning Probe
Microscopy and calibration of nanometric displacement transducers.
http://www.npl.co.uk/length/dmet/services/ms_nano_stylus.html

CCLRC (Rutherford Appleton Laboratory)
http://www.cmf.rl.ac.uk/index.html
Country: UK
The Central Microstructure Facility within the Rutherford Appleton Laboratory offers equipment for
surface characterization, including SEM, E-beam and interferometry.

CCLRC (Daresbury)
http://www.darts.ac.uk/
Country: UK
Offers synchotron, surface and structure analysis of materials (including X-ray diffraction and
spectroscopy techniques) through its Analytical Research and Technology (“DARTS”) service.
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INEX
http://www.inex.org.uk/default.asp
Country: UK
Offer analytical and characterisation facilities, including Scanning Electrochemical Microscopy
(SECM), Frequency Response Analysis, Confocal Raman Spectroscopy, Fourier Transformed
InfraRed Spectrometry, Surface Plasmon Resonance Spectrometry, Multimode Scanning Probe
Microscopy (SPM), UHV Nanoprobe, Triboindentation and CamScan S4-80DV.

Manchester Centre for Mesoscience and Nanotechnology r
http://www.cs.manchester.ac.uk/nanotechnology/
Country: UK
Offers facilities for both fabrication and characterisation of nanostructures, including SEM and SPM.

Nanotec Northern Ireland
http://www.nanotecni.com/index.html
Country: UK
Provide characterisation and analytical facilities.

Northern Ireland Centre for Advanced Materials
http://www.engj.ulst.ac.uk/nicam/
Country: UK
Provides a range of services and facilities to industry including specialist equipment for surface,
material and interface characterisation and analysis Nuclear Magnetic Resonance; electron,
scanning tunnel and atomic force microscopy; ion chromatography, thermal, spectroscopic and
other systems.

Microelectronics Imaging and Analysis Centre
http://oldeee.see.ed.ac.uk/miac/
Country: UK
Equipped with a range of advanced microscopy facilities to assist in the design, manufacture and
evaluation of microelectronics products. These facilities include high resolution field emission
scanning electron microscopes (FESEMs), an atomic force microscope (AFM) and a focused ion
beam workstation (FIB).

Materials Analysis and Research Services Centre of Industrial
Collaboration (MARS CIC)
http://extra.shu.ac.uk/marscic/index.html
Country: UK
Dedicated to solving materials problems for industrial clients. Equipment and facilities include:
AFM, SEM, ESEM FEG, TEM, STEM, Surface Analysis Techniques (XPS, SIMS, Auger), Depth Profile
Analysis using Glow Discharge Optical Emission Spectroscopy (GDOES), FTIR Spectroscopy, Raman
Spectroscopy, XRD, X-Ray Fluorescence Spectrometry (XRF).
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The Thin Film Centre (University of Paisley)
http://www.thinfilmcentre.co.uk/index.htm
Country: UK
Offers analytical and characterisation expertise in SEM, AFM, Nomarski optical microscopy, energydispersive x-ray analysis, Auger spectroscopy, UV-Vis-IR spectrophotometers, spectroscopic
ellipsometry, nano-indenter hardness tester and scratch tester.

The London Centre for Nanotechnology
http://www.london-nano.ucl.ac.uk/lcn/index2.htm
Country: UK
Offers nanofabrication and nanocharacterisation facilities including FIB, fully equipped clean room,
UHV/high field STM, SEM, MBE, PLD, and a suite of AFM instruments.

Cranfield University Nanotechnology Centre
http://www.cranfield.ac.uk/sims/materials/nanotech/info.htm
Country: UK
Offers the following facilities: dielectric, piezoelectric, ferroelectric, pyroelectric characterization;
impedance analysis; network analysis; interferrometry; 3D Micro-motion analyser; AFMs.

Northumbria University Advanced Materials Research Institute
(AMRI)
http://amri.unn.ac.uk/soeindex.asp
Country: UK
Offers state-of-the-art micro and nanoscale characterisation facilities. Equipment includes: VT-UHV
STM/AFM, four Grid LEED/Auger spectrometer.

The Industrial Centre of Particle Science and Engineering
http://www.particletechnology.org/index.php
Country: UK
Offers a comprehensive ranges of characterisation equipment for analysis of particle size analysis
and distribution, particle shape, particle density, specific surface area and porosity.

The Institute of Industrial Materials and Manufacturing (IIMM)
http://www.materials.ox.ac.uk/IIMM/home.html
Country: UK
Offers world-leading microscopy and microanalysis facilities, advanced materials processing,
characterisation service and facilities including: electron microscopy, ion beam analysis, SPM, and
X-ray diffraction.

The University of Surrey Ion Beam Centre
http://www.ee.surrey.ac.uk/Research/SCRIBA/ibc/
Country: UK
Offers ion beam analysis (IBA) and microbeam analysis, as well as extensive processing and
characterization facilities (including electrical and optical spectroscopy).
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MICRONOVA
http://micronova.tkk.fi/
Location: Finland
Largest clean room facilities in Northern Europe, providing surface and structural analysis at the
micro to nanoscale.

National Institute of Standards and Technology
http://www.msel.nist.gov/
Country: USA
MSEL provides technical leadership for the nation's materials measurement and standards
infrastructure. Expertise in ceramics, polymers, metallurgy, neutron characterization, and materials
reliability is used to anticipate and respond to industry needs in areas such as microelectronics,
automotive, and health care, as well as to provide standard reference materials and develop
measurement methods. The Laboratory houses the nation's only fully equipped cold neutron
research facility, NIST Center for Neutron Research. Material Science & Engineering
Laboratory from NIST engaged Nanometrology Program to develop measurement methods,
instrumentation, standards that would form metrological infrastructure sufficient to facilitate
nanotechnology needs. Program utilized various basic measurement and characterization methods
such as: Atomic Force Acoustic Microscopy, Surface acoustic Wave spectroscopy, Brillouin light
scattering (mechanical properties of thin films), neuron and x-ray beam lines for
nanocharacterization, innovative scattering and spectroscopy methods.
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4 Nanometrology techniques
In this section the most important characterisation techniques used in nanotechnology are reviewed
(5.1). In the next section (5.2) some of these techniques will be described in more detail.

4.1 Review of nanometrology techniques
CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Atomic
Force
Microscopy
(AFM) or
Scanning
Force
Microscopy
(SFM)

Nanotubes, diamond like carbon,
CdS and CdSe nanocrystals,
cobalt and ıron nanoparticles, Ni
dot arrays, Ni80Fe20, ZnO
nanowires, Dendrimers, ZnSe
nanowires, Ge nanowires

Topology, roughness
and elasticity of
surface, grain size,
frictional
characteristics, specific
molecular interactions
and magnetic features
on surface, total density
of (valence-) electron
states up to the fermi
level at the surface

AFM uses a probe whose tip
is slowly scanned across the
surface. The force between
the atoms on the surface
and those of tips cause the
tip to deflect. To record this
deflection, a laser beam is
focused on the cantilever
and reflected to the
photodetectors.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth:
0,5nm-5nm
lateral
resolution:
0,2-130nm

It can be operated in contact
modes (error mode, LFM, CFM,
Force modulation mode and
friction mode), Non contact
modes (EFM,CFM and MFM) and
tapping mode. A ligth detector
with four segments is used in
LFM. Tip is coated with chemicals
in CFM. in magnetic force
microscopy, magnetic and
electrostatic forces dominate
between the tip and the sample.
To detect the magnetic force,
magnetic probing tips which are
made by magnetic coating of
Si3N4 are used. Metalic tip is
used in EFM. NSOM utilizes an
optical fiber tip.

With the extended use
of the instruments,
some other physical
properties of
nanophased materials
may be possible
measured locally, e.g.
the dielectric properties
of clusters by scanning
capacitance
microscopy(SCAM)

Nanotechnology : towards a
molecular construction kit /
edited by Arthur ten Wolde,
The Hague, Netherlands :
Netherlands Study Centre
for Technology, 2002,
Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004,
http://en.wikipedia.org/wiki
/Atomic_force_microscope
and
http://stm2.nrl.navy.mil/ho
w-afm/how-afm.html
Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000.

MEASURED
PROPERTIES

HOW IT WORKS

CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

Electron
Diffraction

CoPt, carbon nanotubes,
ZnGa2O4, Si nanoparticles

the geometry of
gaseous molecules
(electron isappear

electron beam are sent ot to
the sample and diffraction
n) occurs and is detected.

RANGE

NOTES

PROBLEMS & NEEDS

nanometric
scale

electron diffraction experiments
are usually performed in a TEM
or a SEM.

REFERENCES
http://en.wikipedia.org/wiki
/Electron_diffraction
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CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Scanning
Tunneling
Microscopy
(STM)

nanotubes, one-dimensional
polyphenylenes, planar polycyclic
aromatic hydrocarbons (PAHs),
3-nitrobenzal malonitrile (NBMN),
1,4-phenylenediamine (pDA),
tetrathiofulvane (TTF), mnitrobenzylidene propanedinitrile
(m-NBP), 2-amino-4,5imidazoledicarbonitrile (AIDCN)

three dimensional
surface topology: size,
shape, roughness,
defects, electronic
structures and local
density of states.

STM works by scanning a
metal tip over a surface we
want to know surface
properties. Tip is opogra
very close to surface and an
electric voltage is applied.
Between the surface and
the tip tunneling occurs. By
measuring tunneling
current, the surface
opography is obtained.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 15nm lateral
resolution:
2-10nm

Can be operated in two modes:
constant current and constant
height.

CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

Nanotechnology : towards a
molecular construction kit /
edited by Arthur ten Wolde,
The Hague, Netherlands :
Netherlands Study Centre
for Technology, 2002,
Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004 and
http://en.wikipedia.org/wiki
/Scanning_tunneling_micros
cope

MEASURED
PROPERTIES

HOW IT WORKS

Scanning
Electron
Microscopy
(SEM)

Platinum nanowires, silver
nanowires, Au/Ag multilayered
nanowires, Bi Nanowires, Si/GaN
nanowires, Si and Ge
nanocrystals, TiO2, Bi2Te3
nanowires, Co and Ni
nanoparticles, Al2O3, SiC
nanowires, Au/Sn/Au Nanowires,
ZnSe nanowires, FeCo
nanocrystals, Tin Oxide
nanofibers, Ge nanowires

Topography: the
surface features,
Morphology: shape and
size of the particles,
Composition:the
elements and
compounds the sample
is composed of,
Crystallographic
Information:the
arrangment of atoms

In SEM, before
monochromatic electrons
are sent to the sample, they
are condensed and
constricted by the help of
conderser lenses, condenser
and objective aperture to
eliminate high angle
electrons. Then the beam is
focused and sent to the
sample and finally occured
interactions are detected.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 1nm5μm lateral
resolution:
1-20nm

Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004 and
http://www.unl.edu/CMRAcf
em/em.htm
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CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Transmission
Electron
Microscopy
(TEM)

Platinum nanowires, Silver
nanowires, Bi nanowires,
Co/Cu nanowires, InP quantum
dots, GaP quantum dots, GaAs
quantum dots, CdS
nanocrystals, Cd3P2, PbS
nanoparticles, Si nanowires,
SiGe/Si nanowires, Si and Ge
nanocrystals, Co nanoparticles,
nanotubes, Fe3O4, CoPt, FePt,
CoFe2O4, ZnO, AL2O3 , Bi2O3
nanoparticles, CeO2, Indium
Tin Oxide, iron oxide, mnitrobenzylidene
propanedinitrile (m-NBP),
tetrathiofulvane (TTF), 1,4phenylenediamine (pDA), 3nitrobenzal malonitrile (NBMN),
Dendrimers, CuO nanorods,
SiC nanowires, Au/Sn/Au
Nanowires, ZnSe nanowires,
FeCo nanocrystals, Ge
nanowires, PbSe/PbS core shell
nanocrystals, PbTe nanorods,
PbSe nanowires,
InAs/CdSe/ZnSe

Morphology: size and
shape of particles,
Crystallographic
Information: detection
of atomic scale defects,
Compositional
Information:the
elements and
compounds the sample
is composed of and
information about
phases present (lattice
spacing measurement)
and sample orientation

In TEM, monochromatic
electron beam is condensed
and focused by the lenses
and apertures to eliminate
high angle electrons. The
beam is sent to the sample
and transmitted beam is
passed through the
projector lenses and the
image strikes teh phosphor
image screen. before the
projecor lenses selected
area metal apertures can be
put.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 200nm
lateral
resolution: 220nm

This aperture can be operated
in two modes: imaging mode
and diffraction mode. In
diffraction mode, an other
intermediate lens is inserted to
image the diffraction pattern
of the back focal plane on the
screen. This mode also called
Selected Area Electron
Diffraction (SAED) or
Transmission High Energy
Electron Diffraction (THEED).
In imaging mode, the
technique of electron
holography is used to recover
the true object image. Also,
this technique is used to obtain
quantitative information about
the structure of domains and
the field distribution around it.
In TEM, Energy dispersive x ray
spectroscopy (EDS) and
electron energy loss
spectroscopy (EELS) can be
used to perform microanalysis
and study the electronic
structure of materials.

High spatial resolution
analysis is vitally
important for solving
many of practical
problems of
nanomaterials.
However, image
resolution is still limited
by the effects of
intermediate lenses and
projection lenses.

Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004,
http://www.unl.edu/CMRAcf
em/em.htm ,
http://www.unl.edu/CMRAcf
em/glossary.htm and
http://cimewww.epfl.ch/peo
ple/cayron/Fichiers/thesebo
ok-chap3.pdf
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CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Scanning
Transmission
Electron
Microscopy
(STEM)

Au-Ag core-shell nanoparticles, Structural, chemical
single walled carbon nanotubes and morpological
information

In a STEM device, a fine
electron probe, formed by
using a strong objective
lens to de-magnify a small
electron source, is scanned
over a specimen in a two
dimensional raster and
signals generated from the
material are detected by
available detectors.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 200nm
lateral
resolution: 220nm

There are three modes:
imaging, diffraction and
spectroscopy. In these modes,
many spectroscopic and
microscopic techniques are
used

The use of Cscorrectors and
monochromators will
enable to understand
the fundamental
properties of materials
at a nanometer or sub
nanometer scale. Also,
with super fast
computers, significantly
improved signal
acquisition systems and
innovative image
analysis algorithms, it is
expected that
statistically meaningful
data should be routinely
obtainable.

Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000.
http://jmicro.oxfordjournals
.org/cgi/reprint/54/3/251

CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Small Angle
Neutron
Scattering
(SANS)

nanosized Oligosiloxanes,
single-wall carbon nanotube

Structural Information:
the structural
arrangement of atomsplanes, molecules,
types of vibrations that
can occur in the solid

In SANS, a neutron source
is used to generate a
collimated beam. A sample
placed in the beam and it
scatters the neutrons.
Scattered neutrons with
0.05° ≤ 2θ ≤ 3° are
detected by a position
sensitive neutron detector.
The scattered intensity as a
function of position is
obtained.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

between 0,5 nm
and 500 nm

http://www.physik.unikiel.de/kfn/infos/Methoden/i
ndex-engl.php
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Small Angle X- InP urrounding s, nanosized
Ray Scattering Pt clusters, silver
(SAXS)
nanoparticles, ZnS
nanoparticles, PbTe nanorods,

the structural
arrangement of atoms

In this technique, x ray is
incident on to a sample and
scattered electrons from the
sample are analyzed at very
low angles.

RANGE

PROBLEMS & NEEDS

REFERENCES

NOTES

between 1 nm
up to several
hundred of
nanometers

CHARACTERISATION
TECHNIQUE

http://www.panalytical.com
/index.cfm?pid=143 and
http://www.xenocs.com/ap
plication-Small-Angle-XRay-Scattering-(SAXS).htm

MEASURED NANOSYSTEMS

MEASURED
PROPERTIES

HOW IT WORKS

Scanning
Near-field
Optical
Microscopy
(SNOM or
NSOM)

InGaAs QDs, carboxylatemodified nanospheres, gold
nanowires, ZnO nanowıres

chemical specificity and
orientational
information

It is a combination of
scanning probe microscopy
and optical microscopy.
Light propagating through a
nanoscopic fiber tip, either
for excitation or for
collection of emission,
produces an image collected
point to point by scanning
either the fiber tip the
sample stage.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

resolution: 50100 nm

Photon scanning tunneling
microscopy: the operation with
uncoated probes makes photon
scanning tunneling microscopy.
Occasionally, a lateral
resolution down to 20nm is
obtained. Shear force
microscopy: ın this technique,
the fiber probe is attached to a
piezoelectric element which
brings the fiber into a rapid
forced oscillation arallel to
the surface. The oscillation
amplitude decrease on
approaching the sample
surface because of shear force
between probe and sample.
This change is detected and
converted into distance
information. Moveover, there is
an optical microscopes with a
solid immersion lens (SIL). This
microscopes push the
diffraction limit for imaging by
working in near field operation
in the vertical direction.

Ideally the probe is of
molecular dimensions.
However the probe is
always a macroscopic
tip ending in a
nanometer-sized apex.
Also, fabrication of an
optical source or
detector of nanometer
size dimensions is a
challenge.

Nanotechnology : towards a
molecular construction kit /
edited by Arthur ten Wolde,
The Hague, Netherlands :
Netherlands Study Centre
for Technology, 2002 and
Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004,
http://www.kcl.ac.uk/kis/sc
hools/phys_eng/physics/peo
ple/richards.html and
http://www.nanoworld.org/
NanoLibrary/SPM2003/66.p
df
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Electron
Energy Loss
Spectroscopy
(EELS)

carbon shere, diamond, CoO,

chemical composition of
the specimen,
electronic structure of
materials, bonding in
crystals, and at
interface,

when the electrons pass
through the sample
material, some go through
without interacting with the
sample while others lose
energy along the way. The
amount of energy lost is
unique to the species of
atom which has interacted
with the electrons. This
energy loss is measured in
this method , and so it is
possible to determine the
amount and species of
atoms present within the
sample. By examining the
structure of the spectra, it
is also possible to determine
the chemical state of the
atoms.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth:
<200nm
lateral
resolution: 1100nm

low peak to background Characterization of
ratio is a problem for
Nanophase Materials Edited
quantification
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000.
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Energy
Dispersive XRay
spectroscopy
(EDX or EDS
or XEDS)

Si, Ge nanocrystals, InP
nanoparticles, SiC nanowires,
ZnO nanowires, CdS
nanowires, ZnSe nanowires,
FeCo nanocrystals, Ge
nanowires, PbSe/PbS core shell
nanocrystals

concentrations of each
element in the
specimen, identifitation
of precipitates in alloys,
active pheses in
soported catalysts,
elemental segregation at
grain boundries, and
quantitative composition
of multi-component
phases.

electron beam is incident
on a sample and emitted x
ray from the sample is
detected. In other words, it
is based on the
characteristic X-ray peaks
that are generated when
an energetic electron beam
interacts with the
specimen.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

0.1µm for
heavier atoms
and 1µm for
ligther
elements

EDX is generally used in a SEM Low signal to noise ratio
device. EDX is generally better often is a problem for
suited to detecting elements of quantitative analysis.
high atomic number (Z)
whereas electron energy loss
spectroscopy (EELS) can
readily detect low-Z
elements.Elements with an
atomic number less than that
of carbon (Z=5) are not
generally detectable with EDX.

Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004,
http://www.unl.edu/CMRAc
fem/glossary.htm ,
http://www.asu.edu/clas/c
sss/chrem/techniques/EDX
.html and
http://www.nlectc.org/assi
stance/edx.html
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X- Ray
Diffraction
(XRD)

Platinum nanowires, silver
nanowires and nanoparticles, Bi
nanowires, InP quantum dots, GaP
quantum dots, GaInP quantum
dots, CdS nanoparticles, ZnS and
ZnSe nanoparticles,Cd3P2, PbS
nanoparticles, Si and Ge
nanocrystals and nanowires,
erbium doped Si, TiO2, nanotubes,
graphite, FePt, CoFe2O4, ZnO,
CuO nanoparticles, Fe3O4, Bi2O3
nanoparticles, AL2O3, Planar
polycyclic aromatic hydrocarbons
(PAHs), SiC nanowires, Au/Sn/Au
Nanowires, ZnSe nanowires, FeCo
nanocrystals, Tin Oxide
nanofibers, Ge nanowires, PbTe
nanorods, PbSe nanowires,
InAs/CdSe/ZnSe, CdO nanowires,
InSb nanocrystals, HgS
nanocrystals, Cu2O nanoparticles
and nanowires, CuO nanoparticles,
TiO2/CdS nanowires, InN/InP
nanowires, InAs/InP nanowires,
InGaN/GaN quantum wells, TiO2
powders nanoparticles and
nanowires, Bi2Te3 nanowires, AlN
nanowires, GaAs nanowires,
GaInP2 quantum dots, GaP
quantum dots and nanowires,
InAs,

Crystallografic information:
type of crystal structure,
interplaner differences,
miller indises, charge
distribution around atoms
and SAXRD gives
information about film
thickness, interface
roughness and surface
topology.

X ray is incident to the
sample. The ray
iffractio the sample
and gets diffracted by
the periodic lattice of
the crystalline material
according to bragg law.
Material’s the electrons
surround the atoms
interact with the
incoming X ray
photons. The diffraction
pattern is genereated
by constructive
interference.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

In the
vertical
direction the
resolution
lies in the
sub-nm
range.

In addition to standart XRD
method there is single angle XRD.
In this technique the incidence
angle of X-ray is small (< 5°) and
this method does not require a
crystalline sample.

The measurements of
diffraction patterns from
nanoparticle samples differ
from powder diffraction
work. The intensity of
scattering per atom is weak
in nano samples so the
detection of a low level of
iffraction signal is
important but difficult. To
overcome this problem and
make detailed analysis,
synchrotron radiation
sources can be used. With
these sources it is possible
to obtain high intensity,
enhanced brightness and
continuous energy
spectrum. In addition,
modern optics, and the
existence of special devices,
such as wigglers allow
measurements of small
quantities of sample
material at good signal
levels.

Nanophotonics Paras N.
Prasad, WileyInterscience, A John
Wiley&Sons, Inc.,
Publication, 2004 and
http://en.wikipedia.org/
wiki/X-ray_diffraction,
http://en.wikipedia.org/
wiki/Crystallography
and http://www.iphtjena.de/BEREICH_1/abt
12_magneto_electronic
s/products/analytics.ht
ml#rbs ,
Characterization of
Nanophase Materials
Edited by Zhong Lin
Wang, Weinheim, New
York, Chichester,
Brisbane, Singapore,
Toronto, 2000,
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X-ray
absorption
spectroscopy
(XAS)

iron oxide, AlN nanowires and
nanoparticles, Titanium
carbide, nanodiamonds, ZnS
nanoparticles, Co/Pt
multilayers, titanium dioxide

structural information,
(bonding, coordination
number,)

The technique of X ray
absorption spectroscopy
explores variation in the
absorption coefficient of
matter with photon energy.
When a monochromatic X
ray beam passes through a
material, its intensity is
reduced by various
interaction processes
(scattering, absorption,
etc.).

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: nm-μm

It is possible to roughly divide
the absorption spectrum in two
regions. These are XANES ( XRay Absorption Near Edge
Structure) and EXAFS
(Extended X ray Absorption
Fine Structures). In XANES
region multiple scattering
events take place and yield
information about symmetries
and chemical states. In EXAFS
region single scattering
processes dominate and this
region provide structural
information, such as
coordination numbers and
inter-atomic distances. XAS
studies have done mostly in
EXAFS region where reliable
and simplified data processes
are available.

for EXAFS the
association of more
intense sources with an
optimized set up for low
temperature
measurements can
allow inclusion of the
additional structural
information in the high
k range (>16Å-1). the
combined theoretical
and experimental
procedure set up for
biological system can
be extended with
success.

Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000.
http://www.nsti.org/procs/
Nanotech2003v3/2/T58.03
and
http://www.nsti.org/Nanote
ch2006/showabstract.html?
absno=239,
http://www.camd.lsu.edu/n
ewsletters/December2002.p
df and
http://pfwww.kek.jp/naregi/
abstract/ziyu.pdf,
http://www.lpi.usra.edu/me
etings/lpsc2000/pdf/1904.p
df and
http://www.aps.anl.gov/xfd
/people/haskel/PS/GilbertZn
S.pdf,
http://www.ncbi.nlm.nih.go
v/entrez/query.fcgi?cmd=R
etrieve&db=PubMed&list_ui
ds=11512911&dopt=Abstra
ct
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Neutron
Diffraction

dendrimers, Nano-Size
Titanium Carbide Tubes, NaO2
nanowires

atomic structures,
magnetic properties at
the surface

Neutron beam is sent to a
sample and the ray gets
diffracted by the periodic
lattice and change their
direction. Because neutrons
are not charged particles,
they do not react with the
electron cloud urrounding
the atom. The neutrons only
will interact with the
nucleus of the atoms.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

nanometric
scale

neutrons are sensitive to
magnetic forces in the material
because magnetic moment of
neutrons are zero.

CHARACTERISATION
TECHNIQUE

MEASURED NANOSYSTEMS

http://en.wikipedia.org/wiki
/Neutron_diffraction

MEASURED
PROPERTIES

HOW IT WORKS

Singlemolecule
spectroscopy
(SMS)

MEH-PPV, Me-LPPP,
Dendrimers, QDI, TDI, PDI,
Planar polycyclic aromatic
hydrocarbons (PAHs)

individual functional
similar to NSOM
characteristics of
molecular systems such
as e.g. exciton transfer,
charge separation and
fluorescence
efficiencies,

RANGE

NOTES

PROBLEMS & NEEDS

traditional spectroscopic
techniques deal with bulk
samples (solution and films), in
which individual “fingerprints”
of molecules isappear
completely because of
contribution of many molecules
probed in the sample. In this
method, there should be only
one molecule in the volume
probed by the light source.
Therefore, new physical
properties such as blinking,
spectral diffusion etc which
may not be observed in
ensemble studies have been
observed by using this method.

REFERENCES
Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004 and
http://spider.chemphys.lu.s
e/kfresearch/org-sms.html
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Auger
Electron
Spectroscopy
(AES)

Indium Oxide, carbon
nanotubes, ZnO nanowires,
silicon carbide by doping with
boron carbide and SiC
nanodots

chemical analysis: the
composition of the
surface layers of a
sample, atomic levels

electrons are sent to a
sample and these results in
ejection of electrons from
the core levels. Electrons
from the upper levels make
transition to lower levels. As
a result energy is released.
This can be x ray or
electrons (Auger electrons)
which are ejected out The
energy of auger electron
are measured.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 0,33nm lateral
resolution≈30
nm

It cannot detect hydrogen or
helium, but is sensitive to all
other elements, being most
sensitive to the low atomic
number elements.
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Polarization
Spectroscopy

CdSe nanorods and
nanocrystals,PbS nanocrystals,
NiO, nanopolyacetylene

orientation of excitation
and mission
transitions dipole
moments

for example, to study
emission polarization,
changes in the detected
emission intensity are
measured as a linear
polarizer is rotated in
detection pathway.
Polarization data is taken
with an analyzer in front of
the CCD detector that was
rotated in15 degree
increments between
consecutive images.
Excitation polarization can
be obtained by rotating
excitation polarization angle
with a 90° difference.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

It ıs a far-field microscopic
technique.

http://www.uksaf.org/tech/
aes.html and
http://www.ualberta.ca/AC
SES/ACSES3/Techniques/ae
s.htm

Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000
and
http://prola.aps.org/pdf/PR
B/v64/i24/e245304 and
http://ej.iop.org/links/q11/
ge,m9givzHBxjdhlUTjm2g/n
ano4_1_003.pdf
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Photoluminesce
nce Spectrocopy
(PL),
Electroluminesc
ence
Spectroscopy
(EL),
Cathodolumines
cence
Spectroscopy
(CL)

InP Nanowires and quantum
dots, Cd3P2 nanoparticles,
CdSe and CdS nanocrystals,
CdTe nanocrystals, ZnS
nanoparticles, ZnO and ZnSe
nanowires, GaInAs-InP
Quantum dots, GaAs-AlGaAs
quantum dots and nanowires,
SiGe/Si nanowires, Si/SiGe
heterostructures, Si, Ge
nanocrystals, erbium doped Si,
FeSi2, ZnSe nanowires, single
wall carbon nanotubes,
PbSe/PbS, InAs/CdSe/ZnSe,
CdSe/ZnSe, CdSe/CdS,
CdS/ZnS, CdSe/ZnS coreshell
nanocrystals, GaSb
nanocrystals, HgTe
nanocrystals, HgSe
nanocrystals, CdO nanowires,
CuCl nanocrystals,
CdS/HgS/CdS quantum-dots,
InAs/InP nanowires,
InGaN/GaN quantum wells,
ZnMnSe/CdSe superlattices,
CdZnSe/ZnSe quantum wells,
MnS nanoparticles, MgS and
PbS nanoparticles, GaAs/AlAs,
InAs/GaAs quantum dots and
quantum rings, SiGe nanodots,
TiO2, GaN and GaAs
nanowires, GaInP2 quantum
dots, GaP quantum dots and
nanowires, InAs nanowires,

defect and impurity
levels, carrier life time

Photoluminescence: when
laser wavelengths from 350
to 850 nm is sent on to a
sample optically excitation
(formation of electron-hole
pairs) occurs. the holes and
electrons recombine. As a
result of this recombination
photon is emitted, after
thermalization of the
electrons. In
electroluminescence,
excitation is made
electrically. In
electroluminscence
excitation is made by
electric current and in
cathodoluminescence
electron beam is sent on to
the sample.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

Also magneto luminescence,
NSOM PL and NSOM CL
techniques are available.

Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000,
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Fouier
Transform
Infrared
Spectroscopy
(FTIR)

CdSe nanocrystals, Si, Ge
nanocrystals, TiO2, ZnO
nanocrystals, Calcium oxide
nanoparticles, SiC ,

structural and chemical
information: type of
bonds, determination of
unknowns in the
sample, vibrational
energies of molecules

IR light is sent on a sample
and frequencies which
matches the natural
vibration frequency of
molecules are absorbed by
the sample. Before the light
is incident on the sample, it
passes through an
interferometer. Obtained
interferogram is converted
in to a spectrum by using
Fouier Transform.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

the dipole moment of the
molecule must change with
incident radiation otherwise
vibrational motions is not IR
active.

http://www.wcaslab.com/te
ch/tbftir.htm and
http://en.wikipedia.org/wiki
/Infrared_spectroscopy#Fou
rier_transform_Infrared_sp
ectroscopy
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Raman
Spectroscopy

Tin Oxide nanofibers, CdTe
nanocrystals, Si nanowires, Si,
Ge nanocrystals, Nanotubes,
diamond like carbon, Planar
polycyclic aromatic
hydrocarbons (PAHs), Tin
Oxide, CdSe/CdS coreshell
nanocrystals, GaSb
nanocrystals, InGaN/GaN
quantum wells, CdZnSe/ZnSe
quantum wells, GaAs/AlAs
quantum dots and wires,
InAs/GaAs quantum dots and
quantum rings, SiGe nanodots
and nanowires, SiC, TiO2
powders nanoparticles and
nanowires, ZnSe nanowires,
CdS, AlN nanowires, GaN
nanowires, GaAs quantum dots
and nanowires, GaP quantum
dots and nanowires,

chemical information:
impurity concentration,
vibrational information

a laser in the visible, near
infrared, or near ultraviolet
range is sent to a sample
and photons which are
inelastically scattered by
molecules are detected.
Inelastically scattered light
have different wave length
from incident radiation and
results from change in
molecular motion of
molecules

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

the polarizability of the
molecule must change with the
vibrational motion otherwise
vibration is not Raman active.

http://www.umich.edu/~mo
rgroup/virtual/explain.html
and
http://en.wikipedia.org/wiki
/Raman_spectroscopy
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X-Ray
Photoelectron
Spectroscopy
(XPS) or
Electron
Spectroscopy
For Chemical
Analysis
(ESCA)

Si, Ge nanocrystals, InP
nanoparticles, SiC nanowires,
ZnO nanowiresand
nanoparticles, diamond like
carbon, Tin Oxide nanofibers,
Cd3P2 particles, PbSe
nanowires, InAs/CdSe/ZnSe,
InAs/CdSe coreshell
nanocrystals, InSb
nanocrystals, Cu2O
nanoparticles and nanowires,
MnS nanoparticles, SiGe
nanodots and nanowires, SiC,

chemical elements at
surface, examination of
core-levels

X ray strikes the surface of
the material. This results in
ejection of electrons with
various energies. The
electrons leaving the
sample are detected by an
electron spectrometer
according to their kinetic
energy.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

depth: 0,510nm lateral
resolution:
5nm-50μm

this technique is suitable for
light atoms. Xray beam of
energy is in the range 2002000eV.

CHARACTERISATION
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Secondary Ion
Mass
Spectrometry
(SIMS)

RANGE
a few atomic
layers of about
1-3nm

arbon nanotubes, Al.2O3

NOTES

Nanophotonics Paras N.
Prasad, Wiley-Interscience,
A John Wiley&Sons, Inc.,
Publication, 2004,
http://en.wikipedia.org/wiki
/Xray_photoelectron_spectros
copy
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the composition of
regions near to surface
of a material, impurity
concentration

Secondary Ion Mass
Spectrometry involves
bombardment of a sample
with an energetic ion beam,
which results in the
sputtering of ions from the
sample (‘secondary’
ions).Secondary ions
collected from the sample
are dispersed within a mass
spectrometer and analysed
according to their energies
and mass-charge ratios.

PROBLEMS & NEEDS

REFERENCES

SIMS is a destructive
method because the
interaction of energetic
particles and different
sputtering efficiency of
various atoms in the
matrial lead to a SIMS
incuded chemical
change in the regions
near to the surface.

Nanotechnology : an
introduction to
nanostructuring techniques
/ Michael Köhler, Wolfgang
Fritzsche, Weinheim :
Wiley-VCH, 2004
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Differential
Scanning
Calorimetry
(DSC)

graphite, TiO2, Nd60Al20Fe20
glass forming alloys, carbon
nanotubes

determination of
melting point
temperature, the heat
of melting, identification
of phase
transformations

In this method, the
difference in the amount of
heat is required to increase
the temperature of a
sample and reference are
measured as a function of
temperature.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES
http://www.calce.umd.edu/
general/Facilities/dsc.htm
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Mössbauer
Spectroscopy

CoFe2O4, iron oxide
chemical, structural,
nanoparticles, Fe nanoparticles, magnetic and timeZnFe2O4, iron doped TiO2,
dependent properties
Fe2O3

Mössbauer spectroscopy is a
spectroscopic technique
based on the Mössbauer
effect. When a free nucleus
absorbe or transmit the
gamma ray, it recoils due to
conservation of momentum
(mossbauer effect).In this
technique gamma-rays
emitted from a source are
passed through a sample
and detector records the
frequencies of gamma
radiation which are
absorbed and transmitted
by the nucleus of the
sample.

RANGE

NOTES

REFERENCES

To obtain Mössbauer
absorption of gamma-rays , the
gamma-ray must be of the
appropriate energy for the
nuclear transitions of the
atoms being probed. Also, the
gamma-ray energy should be
relatively low, otherwise the
system will have a low recoilfree fraction (see Mössbauer
effect) resulting in a poor
signal-to-noise ratio. Only a
handful of elemental isotopes
exist for which these criteria
are met, so Mössbauer
spectroscopy can only be
applied to a relatively small
group of atoms including:
57Fe, 129I, 119Sn, and 121Sb.
57Fe is the most common
element studied using the
technique.

PROBLEMS & NEEDS

http://en.wikipedia.org/wiki
/Mossbauer_spectroscopy
and
http://www.rsc.org/Member
ship/Networking/InterestGr
oups/MossbauerSpect/Intro
part1.asp
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Nuclear
Magnetic
Resonance
(NMR)

boron nitride nanotubes, single
wall carbon nanotubes

the magnetic properties
of nuclei, identification
of individual atoms in a
pure molecule and
compositional anaysis
of unknown materials ,
the relaxtion, mobility
and conformation of
functional molecules for
the system of interest,

NMR studies a magnetic
ucleus by aligning it with
a very powerful external
magnetic field and
perturbing this alignment
using an electromagnetic
field. The response to the
field by perturbing, is what
is exploited in nuclear
magnetic resonance
spectroscopy

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES

It is the only technique that
can provide detailed
information on the exact threedimensional structure of
biological molecules in solution.

Due to the low
detection sensivity for
some species, the need
for a comparatively
large sample size can
be a disadvantage.

Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000
and
http://en.wikipedia.org/wiki
/NMR_spectroscopy,
http://en.wikipedia.org/wiki
/Nuclear_magnetic_resonan
ce
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Cyclic
Voltammetry
(CV) and
Linear Sweep
Voltammetry
(LSV)

PbTe nanorods, carbon
nanotubes, silicon, Pt
nanoparticles, fullerenes,
Hydrophobic Pt-Ru Nanoparticles,

kinetic and
thermodynamic
properties

In cyclic voltammetry, the
potential is swept back and
forth between two chosen
limits while the current is
recorded continuously and
the potential is changed as
a linear function of time.In
Linear Sweep Voltammetry
the potential range is
scanned starting at the
initial potential and ending
at the final potential.

RANGE

NOTES

PROBLEMS & NEEDS

REFERENCES
Characterization of
Nanophase Materials Edited
by Zhong Lin Wang,
Weinheim, New York,
Chichester, Brisbane,
Singapore, Toronto, 2000
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four point
Pt nanowires, Silver nanowires, electrical conductivity
probe AND I-V single wall carbon nanotubes,
techniques
MgO nanocrystals,

a linear array of four
electrodes with equidistant
inter-electrode spacing is
brought into contact with
the surface. A constant
current is passed
through the outer
electrodes, while the
potential V over the inner
probes is monitored.

RANGE

REFERENCES

NOTES

PROBLEMS & NEEDS

A microscopic four-point
probe having an electrode
spacing of 200 nm have been
reported.
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Capacitance
spectroscopy

MEASURED NANOSYSTEMS

Semiconductor or metal
nanocrystals for memory
applications

http://www3.interscience.wi
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4.2 Description of selected nanotechnology techniques
4.2.1
4.2.1.1

X-Ray Photoelectron Spectroscopy (XPS)
Introduction

XPS was developed in the mid 1960s by K. Siegbahn and coworkers. He was awarded the Nobel Prize
for Physics in 1981 for this invention. The method was primarily named as electron spectroscopy for
chemical analysis (ESCA) but later on it was considered too general with the developments of other
electron spectroscopy methods, and XPS become widely used. XPS is a surface sensitive method and
requires ultra high vacuum (UHV) environment. X-Rays are used to eject the electrons of an atom from
its core shell and emitted electrons are analyzed according to their kinetic energies. The method is
currently the most widely used surface-analysis technique, and it supplies information about the
atomic composition of the surface and chemical environments (i.e. binding states, oxidation states) of
all elements, except hydrogen and helium. XPS is therefore a key research method for nanostructured
materials where the nano-effect is related with surface activity.
Soft X-ray photons are generally directed at the material’s surface. Although X-rays can reach up to
tens of micrometres into sample, the ejected electrons that reach the analyzer are emitted from the
uppermost tens of Angstroms (Å). When the incident photon interacts with an electron with a binding
energy of EB in a core shell, the photoelectric effect occurs, if the energy of the photons is greater than
the binding energy (Fig. 1). The energy of the photon is expended to remove the electron, and the rest
is transferred to electron as kinetic energy (Ekin). Since the Fermi level, by definition corresponds to
zero binding energy, some more energy (work function, Φ) must be spent to extract to electron to the
vacuum level. The kinetic energy of the emitted electron can be written as:

Ekin  h  EB   .

Equation 1

Kinetic Energy, Ekin
Work fuction, Φ
3p
3s
2p3/2
2p1/2
2s

Vacuum level
Fermi level
incident
X-Ray, hυ

1s
Figure 2 A representative energy diagram of the photoemission process in XPS (adapted from ref.
[20].
4.2.1.2

Instrumentation

XPS requires UHV conditions mainly due to two reasons; to maintain the surface from the
contamination and to increase the main free path of emitted electrons. XPS is a highly surface
sensitive method and so, surface contamination can affect the spectrum significantly. According to gas
kinetic theory, the base pressure should be 10-8 or less to keep the surface clean enough for a surface
analytical measurement before having a contamination from the gas phase interface [20]. Moreover,
UHV is necessary to enlarge the mean free path of the electrons which is defined as the average
distance travelled by the electrons before a collision takes place.
XPS setups primarily are composed of X-ray source, electron analyser and electron detector, however,
an ion gun for depth profiling is commonly included as well. A representative XPS setup is shown in
Figure 3.
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X-ray sources: Chemical analysis of XPS spectrum needs an energy resolution less than 1 eV.
Furthermore, because the linewidth of an electron in a core level is very small, the linewidth of the Xray is a principle consideration for choosing a material as an X-ray source in XPS measurement. On the
other hand, the candidate material should allow an easy production of X-rays with electron collisions,
therefore, it should be a conductor to enable the rapid removal of the heat that transpires during the
electron collisions. It should be an UHV compatible material as well. Mg and Al are two materials which
are most suitable for this operation. K lines of both materials are universally used with their energies
of 1253.6 eV for Mg and 1486.6 eV for Al. Principle K lines of both materials are unresolved doublet
and labelled as K1,2. In addition to these lines, there exists a series of subsequent lines, called as
satellite lines and appear in the spectrum 8-12 eV for K3,4 at the lower binding energy side. These
satellite lines, separation of K1,2 doublet and elimination of the Bremsstrahlung background can be
achieved by monochromatisation.
Electron Analyser: Deflection-type analysers, aiming to separate the electrons such that only electrons
with a desired energy move along the specific trajectory through the detector, are used in XPS
measurement. There are various possible geometries for analysers such as cylindrical mirror analyser
(CMA), 127o-angle analyser and concentric hemispherical analyser (CHA). Among these, CHA,
employed universally, have two concentric metal hemispheres. Different voltages are placed on each
hemisphere such that there is an electric field between the two hemispheres. Electrons are injected
into the gap between the hemispheres. If the electrons are travelling very fast, they will impinge on
the outer hemisphere. If they are travelling very slowly, they will be attracted to the inner hemisphere.
Hence, only electrons in a narrow energy region (called the pass energy) succeed in getting all the way
round the hemispheres to the detector.
Ion gun: Energetic ions from the ion gun launch to the surface of the sample for XPS analysis. Several
monolayers are removed by the collisions for either etching the surface contamination or depth
profiling. Inert gas ions (usually Ar) are created by collisions with electrons and conducted for
sputtering. The positive ions are accelerated to between 0.5 – 10 keV and focus on the sample to
create a successive etching for depth analysis. Although sputtering is widely used, sputtering causes
some artefacts on the surface such as atomic mixing, knock on implantation, bond breaking and
preferential sputtering. Using low energy ions and ion species with higher masses (i.e. Xe, Kr) can
minimize these artefacts.
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Figure 3. Representative diagram for XPS measurement setup

62

4.2.1.3

Analysis of the spectrum

Intensity (a.u.)

Intensity (a.u.)

Both the determination of atomic percentage and chemical environment requires a successive
quantification study (i.e. background subtraction and peak fitting). Shirley [21] and Tougaard [22] are
two methods used widely for background subtraction (Figure 4). While the electron energy linewidth in
the core shell is defied with a Lorentzian curve, that of generated X-ray is defined with a Gaussian
curve.
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Figure 4. Background correction for Ge 2p peak
by using Tougaard and Shirley methods
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Figure 5. Deconvolution of O 1s peak with a
Gaussian, a Lorentzian and a combined
(Gaussian + Lorentzian) fit.

Hence, the measured peaks should be deconvoluted in terms of a combination of both algorithms. In
Figure 5, O 1s peak was deconvoluted by using Lorentzian, Gaussian and a combination of both
approach are given. In addition to background correction and fitting methods, one should consider that
each XPS process has different probability, or cross section. Higher intensity of a process does not
necessarily imply higher concentration of the corresponding atom.
4.2.1.4

Probing nanostructures with XPS

A decrease in the dimensions of devices enhances the importance of the interface due to the increase
in the ratio of the interface atoms to the bulk atoms. Therefore, XPS, has become very important to
analyse the interface states of nanostructures. XPS is widely employed in nanostructure analysis not
only to show the chemical states of the interface but also to investigate the depth distribution of
elements and their chemical states and to characterize thin films. Oswald et. al. [23] employed XPS
analysis to investigate the depth profile of Ge atoms in SiO2 matrix for both as-implanted (Figure 6a)
and annealed at 950oC for 90 min (Figure 6b) samples. Ge precipitation, which was demonstrated with
TEM images, can be observed at the interface of SiO2/Si. In Fig. 6, the XPS analysis of 6.4 nm SiO2
matrix on Si substrate is given [24]. The thickness was calculated both from TEM micro-image (Figure
8) and from the ratio of the XPS peak of Si-Si to that of Si-O peak.
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Figure 6. Ge, Si and O distribution of a) Ge implanted, b) subsequently annealed at 950oC for 90
min 500nm SiO2 films.

Figure 7. XPS analysis of 6.4 nm thin SiO2 film
on Si substrate
4.2.1.5

Figure 8. TEM micro-image of 6.4 nm thin SiO2
film on Si substrate

Conclusion

XPS is the most widely used surface sensitive method. It supplies information about the atomic
concentration and chemical environment of the species at the surface. However, the instrumentation,
its operation and the data analysis requires much attention. The method is very useful in
nanotechnology since decreasing sizes enhance the importance of surfaces. It can be employed to
analysis the depth profile of the species by adding ion gun apertures. Moreover, thin films, which are
widely used in gate electronic and other microelectronic devices, can be characterized with XPS with a
high accuracy. It is also an important method to characterise the surface of nanopowders.
4.2.2
4.2.2.1

Raman Spectroscopy
Introduction

When light is scattered from a molecule most photons are elastically scattered, called Rayleigh
scattering. However, a small fraction of photons (approximately 1 in 107 photons) undergoes an
inelastic scattering due to a change in the elemental excitations of the probed material. The process
leading to this inelastic scatter is termed the Raman Effect after the discovery by the Indian physicist,
C. V. Raman in 1928 [25]. Raman scattering can occur with a change in vibrational energy of a
molecule. In other words, it can cause a creation (Stokes process) or annihilation (Anti-Stokes
process) of a phonon. The population of phonons in the excited state is a function of temperature.
Hence, the intensity of the Raman shift that occurs due to an anti-Stokes process is always weaker
than that which occurs due to a Stokes process (Figure 9).
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Figure 9. The difference between Stokes
and anti-Stokes shifts of a Raman
spectrum at room temperature (“*”
shows the Silicon peak and “#” indicates
the Al2O3 peak).
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The occurrence of the Raman event is simple and takes place in approximately 10-14 seconds or less.
However, the theory of Raman scattering is far from elementary. Both group theory and high-order
perturbation theory are required to explain the phenomenon properly. While, in classical physics, the
interaction can be considered as a perturbation of the molecule’s electric field, in quantum mechanics,
the scattering is described as an excitation to a virtual state lower in energy than a real electronic
transition with nearly coincident de-excitation and a change in vibrational energy. A representative
energy band diagram of Raman scattering is given in Figure 10.
The difference in energy between the incident photon and the Raman scattered photon is equal to the
energy of a vibration of the scattering molecule which is characteristic for various molecules. A plot of
intensity of scattered light versus energy difference between incident and scattered photons is a
Raman spectrum. Numerically, the Raman shift (in cm-1) can be calculated using Equation 2.
_



1

incident



1
Equation 2

scattered

where, λincident and λscattered are the wavelength (in cm) of incident and scattered photons, respectively.
The energy and the shift in a Raman spectrum are mainly defined by the molecular and environmental
parameter such as atomic mass, bond order, molecular substituents, and molecular geometry. As a
special issue, the difference in the Raman spectra between the crystalline Silicon (c-Si) and amorphous
(a-Si) is given in Figure 11).
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Figure 10. Energy level diagram for Raman scattering
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Figure 11. Raman spectra of
amorphous Silicon and crystalline Silicon

Surface-enhanced Raman scattering (SERS) and resonance-enhanced Raman scattering (RERS) are
two improved methods that intensify the Raman scattering at the surface and at a particular
wavelength, respectively. SERS method is based on the enhancement of the electromagnetic field
produced at the surface of the metal. Silver or gold colloids are widely used for enhancement. When
the wavelength of the exciting laser coincides with the electronic spectrum of a molecule, the intensity
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of some Raman active vibrations increases by a factor of 102-104. In addition, introduction of near field
techniques have allowed the use of NSOM probes instead of microscopes in Raman spectroscopy [26].
4.2.2.2

Instrumentation

Sir C. V. Raman used filtered sunlight as a monochromatic source, a coloured filter as a
monochromator, and a human eye as detector. Since the intensity of Raman scattered light is very
low, a high power monochromatic source is required. Therefore, the technique became widely used
and commercialised after the invention of laser. In Figure 12, a representative setup for Raman
spectroscopy measurement in 180o geometry is given. While, He-Ne (632 nm), Ar+ (488 nm and 514
nm) and Nd: YAG (532 nm) lasers are widely chosen as monochromatic source, other ultra violet (UV),
visible (VIS) and near infrared (NIR) sources are available. The source in the system needs high power
due to the low probability of Raman process. Charge coupled devices (CCD), photomultiplier tubes
(PMT) or semiconductor detectors are widely used for light detection. Among these, CCD performs in
multichannel image acquisition mode, which shortens the time required to readout the spectrum, and
is therefore of particular interest. The Raman spectrometer can be either dispersive or nondispersive.
While dispersive systems consist of a grating or prism to separate the colours, nondispersive systems
include the Michelson interferometer for this purpose and is called a Fourier transform Raman (FTRaman) spectrometer. Dispersive systems with double/triple monochromators are universally used in
the system. The Raman spectrometer can be improved with various optical compounds such as a notch
filter, confocal hole, microscope, and polariser. A notch filter is a narrow band filter used to block the
Rayleigh scattering (mainly to protect the detector). A confocal hole is useful to investigate the Raman
response of the layers or deep of the samples at normal incidence. The lateral resolution of this
method can be increased by attaching suitable microscope lenses. These systems are called microRaman spectrometers. Hence, the Raman phenomenon is polarization dependent, polarisers becoming
some of the most useful compounds that can be used to block some signals and therefore to highlight
others.
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Figure 12. A representative confocal micro-Raman
spectrometer setup.

4.2.2.3

Figure 13. First order Raman scattering
of crystalline Si and nanocrystalline Si
with various sizes.

Probing Nanostructures with Raman Spectroscopy

Raman scattering provides a fast and nondestructive method to characterize nanostructures. It can be
employed to investigate the phase changes (amorphous or crystalline), the size variations and the
stress on nanocrystals. Moreover, using a suitable formulation, the stress, size and crystalline ratio of
the nanocrystals can be obtained from the shape and the peak position of the first order Raman
scattering band. Dimensions of nanocrystals is a critical issue in nanotechnology, and so the estimation
of sizes of nanocrystals with Raman spectroscopy, as a relatively fast and cheap method, has attracted
much attention [27]. Information on nanostructured materials obtained from Raman spectroscopy can
be listed in detail as follows [28].
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interface properties of nanostructures



dimension of quantum dots



periodicity of quantum wells



local field effects in nanocrystals



defects, disordered states and microstrain in quantum structures



Grüneisen parameter in low dimensional systems



phase transitions in nanomaterials



dopant concentration in semiconductor nanocrystals

The first order Raman scattering band of Si is given in Figure 13. While crystalline Si has a Lorentzian
band shape with an intrinsic linewidth of about 3 cm-1 at room temperature, nanocrystalline Si has a
low-frequency asymmetric broadening and redshift of the Raman band. From the quantum mechanical
point of view, the broadening of the peak is explained by the quantum confinement model [29].
Furthermore, in a classical sense, the broadening of the peak is due to the absence of long range order
which destroys the full translation symmetry of the material. Raman scattering deals with the phonons
only at the centre of the Brillouin zone. In nanocrystals, the phonons near to interface of nanocrystals
can participate in Raman scattering. These phonons have lower energies compared to the ones at the
centre of the Brillouin zone. Thus, the low-frequency tail of the Raman band is supposed to stretch
much more significantly than the high frequency tail. However, these explanations are absent; if one
does not consider stress effects (i.e. tensile and compressive stress causes a red- and blueshift,
respectively).
4.2.2.4

Conclusion

Raman spectroscopy, a nondestructive and fast method, is very useful for material characterization. It
can be modified easily for special purposes such as SERS and RERS. Additional lenses and other optical
components, such as microscope and polarizer, improve the use of the spectrometer. Because it
provides information about the phase changes, size variations and stress, it is conducted widely in
nanostructure calibration. The broadening and redshift of the first order peak is generally examined to
obtain this useful information.
4.2.3
4.2.3.1

Photoluminescence and Electroluminescence Spectroscopy
Photoluminescence Spectroscopy

4.2.3.1.1 Introduction
Photoluminescence spectroscopy is a powerful tool used for the characterization of semiconductors,
especially those applicable for optoelectronic devices. It is a simple, versatile, contactless,
nondestructive method of probing the electronic structure of materials.
Photoluminescence (PL) involves the irradiation of the crystal to be characterized with photons of
energy greater than the band-gap energy of that material. Light is directed onto a sample, where it is
absorbed and imparts excess energy into the material in a process called "photo-excitation". One way
this excess energy can be dissipated by the sample is through the emission of light, or luminescence.
In the case of photo-excitation, this luminescence is called "photoluminescence." The intensity and
spectral content of this photoluminescence is a direct measure of various important material
properties.
Photo-excitation causes electron-hole pairs within the material to move into permissible excited states.
When these electrons and holes recombine, the excess energy is released and may include the
emission of light (a radiative process) or may not (a nonradiative process). We can briefly say
photoluminescence process includes three main phases [30]:
1. Excitation: Electrons can absorb energy from external sources, such as lasers, arcdischarge lamps, and tungsten-halogen bulbs, and be promoted to higher energy levels. In
this process electron-hole pairs are created.
2. Thermalisation: Excited pairs relax towards quasi-thermal equilibrium distributions.

29

Silicon Photonics, edited by L. Pavesi and D. Lockwood, Topics in Applied Physics vol. 94, SpringerVerlag, Berlin 2004.
30
Y. Yu, M. Cardona, Fundamentals of Semiconductors, pp.348, Springer, Berlin (1995)
67

3. Recombination: The energy can subsequently be released, in the form of a lower energy
photon, when the electron falls back to the original ground state. This process can occur
radiatively or non-radiatively.
PL is the spontaneous emission of light from a material under optical excitation. Because the sample is
excited optically, electrical contacts and junctions are unnecessary and high-resistivity materials pose
no practical difficulty. Moreover, PL can be used to study virtually any surface in any environment.
PL investigations can be used to characterize a variety of material parameters. The excitation energy
and intensity are chosen to probe different regions and excitation concentrations in the sample. PL
spectroscopy provides electrical characterization, and it is a selective and extremely sensitive probe of
discrete electronic states. Features of the emission spectrum can be used to identify surface, interface,
and impurity levels and to gauge alloy disorder and interface roughness. The intensity of the PL signal
provides information on the quality of surfaces and interfaces. Moreover, PL is generally not sensitive
to the pressure in the sample chamber. Hence, it can be used to study surface properties in relatively
high-pressure semiconductor growth reactors.
Although PL does depend quite strongly on temperature, liquid helium temperatures being required for
the highest spectral resolution, room-temperature measurements are sufficient for many purposes. In
addition, PL has little effect on the surface under investigation. Photoinduced changes and sample
heating are possible, but low excitation can minimize these effects. Compared with other optical
methods of characterization like reflection and absorption, PL is less stringent about beam alignment,
surface flatness, and sample thickness.
The fundamental limitation of PL analysis is that of working with materials which have poor radiative
efficiency, such as low-quality indirect bandgap semiconductors. Indirect-bandgap semiconductors,
where the conduction band minimum is separated from the valence band maximum in momentum
space, have inherently low PL efficiency. Nonradiative recombination tends to dominate the relaxation
of excited populations in these materials. This problem can be augmented by poor surface quality,
where rapid nonradiative events may occur.
4.2.3.1.2 Instrumentation
The basic equipment setup needed to perform conventional photoluminescence consists of three main
parts. (1) a light source to provide above- or below-band-gap excitation; (2) a dewar to maintain the
samples at low temperatures while allowing optical access to the sample surface; and (3) a detection
system to collect and analyse the photons emitted from the sample (Figure 14).
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Figure 14. The schematic representation of a
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Excitation Source

Sample
Lens

PC

68

Figure 15. Photoluminescence schematic. (a) An electron
absorbs a photon and is promoted from the valence band
to the conduction band. (b) The electron cools down to the
bottom of the conduction band. (c) The electron
recombines with the hole resulting in the emission of light
with energy h .

Figure 16. Size dependence of PL emission
from CdTe quantum wells. Quantum wells of
different widths placed in one single chip
produced in the Institute of Physics of PAS
[31] .

Figure 15 shows a diagram describing a basic PL apparatus. In addition to these devices, for
temperature dependent measurements sample is placed in a cryostat. Liquid helium or nitrogen cooled
cryostats are used for this purpose.
4.2.3.1.3 Probing nanostructures with Photoluminescence Spectroscopy
During the last ten years, the synthesis and characterization of nanosized structures has become an
increasingly active field of science. It has been found that the physical properties of individual
nanoparticles can be very different from those of their bulk counterparts. Particular attention has been
devoted to the study of crystalline silicon nanostructures as this material is of great importance for the
microelectronics industry. Moreover, due to their strong visible photoluminescence, silicon nanocrystals
may play a major role in the realization of a new generation of optoelectronic devices.
Nanomaterials offer a number of benefits. For example, they are extremely bright, stable and long
lasting. They have very precise size tolerances, unique features making them ideally suited for the
most demanding novel fluorescent and optoelectronic applications. Moreover, nanostructures have the
ability to control the band-gap of the material. This provides a high degree of tunability in novel and
non-traditional semiconductor applications and can enhance and expand material and product
development in a growing range of technological applications such as opto-electronics, photo-voltaics,
photonics and photonic materials in biotechnology. Due to the quantisation of energy levels in low
dimensional systems, band gap energy increases with decreasing the size of nanocrystals. As a result
of this, the photoluminescence peak in low dimensional systems blueshifts from that in bulk
counterparts. For example Figure 16 shows the quantum wells size size dependent PL emission from
CdTe.
PL spectroscopy can be used to probe the nanowires directly i.e. the effect of the host material does
not have to be considered. This characterization method has been used to study many properties of
nanowires, such as the optical gap behaviour, oxygen vacancies in ZnO nanowires [32], and quantum
confinement effects which results from electrons and holes being squeezed into a dimension that
approaches a critical quantum measurement, called the exciton Bohr radius, in InP nanowires [32].
4.2.3.1.4 Conclusion
Photoluminescence spectroscopy is a commonly used, nondestructive method for the characterization
of semiconductor materials. Due to the large surface area to volume ratio in nanoparticles, it also
offers a tool for improving our understanding of nanostructured surfaces. Moreover, observation of
blueshift in the peak positions shows its usefulness for the study of quantum confinement of electrons
in low dimensional systems. Information obtained from nanomaterials using photoluminescence can be
summarized as follows [33]:
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4.2.3.2

Origin of luminescence in nanomaterials
Electronic states and electron hole exchange interaction
Surface state density of the material
Near surface bulk properties
Electronic transition related to the surface of the nanostructure
Electronic band bending

Electroluminescence Spectroscopy

4.2.3.2.1 Introduction
The phenomenon of electroluminescence (EL) was introduced in 1936 by G. Destriau when he
discovered phosphors, such as copper- or manganese- doped zinc sulphide, glow when subjected to a
high voltage field (typically 10,000V/cm). His study was reported in London, Edinburgh and Dublin
Philosophical magazine, series 7, volume 38, No. 285, pages 700 to 737 (October 1947) [34-36].
Although the analysis of light emission from nanocrystals or bulk materials is basically studied by
photoluminescence experiments, most of the light emitting devices depend on electroluminescence
properties of the materials. Electroluminescence can differ from photoluminescence with excitation
process. While in PL measurements the creation and recombination of the electron-hole pairs occur by
means of optical excitation of the material, in EL measurements electrical energy excites the carriers.
Two important processes are of interest in electroluminescence 1) how the radiative system is excited,
and 2) the generation mechanism itself. The light emission processes are the same as
photoluminescence in which a photon can be emitted when an electron drops from an upper energy
level to a lower one. These transitions can be from the conduction to valence band, to impurity states
or between donor and acceptor levels. In electroluminescence, carriers can be excited in three ways:
electrical ionization process within the crystal, introduction of extra carriers from outside through some
boundary (carrier injection), or their increased concentration at some point within the crystal under the
influence of a current (carrier accumulation) [37].
4.2.3.2.2 Instrumentation
The EL measurement system is the same as the PL setup with one additional electrical measurement
system shown in Figure 17. This system allows measurement at both room and cryogenic
temperatures. The head of the cryostat is attached to the 3D micro-positioner for alignment and has
an optical window for allowing emitted light into the monochromator.
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Figure 17. Devices additional to PL system for electroluminescence measurements

34

Dublin Philosophical Magazine, series 7, volume 38, No. 285, (1947) 700
http://www.talkingelectronics.com/Projects/Electroluminescence/LitELine02.html
36
Electroluminescence Materials, Sittig Marshall, Noyes Data Corporation, Park Ridge, New Jersey,
U.S.A., 1970
37
Electroluminescence, Henisch H. K., Pergsmon Press, Oxford, London, New York, Paris, 1962
35

70

4.2.3.2.3 Probing nanostructures with Electroluminescence Spectroscopy
Light emitting devices based on nanocrystals, are very crucial to overcome the problems of novel Si
technology that will be faced in the near future. One of the basic aims of the electroluminescence
studies of Si nanocrystals is the replacement of both inter- and intra- chip metallic signal transmission
lines and electronic processing in some percentage with integration of the fast and reliable photonic
devices. Therefore, understanding light emission and transport mechanisms are very important to
generate efficient light emitting devices based on Si nanocrystals. Especially, MOS-LED structures
based on Si quantum dots are very attractive due to their compatibility with the standard Si
technology.
Figure 18 shows a basic planar MOS-LED structure containing Si nanocrystals. This is one of the
simplest structures suitable for electroluminescence studies. Back contact is chosen considering the
substrate and the type of the optical window used for both injection of charge into (with uniform
current spreading over the whole area of window) and extracting the light from active region of MOSLED i.e. the nanocrystals containing oxide layer. As optical window, indium-tin-oxide (ITO), doped
polysilicon or transparent thin metal films could be used.

Figure 18. Cross-section of simple planar MOS-LED structure
4.2.3.2.4 Conclusion
Electroluminescence spectroscopy is a very useful and important tool for electrical characterization of
electronic devices in the nanometric range. It enables researchers to understand light emission
mechanisms in devices based on nanocrystals and to optimize the structure for fabrication of practical
devices.
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5 Characterisation of particle size in nanopowders and
bulk nanocrystalline materials
The characteristic dimension of the nanostructure depends on the application of the material, as
explained in Section 0. In nanopowders, nanocrystalline coatings and bulk materials grain size is the
most critical parameter. But what is frequently neglected is the distribution of sizes (PSD or GSD).
These topics are reviewed in [38, 39].

5.1 Measurement of specific surface area (SSA)
The specific surface area is the total surface of one gram (or other unit) of powder. It is evaluated by
measuring the drop of pressure of nitrogen in a closed container due to absorption of the nitrogen
molecules to the surface of the material inserted in the container (B.E.T. method [8]). To estimate the
size of the grains, an assumption is made that the particles have a spherical shape. In such a case the
average diameter of a particle is:
dBET = 6/( *SBET)

Equation 3

where:
 [g/m3] – density,
SBET [m2/g] – specific surface area measured by adsorption method
Measurement of the specific surface area is a standard procedure for nanopowders. However the
measurement needs to be made very carefully. The equipment producer provides measurement and
powder preparation procedures. It is preferred to use a so-called multi-point instrument, where the
amount of nitrogen absorbed by the surface of the powders is measured as function of pressure of
nitrogen. For such instruments it is possible to measure values of specific surface up to 2000 m2/g.
Each laboratory needs to establish a powder preparation procedure to ensure reproducibility and
reliability of results. Collaborating laboratories need to establish a common measurement procedure.
The result of this measurement needs to be validated by comparing to results obtained by another
method. Equipment based on nitrogen absorption is also used to evaluate the distribution of sizes of
nano-pores between particles, and this in turn permits a conclusion to be drawn about grain sizes as
well.
Real particles need not be spherical. For a non-spherical particle the specific surface will be larger than
for a spherical one, and therefore the average diameter calculated using Equation 3 will be
overestimated. However there is a parameter that characterises the size of particles and at the same
time is independent on particle shape: this is the average chord of particle <l>. It seems that for size
dependent phenomena the average chord could be a more relevant parameter than some diameter of
an equivalent sphere. The average chord of particle is:
<l> = 2/ Sv

Equation 4

where: Sv – relative surface
It is recommended to supplement the B.E.T. measurements with determination of the density of the
powders using helium pycnometry. Density is an important parameter, permitting to establish whether
the powder is single phase, and whether the reaction of synthesis was completed to the end, or there
are remaining of unreacted substrates [40].
The ratio of the size of particles as determined from SSA and individual particles is called Aggregation
factor [3,38]:

FAGG 

d sin gleparticle
d BET

Equation 5
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5.2 Measurement of pycnometric density
In the experience of the authors, helium pycnometry is the recommended basic characterisation tool
for nanopowders. In the Institute of High pressure Physics of Polish Academy of Sciences procedures
were developed for the precise determination of the density of nanopowders using this method. The
principle of the method is as follows. A container with a well defined volume is filled with powders, and
then with helium. In the next step a second vessel is opened to the first and the pressure of helium in
both vessels is equalised. The pressure difference permits the calculation of the volume occupied by
the powder. Knowing the weight of the powder, it is easy to calculate its density.
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Figure 19. The dependence of specific surface area
on density as measured by means of helium
pycnometry. For ZnO nanopowders produced
starting from various precursors [41].

Figure 20. Dependence of density of Zirconia
nanopowders on synthesis conditions. The
powder was produced using a microwave
driven hydrothermal method [40]

Figure 19 shows the relation between density and specific surface. It is clear that:
a) the higher the specific surface area the lower the density. This is the effect of surface layers on
the powders on the average density.
b) density depends on the production method. That means it is also a quality test.
It is possible to have powders of identical specific surface area but different density, that means of
various types and thicknesses of surface layers, that might be remaining substrates of the reaction.
Figure 20 shows the effect of synthesis conditions on the density of zirconia nanopowders [40]. One
can clearly set the threshold pressure for synthesis of powders with presumably thin surface layers
that contribute little to the volume occupied by the powder.
The pycnometric density is distinct from the hydrodynamic density, which is relevant for particles
immersed in a fluid and moving together with a layer of liquid (Section 5.4). The hydrodynamic density
is connected with the hydrodynamic radius.

5.3 Measurement
suspension

of

Particle

Size

Distribution

of

particles

in

There are a number of methods to measure PSD. The most popular is Photon Correlation
Spectroscopy. Scattered light is emitted from dispersed objects in suspension, and Brownian motion of
these objects produces fluctuations in the intensity of the signal. Small particles diffuse quickly and
produce a fast decay in the correlation function, larger particles diffuse more slowly. Analysis of these
fluctuations using the correlation function yields the diffusion coefficient or the hydrodynamic radius
(using the Stokes-Einstein equation) of the objects [42,43]. The technique of dynamic light scattering
is well suited to the measurement of the size of nanoparticle dispersions. The dimension obtained is
called the hydrodynamic radius, since it describes the radius of a particle moving as a unity in a fluid,
41
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together with the surface layer. However, interpretation of such data requires care. The value
measured is the intensity of scattered light (Figure 21c), the equipment produces output in terms of
volume fraction of particles with a given size, i.e., volume of particles and agglomerates as function of
size (Figure 21b), and the number of different particles is yet another plot (Figure 21a). This method of
measurement is standardised according to ISO 13320-1.

Figure 21. Schematic presentation of particle size distribution in the case there are 50% of
particles 5 nm in diameter and 50% of their agglomerates 50 nm in diameter. (a) – distribution of
number of particles, (b) distribution of their volume or weight (c) distribution of intensity of
scattered by them light [44].
Figure 21 indicates that PSD measured using various methods can be compared only with great care.
Microscopic methods would provide plots (a) and (b) while results based on light scattering techniques
are shown in plot (c). Another technique for PSD determination is to measure optical absorbance or
XRD of the centrifuged suspension as a function of time.
The above techniques provide a plot that includes agglomerates of particles and single particles. It
does not tell us the size of individual crystallites in a particle. For that purpose XRD techniques are
better suited (see section 5.5.4).
Another possible method to use for particle size distribution evaluation is mass spectroscopy. The use
of this method is described in detail in ref [45].

5.4 Zeta potential and hydrodynamic radius
When discussing the dimension of a particle in suspension, one has to take into consideration the
thickness of the layer of liquid that “moves together” with the particle. Evaluating particle size in
suspensions is a know-how for specific products, and is usually carried out jointly with measurement of
the zeta-potential. A charge at the particle surface (resulting for example due to “broken bonds”)
results in an increased concentration of ions of opposite charge to that of the particle close to the
surface. Thus an electrical double layer exists around each particle. It follows that the size of the
particle measured based on the above equation corresponds to the diameter of the electrical double
layer. The liquid layer surrounding the particle exists as two parts; an inner region (Stern layer) where
the ions are strongly bound and an outer (diffuse) region where they are less firmly associated. Within
the diffuse layer is a notional boundary known as the slipping plane, within which the particle acts as a
single entity. When a particle moves, ions within this radius move with it, but any ions beyond the
boundary do not travel with the particle (Figure 23). The potential that exists at this boundary is
known as the Zeta potential, which is the potential at the radius of the sphere including all the
molecules and particle that move together in the suspension (Hydrodynamic radius). It depends on
both the nature of the surface and the dispersant. The zeta potential of a particle dispersion can be
affected by: changes of pH, conductivity of the medium (concentration of salt), concentration of a
particular additive in the product formulation (e.g. ionic surfactant, polymer). The zeta potential is
connected with the “electrophoretic mobility”, that means mobility in an electric field, and is calculated
using Henry’s equation:
Courtesy M. Kaszuba
In-Kyum Lee and Markus Winterer “Aerosol mass spectrometer for the in situ analysis of chemical
vapor. synthesis processes in hot wall reactors” Review of Scientific Instruments 76, (2005) 095104
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UE = 2  z f (k a) / 3,

Equation 6

where: UE – electroforetic mobility; z – zeta potential;  - dielectric constant;  - viscosity; f(k,a) –
Henry’s function. Small changes in the pH, concentration of ions or the kind of molecules attached to
surfaces can lead to dramatic changes in the zeta potential, and as a consequence to agglomeration or
change the way of powder agglomeration. If the particles have a large negative or positive zeta
potential they will repel each other and there is dispersion stability. If the particles have low zeta
potential values then there is no force to prevent the particles coming together and there is dispersion
instability.

Figure 22. Schematic diagram showing various
mechanisms where stability may be lost in a colloidal
dispersion [46].

Figure

24.

The

function of pH [46].
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Figure 23. Schematic representation of
zeta potential [46]

Figure 25. Effect of pH on potential changes and
average hydrodynamic particle size [47].

The results of potential changes as a function of pH as well as the average particle size for particular
pH are presented in Figure 25. More information can be found in ref. [48]. This is a field of enormous
practical importance in many industry sectors. A review of these techniques is given in ref [49].
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5.5 X-ray diffraction methods
X-ray diffraction methods are well known. However, in application to nanostructures, specific sample
preparation protocols need to be strictly respected. Failure to do so may result in completely
misinterpretation of data and incorrect results (several examples of this by inexperienced researchers
are known to the authors). It is outwith the scope of this report to detail the specific sample and
measurement preparation methods, however they have to be included in future nanometrology
standards. Information about the general approach to analysis of X-ray diffraction data is given below.
5.5.1

Scherrer equation and analysis of width of XRD peaks.

A simple method used to calculate the particle size is based on assessment of Full-Width at HalfMaximum (FWHM) of the XRD peaks using the Scherrer equation:

R=

K
 cos 

Equation 7

Where:
R – crystallite size
K – constant
 - wave length (for Cu it is 0.154051 [nm])
 - FWHM Full-Width Half-Maximum of peak [rad]
 - Bragg angle
The great potential of X-rays comes from simple instrumentation and a strong dependence of the
diffraction line profile on the crystal size and shape. The Scherrer method is very effective, because
estimation of the grain size is a matter of minutes and does not require any sophisticated tools. The
Scherrer method provides the best quality/effort ratio between all evaluation methods available.
However, this method has the following limitations:
a) Wide diffraction peaks cause difficulties in interpretation of diffraction patterns, particularly
when peaks overlap or there are two or more phases. For two phase powders there may be
overlap of peaks of the two phases, leading to erroneous conclusions of wide peaks and small
grain size.
b) For complicated particle shapes, and their elongation along particular crystallographic
directions, the FWHM depends on the X-ray diffraction peak analysed. Intuitively, the XRD
peaks will be wider for crystallographic planes perpendicular to the narrower dimensions. But it
has been shown in modelling experiments where the number of atoms is kept constant but the
shape of the particle is varied, that for SiC nanopowders 10 nm in diameter, in FWHM all the
peaks are interrelated [50]. In such a case it is recommended to calculate the diffraction
pattern based on the Debye [51] equation after making an assumption on the particle shape,
and by that way obtain the real shape and size of the particles.
c)

For bimodal grain boundary distribution the R value will be misleading (see section 5.6.2.1)

d) Due to approximations used by Scherrer, size readings will be slightly lower than effective
crystallite size. Therefore the “Scherrer crystallite size” shall be considered to be the lower size
approximation.
e) There are a variety of published Scherrer constants (from about 0.7 up to 1.5). The actual
value of the “constant” depends on number of factors (e.g. crystallite shape, size distribution
profile). Since the factors are (usually) a priori unknown, most researchers assume a value of
1.
f)

Equipment broadening. The diffraction line produced using an ideal single crystal has a width
characteristic for the given instrument: This line broadening is called equipment broadening. If
equipment broadening is significant and this is not taken into account, one may underestimate
the grain size. There is a range of crystallite sizes where the grain size can be determined
directly from Equation 7 without taking into account equipment broadening. However, when
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the equipment broadening is not negligible compared to that caused by small grain size, a
correction has to be taken into account. The equipment broadening needs to be subtracted
from the measured peak width. The real equipment broadening depends on such factors as
proper adjustment of the X-ray optics, type of optics, and signal intensity. The best results are
obtained using synchrotron radiation, where the FWHM value for the XRD peak caused by
equipment broadening is in the range 0.001 – 0.005 deg. Such equipment permits crystallite
sizes up to 1000 nm to be precisely determined. On the other hand, typical diffractometers
used in laboratories show an instrumental broadening from 0.01 to 0.1. Figure 26 shows the
FWHM value as a function of crystallite size for ideal equipment with no equipment broadening
(inclined green line), equipment broadening for a synchrotron, and the range of equipment
broadening for typical diffractometers. It is seen that for grain sizes below 100 nm one has to
take care when using Scherrer equation to determine gain size. For poorly adjusted equipment,
the equipment broadening needs to be taken into account at 20 nm grain size.
g) For strained materials, or particles with internal strains, the FWHM depends on the diffraction
angle, and peaks are asymmetric and broadened (section 5.5.2).
h) Particles can be coated with amorphous layers, other phases, or their surface may have a
different structure than the interior. In such a case the Scherrer formula will give information
about the size of the crystalline core of the particles (Figure 30).
i)

The FWHM value depends on the grain size distribution (GSD) (section 5.5.4). For wide GSD,
the measured width will be narrower than for a narrow grain size distribution. In fact, the
constant K in Equation 7 depends on the grain size distribution (Figure 27). For a narrow
distribution this value is close to 1. Figure 28 shows the effect of grain size dispersion on the
shape of the XRD peak.

Figure 26. FWHM for XRD peaks depending on grain size, and for comparison the equipment
broadening for a synchrotron and for typical diffractometers (very good, and average). The range
of crystallite sizes where their size can be directly calculated from Scherrer formula without taking
into account instrumental broadening is indicated for synchrotron and for standard diffractometers.
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Figure 27. The dependence of the K constant in Figure 28. Shape of the XRD diffraction profile for
the Scherrer equation on the grain size average grain size 10 nm and dispersion 1, 5 and
dispersion. R is the average grain size and sigma 10 nm, respectively.
is the width of the distribution.
5.5.2

Grain or Particle Size of strained powders.

For strained powders, strains contribute to peak broadening. The reason is obvious: strains cause a
change of lattice constants. Strain may result from: the method of preparation, such as mechanical
alloying or high pressure deformation or from sintering or be the result of the internal structure of the
particle, such as strains resulting from surface stresses [7,52]. There may be a distribution of particles
in the material where some particles are under compression and others under dilatation, or within each
single particle there can be a gradient of interatomic spacing, either radial, or caused by interaction
with other particles. In such a case the Scherrer equation returns a smaller than actual grain size. In
this case the classical Williamson-Hall plot has to be used to estimate the grain size. An example is
given in Figure 29.

Figure 29. FWHM as a function of scattering vector d* in the Williamson-Hall plot for YAG:Nd
powders (black squares) and nanoceramic (red circles) after sintering under ultra high pressure of
8 GPa [53].
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The grain size of the powders before sintering measured using the Scherrer formula was 25 nm. After
sintering the grain size measured using Scherrer formula was decreased. However, the FWMH value
after sintering was clearly a function of diffraction vector, what was an indication of high strains. The
calculated using the Williamson-Hall plot grain size was close to the initial average grain size.
5.5.3

Size and shape of very small nanocrystallites, particles, nanotubes

For small particles it is possible to estimate their size and shape by calculating the diffraction pattern
using the Debye equation [51]. The size is limited by the calculation power of computers, and the
maximum size possible for calculation within one week’s calculation time is in the range of 20 nm. The
following procedure is used: a model of the atomic structure is assumed, the pair distribution function
is calculated, and finally the diffraction pattern is calculated. In practice it represents the bond length
distribution of the material. The total powder diffraction pattern is calculated including the Bragg and
diffuse scattering contributions to the PDF, without any assumptions about the periodicity, which is
particularly important for nanopowders. When the size of the particles is comparable with the
crystallographic unit of the lattice, considering the periodicity of the lattice is questionable.
The result is compared with experimental data, and the procedure is repeated until a good match of
the model and experiment is achieved.
The atomic pair distribution function (PDF):

G (r )  4r[  (r )   0 ]
is the probability of finding an atom at a distance r from another atom; where

Equation 8

 (r ) and  0

are the

local and the average atomic number densities. The PDF can also be obtained from the diffraction
pattern, and important collusions drawn about the nature of infrasonic bonds and the atomic structure
of nano-objects [ 54 ]. The traditional usage of PDF requires a model for the interaction potential
between the atoms (molecules). Then the interaction potential is implemented in either a molecular
dynamics or a Monte Carlo simulation scheme to optimise the structure and compute the PDF in a
manner given in the review papers [55,56].
A comparison of a PDF computed for the case of a methane cluster (1.6 nm in size) with the peak
distribution for bulk methane (in two distinct phases - face centred cubic (fcc) and icosahedral (ico)
demonstrates the finite-size effects observed in most measurements of nanosized materials: shift and
broadening of the peaks, very low intensity of some peak.
The surface atoms (molecules) of the clusters if they are embedded in a less-dense medium, could
organize themselves in a collective motion revealed in the vibrational spectrum - the low frequency
peak in the figure. The role of the surface collective motion decreases with the cluster size if the
clusters are 3D objects. If the measurements are in thin films, the surface (2D) effects could prevail
over the 3D properties, for instance a shift in the colour of the emitted light.
Several important comments are needed:
a) intensity of the x-rays should be high in order to register diffraction data within the diffraction
patterns taken from the nano-objects; this is why the usage of synchrotron radiation is highly
recommended. Several centres in Europe provide facilities necessary for this purpose. The European
Crystallographic
Association
(ECA)
has
approved
Special
Interest
Groups
(http://www.ecanews.org/sig.htm) that should be contacted in order to find out the conditions for
using their premises;
b) neutron diffraction is a complementary tool which is less harmful to nanomaterials than intense xray sources and provides valuable information about new structures with unknown properties. The
Rutherford Appleton Laboratory (ISIS Facility) in the UK has a well developed infrastructure for specific
measurements and standardization.
5.5.3.1

Contribution of surfaces of particles to the diffraction pattern.

Figure 30 shows the diffraction pattern calculated for a ZnS nanoparticle of 4 nm diameter. Diffraction
pattern (a) corresponds to the structure shown in Figure 30a with a perfect lattice extending to the
surface. Diffraction pattern (b) is calculated for a particle with a relaxed structure simulated using
Molecular Dynamics. The surface of the particle becomes disordered. The grain size calculated using
the Scherrer equation from the width of the Bragg reflections of model (a) is 4 nm and that of model
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(b) is only 2 nm. In other words, analysis of the XRD pattern of a particle with structure (b) would
indicate a grain size much smaller than the real physical size.
In some cases the surface layer that does not contribute to diffraction peaks can be seen by means of
HREM. Note that the structure and thickness of the surface layer may depend on the treatment of the
material and its surroundings [ 57 ]. For small particles, diffraction from surfaces influences the
diffraction pattern in a number of ways, leading to apparent changes of interatomic spacing (Apparent
Lattice Parameter). The reader may find additional information on this subject in ref. [58]. It follows
from the above results that analysis of XRD peaks width gives information only about the dimensions
of the crystalline core of the particle but not necessarily about its real dimensions.

Figure 30. Theoretical diffraction patterns of 4 nm diameter ZnS crystallite calculated for a model
with (a) a perfect sphalerite lattice, and (b) with a relaxed structure as simulated by Molecular
Dynamics calculations [59].

5.5.3.2

Influence of the crystallite shape on XRD patterns

Intuitively, since diffraction methods distinguish crystallographic directions, they should be sensitive to
the crystallite sizes along these directions. Therefore, it should be easy to resolve average crystallite
shape from XRD pattern by analysis of the profiles of the peaks corresponding to various
crystallographic directions. Indeed, specific phase relations caused by specific shape of nanocrystal
influences XRD pattern, but not selectively (Figure 31). In other words, a small value in a particular
dimension will influence the peak corresponding to the other dimensions as well. It disallows simple
shape recognition, however the task can be completed by whole pattern modelling, e.g. using the
Debye method.
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Figure 31. Calculated XRD patterns for varying shapes of a parallelpiped SiC nanocrystal. Z is a
number of atomic layers (thickness) along its (0001) crystallographic axis. X=Y is number of layers
(width) along (1010) and (0100) axes. Crystal shapes are: bulk/cubes (comparable Z and X,Y),
plates (low Z, large X,Y) and whiskers (large Z, low X,Y) [50].

5.5.3.3

Determination of the structure and sizes of carbon nanotubes.

In this section we will give an example of the use of the Debye equation to determine the structure
and dimensions of carbon nanotubes. When they are produced in large quantities, they form tangles,
which are difficult to evaluate using image analysis methods (see section 5.6.3.5). Carbon nanotubes
may be regarded as a seamless cylinder (SWNT, single-walled nanotube) made by one rolled graphite
plane. When such cylinders are stacked inside one another multiwalled nanotubes (MWNT) are formed.
There are various forms of nanotubes, depending on how the graphite plane is “wrapped up” to from
the tube. The different tubes possess different properties (e.g. semiconductor or metallic and other).
Identification of the structure of carbon nanotubes is in most cases based on the use of electron
diffraction and HREM. However, this approach does not solve the problem of identifying the structure
of nanotubes produced in large quantity. A one-dimensional diffraction pattern for a CNT model
consisting of the Cartesian coordinates of constituent atoms can be computed using the Debye
equation and then converted via the Fourier transform to a real space representation in the form of the
pair correlation function. These functions can be compared with experimental data and agreement
between them is a criterion for validification of the model. Moreover, carbon nanotubes with different
diameters lead to different profiles of the pair correlation functions, which allow them to be
distinguished (Figure 32). In ref. [60] characterisation of carbon nanotubes using XRD techniques is
presented.
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a) Projection along the nanotube axis of the b) Comparison of the experimental (red line) and the best
model consisting of five coaxial cylinders model (blue line) pair correlation functions of the of the
(20,474 atoms).
CNTs.
Figure 32. Calculating the structure and dimensions of carbon nanotubes based on XRD data [60].

5.5.4

Particle or Grain Size Distribution based on fine analysis of XRD line profiles (XDPFS).

It is well known that the XRD line FWHM depends not only on grain size but also on distribution.
However, extracting the information about GSD from diffraction line profiles required until recently
application of numerical methods. Only recently an analytical equation was developed that permits the
quick and easy estimation of the GSD based on fine analysis of XRD line profiles [61, 62]. It requires
the fitting of an analytical expression to the experimentally collected XRD pattern (Figure 34). The
analytical expression for the diffraction Line Profile (LP) for powders with GSD can be expressed in a
general way in terms of hypergeometrical function:

,
Equation 9
where W = <R>/, U is average grain size,  is dispersion of the grain sizes, q is scattering vector and
D is spatial direction of the diffracting crystal (D= 1 for face reflections, D= 2 for edge reflections and
D= 3 for vertex reflections) [63],  is Euler's gamma function and pFq is the hypergeometrical function
given by:

where (a)k is Pochhammer symbol:

The above (somewhat complicated) LP definition can be expanded into a practical formula
LP(q;<R>,) containing elementary functions only that allows to fit experimental data using
commercially available fitting programs. Parameters (<R>, ) of the refined LP function constitute GSD
curve that can be readily drawn:
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Figure 33. Grain Size Distribution Figure
34. Fitting the analytical
function, average grain size R, and grain expression for the XRD line profile to the
size dispersion .
experimental data. Ref [64].

Figure 35. Analysis of XRD peaks Figure 36. Comparison of the GSD obtained by
width at 1/5 and 4/5 of height [62].
TEM image analysis and X-Ray diffraction method
for ZrO2 powder [40].
Figure 34 shows the fitting procedure of Equation 9 to an experimental diffractogram.
An alternative method is to measure the width of the XRD peak at two heights, i.e., at ¼ and ¾ of
maximum instead of ½ of maximum as in the Scherrer method (Figure 35). This allows both
parameters to be solved.
The advantage of this method is also that one can obtain separately the GSD for two phases of
intermixed powders, which is difficult for TEM based methods (Figure 37). TEM based methods will be
discussed in section 5.6.3.
Application of this analytical expression permits the establishment of the uncertainty of GSD
determination as a function of signal to noise ratio. This analysis shows that such characterisation is
best made using high brightness X-ray sources as synchrotrons. Figure 38 shows graphically the error
in Grain size and dispersion determination as a function of signal to noise ratio. It shows that if the
average grain size <R> is to be resolved at 10% accuracy and dispersion  to be resolved at 20%
accuracy, one needs to collect line profile data with 1% noise, that corresponds to 10000 counts in the
peak maximum.
X-Ray GSD measurements can be heavily disturbed by such line broadening effects as strain,
dislocations, stacking faults or instrumental broadening. There is currently no single diffraction theory
that accounts for all of these. Instead, all broadening components must be numerically convoluted.
This can be accomplished using one of the crystallographic software packages [65,66].
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Figure 37. The grain size distribution of ZrO2 nano-powder obtained
from TEM image analyses and from XRD method [40]

Figure 38. Range of GSD determination
uncertainty (both axes) as a function of
experimental
noise-to-signal
level
(%,
colors).

5.5.5

Figure 39. Equation for the error in
average grain size and dispersion of grain
size as function of the number of counts
in the maximum of the diffraction peak.

Recommended procedure of the XRD measurements of PSD or GSD and average grain
size.

In general, XRD measurement and data evaluation may be complex. However, in a number of
particular cases it may be safe to disregard the complexity of the diffraction theory and focus on the
strongest effect, peak broadening, and neglect the others. We will draw a simple algorithm that would
determine (a) whether or not it is safe to go this quick way and (b) what data evaluation methods to
use to obtain reliable results.
Assuming we deal with a nanocrystalline material or powders, we may characterize their
microstructure in the following steps:
Microstructure investigations:
1. Look at the SEM or TEM image of the sample. Check if the grain size distribution is bimodal,
and particles or grains are more or less uniaxial.
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2. Check the density of the powders by means of helium pycnometry. If density is far (more than
10%) from theoretical density of this material and there are no peaks indicating other phases,
there are probably a lot of amorphous phases in the material. In such an event it is perhaps
better not to pursue further investigations of this material.
XRD investigations:
1. Measure the sample. The powder diffraction pattern obtained should be drawn in the scattering
vector units q = 4π sin(θ)/λ. In the q scale, widths of all peaks should be comparable if the
crystalline lattice is not strained. It is also easy to index the peaks due to the simple relation of
the interplanar distance d=2nπ/q. At this point, one should be able to attribute all peaks to the
respective phases present in the material.
2. Check for strain. Depending on the prior synthesis or processing (e.g. heavy plastic
deformation, sintering), the material may display some lattice strain. For simplified GSD and/or
average grain size determination methods to be used, it is necessary to exclude this case. It
can be accomplished by comparison of widths of the peaks belonging to the same planar
family, e.g. (111), (222), etc.
3. If the widths are roughly (say, ±10%) at the same level, the material may be considered to be
(fairly) strain-free and GSD analysis can be performed. Otherwise the influence of the lattice
strain to the peak profile is too strong to be neglected and a strain-oriented analysis (e.g.
Williamson-Hall) must be performed. In the latter case, it is difficult to derive complete GSD
information. Instead, an approximate grain size and strain information will be available.
4. Single peak analysis. Further diffractogram processing steps focus on a single XRD peak, but
can be repeated for all peaks available in the pattern. First, calculate the GSD errors based on
peak intensity (number of counts at the peak maximum, not the integral one) – see Figure 38.
The errors are given as a percentage. This is also a decision point: whether the accuracy is
high enough? If not, the diffraction pattern must be measured once again to obtain the
necessary number of counts, according to the accuracy requirements. The errors obtained here
will be used later for GSD description.
5. Can instrumental broadening be neglected? Calculate the grain size using the Scherrer formula
(Equation 7). In case of the finest grains, around 20 nm and lower, the corresponding peak
widths are far larger than instrumental broadening of most powder diffractometers and
instrumental broadening does not need to be taken into account (Figure 26).
6. If the Scherrer method applied to any of the peaks being investigated shows that the size is
more than 20 nm, a reference measurement must be done to establish the equipment
broadening. However, it should be a rule to check instrumental broadening experimentally by
measuring a reference material.
7. It must be clear, that only grain size influences the profile. This is true when the profile in
symmetric and instrumental broadening is small (say, 10 times less) compared to the whole
width. To estimate GSD at a high accuracy, the entire peak profile is evaluated. If both
conditions are fulfilled, the present methods can be used. Otherwise one should limit
measurement to an approximate size using the Scherrer method.
8. GSD evaluation. If the grain size results are above 20 nm, exact value depending on the
quality of equipment (Figure 29), recalculate the Scherrer equation, after subtracting from the
measured peak width (FWHM) the instrumental peak width. If the peak is asymmetric, it is
likely that some strain, stacking faults or an unidentified phase is present in the material. The
latter case (extra phase) invalidates the entire size measurement while the others make size
readings artificially low (i.e. grain size is underestimated).
9. In the case of symmetric peaks and low relative instrumental broadening one can fit the peaks
using the LP function (Equation 9). Alternatively, one can measure two peak widths: at 1/5 and
4/5 of its maximum (FW1/5M and FW4/5M, respectively (Figure 35). The values of <R> and 
obtained represent the statistical distribution of grain sizes in the sample and can be readily
plotted as GSD curve. Error measures obtained in point 4 can be used as error bars of the <R>
and  values.
10. GSD obtained this way should be quite accurate and conform to TEM pictures for the same
material. However, the R value obtained here corresponds to the average diameter of a sphere
with volume equivalent to the volume of the nanoparticle. On the other hand, the TEM pictures
provide with cross sections of particles, and the obtained using image analysis software
equivalent diameter d2 (section 5.5.6) corresponds to average circle of the same surface as the
particle cross section or projection. When comparing the two values it is necessary to take
appropriate corrections.
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In practice, many samples can be processed through the pathway leading to point 10 of the above
algorithm. Other samples (e.g. after heavy plastic deformation) must terminate at the 3rd step
(Williamson-Hall). However, the theory of nanocrystalline diffraction is a rapidly developing branch of
physics nowadays, which will certainly improve that picture soon. The authors strongly recommend
further reading, especially mainstream articles of Balzar, Giacovazzo, Langford, Louer, Scardi and
Ungar and collaborators, as well as classics of diffraction: papers and books of Guinier, Warren and
Zachariasen [ 67 ]. Warren's papers [ 68 ] have many reprints full of severe mistakes, so reading
anything but original papers is pointless.
One has to be very careful in the use of Scherrer method for particle size determination.
Above and below are listed many factors influencing this value, which must be taken into
account.
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Adjust very carefully your apparatus, and use proper procedures for sample arrangement
Check density
and or B.E.T

Check
microstructure by
means of SEM

Figure 40. Algorithm of the GSD measurements for nanocrystalline materials using XRD.
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5.5.6

PSD & GSD measured by means of fine analysis of XRD peaks as fingerprint of
nanopowders technology

Particle Size Distribution function assumes some particular shape as a result of particular
thermodynamic pathway of its synthesis. Consequently, various synthesis methods leave their
fingerprints in the material in the form of the PSD function.
Even the approximate estimation of PSD shape by a parameter <R>/sigma (inversed relative width of
the GSD curve) shows that materials synthesized using different methods maintain similar <R>/sigma
ratio. The quantity of <R>/sigma is dimensionless, so grain size dependence is automatically excluded
– one may easily compare nanocrystals that are different in size by an order of magnitude. The
example in Figure 41 shows families of SiC and diamond nanopowders grouped by synthesis methods
I-VI.

Figure 41. GSD fingerprint for families of SiC and diamond nanopowders synthesized in the
following regimes: I,III – diamond obtained from graphite powder during explosion, II – diamond
obtained from carbon of the explosive during explosion, V – SiC obtained by quasi-static pyrolysis
of silicon, VI – SiC obtained in flame of silicane, IV – SiC patterns calculated for the sake of error
reference [50].

5.6 Stereology
and
nanomaterials

image

analysis

of

nanoparticles

and

The size and shape of nanoparticles and their agglomerates can be evaluated based on TEM and SEM
images. However, the high tendency for nanoparticle agglomeration requires methods for their
separation in order to proceed with proper analysis. This is a key problem in nanopowders technology.
Parameters measured for individual particles are:


equivalent diameter d2,



maximum and minimum chord, dmax, dmin



shape factors dmax/d2, p/d2, p/pc.

The schematic illustration of these parameters is shown in Figure 42. These are relatively easy to
determine using planimetric methods and computer image analysis. Of particular importance is the
equivalent diameter d2, which will be referred to frequently in this text. It is the diameter of a circle of
surface identical to the cross section of the particle.
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Average values of shape parameters E(dmax/d2) E(p/d2) E(p/pC) are used for quantitative description of
grain elongation, curvature of grain boundary and convexity [69].
It is worth mentioning that with the shape complexity of nanoparticles produced nowadays it seems
that the importance of image analysis and stereology methods to characterise their structure will be
increasing. One may consider empty shell particles, ribbons, tubes, wires, combs, plates, core-shell
structures, layers, suspension, dispersions, bulk materials, etc. whose production is one of the
mainstream directions in nanotechnology, and which need to be characterised and compared with each
other as function of process parameters. It seems however that at present diffraction techniques are
better suited to handle such structures (section 5.5).

Figure 42. Graphical interpretation of parameters describing image of the grains (particles): area
(A), calculated on planar section, equivalent diameter (d2 ) ,i.e., diameter of circle of the same
surface as the surface of the analysed grain, maximal projection (dmax), circumference (p), shape
coefficient (dmax/d2, p/d2 and p/pC) [6].
5.6.1

Differences between image analysis of nanostructures compared to conventional
methods

The differences between image analysis of nanostructures compared to conventional methods are:
-

Optical microscopy is not useful because of insufficient resolution

-

Conventional SEM is not recommended. However Field Emission Scanning Microscopy is very
useful.

-

During TEM observations of nanostructured materials, in one part of the thin foil one may
observe cross sections of particles, while in other parts of the thin foil their projections, in
addition to overlapping projections. Image analysis software at present is not adapted
sometimes to handle such different situations.

-

TEM and X-ray characterisation of nanostructured metals is particularly difficult because the
production methods introduce high strain levels in the material. These make the images
difficult to interpret and lead to widening and asymmetry of XRD peaks. Furthermore, in
nanostructured metals there can be various kinds of grain boundaries, like dislocation walls or
forests, grain boundaries with high dislocation density, and low angle grain boundaries.
Furthermore, grains can be elongated. So the structure of grain boundaries, which is important
for determining properties, may differ from sample to sample event though the average grain
size is similar in two materials.

-

Nanostructures can be quite complicated, such as forests of dendrites, nanotubes,
agglomerated powders, flower like structures, empty shell particles, mesoporous structures
with embedded particles. Quantitative characterisation of such structures using image analysis
might be very difficult.
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5.6.2

Analysis of SEM images of nanoparticles, on the example of iron oxides produced via
a hydrothermal reaction.

SEM investigations have the advantage that no thin foil for TEM investigations needs to be prepared.
Present day FE-SEM permits work at magnifications comparable to TEM and allows the observation of
nanoparticles as small as 20 nm in diameter. The procedure for image analysis is as follows:
1.

Make SEM images of the sample at many different places and at different magnifications. This
is particularly important for bimodal grain size distribution particles.

2. Load these images into an image processing computer program. If the image processing
system will not automatically detect the borders of particle a manual intermediate step is
necessary: manually outlining the borders of particles.
3. Analysing: grain size distribution, one or more morphologies, one-phase or two-phase, bimodal
size distribution or not.
5.6.2.1

Example of grain size analysis of nanopowders

This work concerns grain size analysis in iron oxides powders synthesized by means of a hydrothermal
method [70] using a microwave reactor. For such powders superparamagnetism can be observed
providing the grain size is in the range of 20 nm or less. In this particular work, depending on
synthesis condition, one can get different iron oxide phases such as: Fe3O4 (magnetite), -Fe2O3
(maghemite), and -Fe2O3 (hematite).
Figure 43 shows the initial microstructure of a powder with bimodal grain size distribution, and images
analysed by the image processing software [71]. The programme provides the average particle size
and dispersion for the large and small particles separately. Figure 44 shows the analysis of grain size
distribution in 3 iron oxide samples.

(a) Real microstructure

(b) Contours of the grains drawn separately for the two fractions

Figure 43. SEM picture of a mixture of magnetite and hematite powders and data analysed by the
image processing software.
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Sample 3. SEM image of hematite. Note
the hollow sphere morphology of the Distribution of equivalent diameter of powder
particles
Figure 44. Morphology and grain size distribution of iron oxides as a function of processing
conditions. Sample 2 with narrow GSD and small grain size is a candidate material for
superparamagnetic powders.
Table 3 Comparison of particle size measured by using the three methods: B.E.T, XRD, SEM.
dBET [nm]

dL [nm]

<l> [nm]

Scherrer

Chord

187

100

62

57

42

Sample 3 Hollow
sphere
78
morphology.
Wide distribution

62

Sample
(bimodal)
Sample 2

1

E(d2) [nm]

SD [nm]

Cv

Phase
Composition

86

36,4

0,42

416

92,6

0,22

19

79

14,3

0,18

-Fe2O3

26

145

53,2

0,37

-Fe2O3

Fe3O4

dBET – average particle diameter calculated based on specific surface with assumption of spherical
shape
dL – crystallite size calculated from Scherrer equation
<l> - average particle chord calculated from relative surface
E(d2) - average equivalent diameter from computer analysis of SEM image
SD – standard deviation of d2
Cv – variation coefficient (degree of non-uniformity)
The three methods give consistent results for a narrow GSD (CV 0.18, 0.22) .
 dBET is in a systematic way larger than dL.
 E(d2) is close to dBET
 For hollow sphere morphology, the size measured by means of SEM is about twice larger than
by means of the two other methods.
 The average chord is 2 times smaller than the average diameter according to Scherrer method
and 3 times smaller than for B.E.T. method,.
The relationships between values measured using the various methods perhaps need further
systematic studies so that comparisons between values is possible.
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5.6.3

TEM Methods

In this section the procedure for the determination of size and shape of the crystallites and their
agglomerates using TEM is presented for: powders, sintered materials and metallic materials obtained
via SPD techniques. TEM, SEM and other methods cannot be separated however, as will be seen below.
5.6.3.1

Investigation of nanoparticles

In this section we will show an example of GSD analysis made using image analysis. For that purpose
it is recommended to use both TEM and SEM imaging techniques. SEM provides information about the
size and morphology of agglomerates.
Agglomerates are usually much bigger than the particles which they consist of and it cannot be
characterized by TEM or XRD. Combined methods: Scanning Electron Microscopy (SEM) and Laser
Diffraction techniques can be applied (see Figure 45).

Figure 45. SEM images and grain size distribution of submicron powder AKP-50 measured by laser
diffraction [72]
5.6.3.2

Sample preparation

Nanopowders
A typical procedure for the preparation of nanopowder samples for TEM and HRTEM consists of the
following steps.
●
●
●
●
●

preparation of a slurry composed of alcohol (ethanol or isopropanol) and the powder being
studied,
deagglomeration of powder particles by ultrasound,
placing of the wet powder on amorphous carbon film,
drying,
deposition of a conductive, very thin layer on the sample, when the powder is not conductive
(usually graphite is used)

Unfortunately, the preparation procedure is very often more complicated and usually complex images
with powder agglomerates are acquired. In order to analyse nanopowders the agglomerates need to be
disintegrated using appropriate procedures. Figure 46 shows SiO2 nanopowders before and after deagglomeration. It is clear that image analysis is possible only for the de-agglomerated powder.
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(a)
(b)
Figure 46. TEM images of SiO2 nanopowder a) before and b) and after de-agglomeration
procedure [73].
The image analysis fails for complicated morphologies as shown in Figure 47.

50 nm

Figure 47. TEM image of ZnO nanostructures [74].

When particles have a needle- or disk-like shape or even more complex (Figure 47), the interpretation
of d2 as a size descriptor may be not relevant. In such a case other parameters have to be calculated.
For example needle length and diameter or disk diameter and thickness. Another problem with size
investigations of the non-spherical particles comes from the 2-D nature of TEM and SEM analysis. In
both microscopic techniques particle projections are observed instead of the real 3-D shape. This
results in different size projections for the same particles when they are oriented differently in space.
5.6.3.3

Quantitative description of the structure of bulk nanomaterials

A challenging example of analysis of nanostructures is given below (Figure 48) with the example of
YAG nano-ceramics obtained by sintering YAG nanopowders [53]. Even in simple nanomaterial cases it
is not possible to automatically detect the grain boundaries in images. Very often the low image quality
and wrong preparation procedure result in unclear grain boundaries. In such a situation only those
grains, which can be clearly identified should be manually outlined to provide contrast for image
processing software (Figure 48b).
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Figure 48. TEM image of nano-YAG [53] (a) and Figure 49. Distribution of equivalent diameter
its binary representation (b). In black are for the structure from Figure 48.
represented what seem to be pores in (a)

Quantitative analysis of the sintered nanomaterial example presented in Figure 48 has been performed
and the results of size distribution measurements are shown in Table 4
Table 4 Statistical parameters for size and shape of grains in structure Figure 48.
d2

dmax/d2

average

19 nm

1.51

coefficient of variation

53%

16%

It can be seen that grain size distribution is not homogenous. It can also be noted that grains are
significantly elongated (E(dmax/d2) = 1.51). The elongation factor is 1.0 for ideal spherical grains. The
observation above may be explained by high strains within the sintered material (Figure 29), since
non-spherical grains had to be accommodated to completely fill the space during sintering.
This is a case study of the use of complementary X-ray and TEM techniques to characterise the
structure of nano-powders and ceramics. The nanopowders were agglomerated, and therefore could
not be studied by means of TEM. Only XRD studies were performed to determine the PSD. On the
other hand, pressed powders were highly stressed (Figure 29) and no GSD determination was
possible by XRD methods. However, this was possible by means of analysis of TEM images.
5.6.3.4

Quantitative description of the structure of the nanomaterials obtained via Severe Plastic
Deformation techniques

In bulk nanomaterials the most important parameters, which have an impact on the materials
properties, are the size and shape of grains as well as the volume fraction of the grain boundaries. In
addition, the size and shape of pores may also have a significant influence on materials properties.
Figure 50 shows an example of structures with identical average equivalent area, but completely
different nanostructure. Obviously the two materials will display different mechanical properties. The
effect of grain size on yield strength of nanostructured metals is a hot research topic, including
whether the Hall–Petch relation holds for very small grain sizes. However, if researchers take into
account only the average grain size instead of GSD when comparing samples, the conclusions may be
erroneous. Therefore GSD determination should be an obligatory procedure in the discussion of the
properties of nanostructured metals.
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Figure 50. Sample structures characterized by the same average grain surface value but with
different grain size distribution [69,75].
However, SPD techniques introduce internal stresses and high dislocation densities, which may form
cellular structures. It is not clear whether cell boundaries should be taken as grain boundaries as this is
disputable from the point of view of the physics of metals.
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Figure 51. TEM image of 2017 aluminium alloy
hydroextrusion (a) and its binary representation [76].
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after Figure 52. Distribution of grains
equivalent diameter for 2017
aluminium alloy after
hydroextrusion.

In Figure 51 an example image of an aluminium alloy after SPD process is presented. It can be noted
that automatic detection of grain boundaries was not possible due to the complexity of the image and
manual outlining was necessary. This situation is typical for nanostructures after SPD. Only grains
which are easy to reveal can be outlined. This usually requires a large number of images to be
analysed. The results of size distribution measurements are shown in Figure 52.
Statistical description of grains population in terms of their size and shape is presented in Table 5.
Table 5. Statistical parameters for size and shape of grains in 2017 aluminum alloy after
hydroextrusion.
d2
dmax/d2
average

95 nm

1.29

coefficient of
variation

40%

11%

Nanometals obtained by SPD techniques very often reveal spatial inhomogeneity in grain size and
shape distributions. Due to the local character of TEM analysis it is not possible to obtain the whole
sample image, which could be easily done for traditional materials by optical microscopy. The foils for
TEM observations should be cut in a systematic way from subsequent regions of the nanometal [77].
It can be seen that the quantitative description of the nanostructure of metals is challenging, and
therefore care needs to be taken when correlations between grain size and mechanical properties are
sought.
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5.6.3.5

Existing barriers and trends

Microscopic methods of structure characterization, especially those applied to individual nanosized
objects (mainly TEM), give data at a very local area. This enables precise description of particular
elements, but on the other hand, it may introduce error connected with non-objectivity in selection of
the analysis area. In order to minimize this problem several images from random positions in the
sample should be analysed. Observing the sample at different magnifications is also useful for selection
of the area of interest.
Despite the many advantages of direct methods for characterization of nanopowders and
nanomaterials, there are still many barriers when nanoparticles or grains form complex (not spherical)
shapes. Most of the methods based on image analysis deal with 2D images and calculate 2D
parameters. However, these parameters are relevant for measuring the size of grains or particles from
2D projections only when their shape is spherical. When the image consists of objects which are
sections of grains, the stereological methods are well established only for the assumption of their
spherical shape.
There are two possible way of solving such a problem. The first solution needs a new statistical
approach for the calculation of crystallite size for more complex shapes. The second, promising way for
characterization of particles or grains with non-spherical shapes is using tomography techniques and in
particular TEM based tomography [78,79]. These methods enable 3D analysis to nanometre resolution,
but from the economical point of view it is far from being used as a standard method for nanomaterials
characterization, especially in commercial products.
It seems therefore, that the best results will be provided when XRD and image analysis methods are
combined [80].

5.7 Summary
Characterization methods described in this chapter can be divided into three major groups:
 morphology of nano-objects,
 atomic structure of nano-objects and
 their electro-optical properties.
There is no single method within either group that can be considered complete and satisfactory. Each
method provides only a cross-section of the whole information body, but the methods can be combined
to assemble the full picture of the material's properties.
For instance, morphology can be conveniently examined by microscopic (SEM, TEM) techniques.
Microscopy delivers rich 2D information, but has poor statistics (small area sampled) and gives 2D
projection only of bulk objects. For completeness, it is worthwhile to include X-Ray diffraction analysis.
This does not provide any visible details, but features excellent statistics (cubic millimeters sampled)
and bears 3D morphology information.
Similar coupling may be noticed between XAS and XRD techniques. As stated earlier, XRD collects
information averaged over all atoms in an entire irradiated volume. Useful RDF (Radial Distribution
Function) information may be obtained from either method, but in the case of XRD a trace of a dopant
will be lost in the intense signal of the surrounding lattice. XAS solves the problem being absorption
edge (element) resolved.
Our general recommendation is to mix experimental techniques and compare results. Practice shows
that the cross-check eliminates weaknesses and systematical errors of the routine measurements. It
also exhibits new scientific areas as readings of the "same" quantities often times do not match. In
other words, two complementary methods coupled together give much better information than either
alone.
Another important message is not to blindly follow tenets from outside of nanoscience. The very nature
of the nanoscale means that several approximations - otherwise correct – are no longer applicable. It
means that many theories (e.g. diffraction theory) used routinely for more than an age may fail, at
least in part. In order to validate for "extremely finite matter", a number of physics textbooks must be
reread and, perhaps, rewritten.
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6 Nanometrology in the nanometre range of thin film
systems and surfaces
Metrology methods in molecular beam epitaxy (MBE) can be divided into two groups: in-situ and exsitu. In-situ means that a sample is measured directly in the preparation chamber in ultra high
vacuum like it is usual in MBE systems. Ex-situ means that the sample is measured outside of
deposition chamber in ambient atmosphere. The most commonly used in-situ methods for size
determination of nanostructures are the following:


Reflection high energy electron diffraction (RHEED) oscillations,



Quartz balances,



Optical devices like Sentinel,



Scanning tunnelling microscopy (STM), sometimes combined with atomic force microscopes
(AFM).



Spin polarized STM (SPSTM)

Ex-situ nanometrology methods which are very often applied:


Atomic Force Microscopy (AFM),



Magnetic Force Microscopy (MFM)



X-ray reflectivity



Scanning electron microscopy (SEM)



Transmission electron microscopy (TEM)

It is worth mentioning that a very important problem, especially from the application point of view, is
the magnetic characterization of nanostructures. This means size determination of magnetic entities
present in magnetic thin films and nano-objects, such as magnetic domains and/or magnetic bytes in
recording media. In these applications, nanometre range resolution is provided by MFM and SPSTM
microscopy.
These nanometrological methods are briefly described below, together with examples of relevant
experimental results.

6.1 RHEED oscillations
Reflection high energy electron diffraction (RHEED) is a useful in-situ analysis technique for the
monitoring of epitaxial growth. During RHEED analysis a beam of high energy electrons (10-100 keV)
is focused onto a film surface at an angle of incidence of about 3 degrees. This geometry enables
qualitative analysis of both the structure and morphology to be performed. It is intuitively understood
that the intensity of the reflected beam which appears on the fluorescent screen will depend on the
surface state from which it is reflected. This will be maximal for a completed monolayer (ML) without
any steps. This is schematically shown in Figure 53.
A CCD camera records the RHEED pattern on the phosphor screen and the diffraction pattern is
displayed on a monitor. A photodiode mounted on the monitor measures the oscillations of the RHEED
specular spot. The intensity signal from the photodiode is amplified, filtered at 3Hz, and sampled at
60Hz by a computer. The data are plotted and analyzed using computer algorithms to locate the
maxima and minima of the intensity oscillations. The resulting oscillation period is derived from two
successive maxima or minima, which corresponds to a complete ML of deposited material.
As the coherence length of the electron beam is of the order of 10 nm, then if the in-plane thickness
modulations are higher this will not be observed by RHEED. For example a film consisting of an island
structure, where the width of each island is greater than the coherence length of the electron beam,
will give a 2D diffraction pattern and therefore appear as a flat surface. This must be kept in mind as
the RHEED oscillations method can be used for layer thickness determination when layer by layer
growth mode occurs.
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Figure 53. (after [81]) Mechanism of RHEED intensity Figure 54. RHEED intensity oscillations of
oscillations during growth of a monolayer.
specular spot during GaAs and AlAs growth by
MBE [82]. Deposition rate was 0.23 nm/s.
The use of RHEED intensity oscillations has proven to be a powerful tool to understand growth
mechanisms of GaAs, AlAs and AlGaAs in molecular beam epitaxy (MBE). Early studies of RHEED
patterns [83-85] generated discussion of the surface reconstructions and growth mechanisms of the
GaAs system, but one important feature is the close relationship between the RHEED intensity
oscillations and the growth rate of the films. Specifically, the period of the intensity oscillations of the
specular diffraction spot corresponds to the time required to grow exactly one ML of crystal over a
broad range of growth conditions. In such a way one is able to control very precisely, with one ML
precison, the thickness of deposited film. However there are some limitations to this method – first is
the layer by layer growth mode mentioned above, which does not always take place during the growth
of nanostructures and second is related to metallic thin film deposition. For many metals a high
temperature is needed for an effective evaporation rate and a lot of light is emitted from the heated
target. This makes observations of the intensity of the specular spot very difficult, and quite often
impossible. Nevertheless RHEED oscillations are widely used during deposition by MBE method of most
semiconductors films. In Figure 54 the recorded oscillations during CdTe growth on GaAs (100)
substrate are shown. For obvious reasons this method is not possible to use when a film is grown by
sputtering as Ar gas in the chamber excludes RHEED observations.

6.2 Quartz crystal microbalance
The most popular device used for in-situ thin films thickness determination during growth is a quartz
crystal microbalance (QCM), which measures the mass deposited on it by measuring the change in
frequency of a piezoelectric quartz crystal when it is modified by the deposition of a small mass. It can
work under a vacuum or in a liquid environment thus making it useful to determine the properties of
metals, semiconductors, polymers and adhesion of proteins. Frequency measurements can be
performed with high precision, so it is easy to measure small deposited masses. The signal is
measured as an average over the surface of quartz crystal; so the growth control precision is high but
not as accurate as in the case of RHEED oscillations. The ratio between the mass and frequency
changes is maintained within certain limits corresponding to several microns of deposited material; so
quite often the UHV MBE chamber must be opened and the quartz crystal changed for a new one. This
drawback is omitted when using optical methods of thin film thickness determination, such as the
Inficon system (Sentinel) described below.

Reprinted from K. Ploog, Microscopical structuring of solids by molecular beam epitaxy. Angewandte
Chemie - Int. English ed, 27:593, 1988, with permission from Wiley-VCH Verlag GmbH.
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6.3 Sentinel – optical method
Sentinel uses Electron Impact Emission Spectroscopy (EIES) as its primary sensing technique. It
provides a relative in-situ measurement of the deposited material vapour density. As evaporant enters
the miniature sensor it is cross-bombarded by a low energy electron beam. A fraction of the evaporant
atoms undergo inelastic collisions leading to photon emissions at specific wavelength. The
wavelengths, which are generally in the range of 200 – 450 nm in the near ultraviolet region, are
unique to the atomic species. The light intensity of any material (the number of emitted photons) is
directly proportional to the number of evaporant atoms crossing the sensor. In order to analyze only
this specific wavelength narrow bandpass filters for each evaporant (or a monochromator) are used.
The system permits the measurement of evaporation rate in 0.1nm/s. The Sentinel electronics
automatically measures evaporation rates and corrects electron gun power hundreds of times per
minute assuring it stays constant to the preset value. The main advantages are high precision
evaporation rates and the sensor’s life span, which is typically over 1000 hours before the filament
(emitter assembly) needs to be replaced. This makes the Sentinel ideal for processes with low
deposition rates over a long period of time such as in MBE. The drawbacks are: very precise geometry
rules between a source and a sensor position, which sometimes are not easy to meet, and the
necessity of frequent evaporant flux calibrations.

6.4 X-ray reflectivity
X-ray reflectivity (XRR) is most commonly used as an ex-situ characterization method. However
sometimes at synchrotron facilities there are special research lines allowing sample preparation under
UHV conditions and in-situ XRR measurements. XRR is a powerful method for investigating monolithic
and multilayered film structures. It is one of the few methods that, with great accuracy, not only allows
information on the free surface and the interface(s) to be extracted, but also the mass density and the
thickness of thin films along the direction normal to the sample surface to be determined [86]. Both
reflection and refraction are well known optical phenomena. For a condensed matter irradiated by Xrays of a given wavelength, its refractive index depends on the electron density of the irradiated
volume. X-ray beam intensity incident on the sample and registered by a counter is measured as a
function of the incidence angle theta. X-ray reflectivity is based on the interference of X-rays reflected
at different interfaces, while X-ray diffraction results from the interference of X-rays diffracted from
periodic lattice elements (hence Bragg peaks appear for multilayered structures)
A typical XRR profile for a metallic thin film sample deposited on Al2O3 substrate is shown in Figure 55.
The Critical angle depends on the average electron density of the measured layer. The period of
interference oscillations, called Kiessig fringes, gives the total film thickness. This period is inversely
proportional to the film thickness. The roughness values of the air/film and the film/substrate
interfaces can be extracted from the fitting analysis of the profile.
A very good agreement between simulated and measured curves was found which can be seen in
Figure 55.
However, if the interferences from several layers merge together, the situation is much more
complicated. For a multilayer system of two films of different materials one can observe in the XRR
pattern Bragg peaks coming from periodicity of bilayers within the measured sample. Bragg peaks
present on the XRR pattern give evidence of a good multilayer quality i.e. interface flatness and
constant bilayer thickness throughout the sample.
In Figure 56, Bragg peaks up to the fifth order are present due to the small interfaces roughness of 2-3
Å. Smaller oscillations (Kiessig fringes) coming from the total structure thickness are also visible.
Simulations were performed using IMD software described above.

86 Feng Huang, Center for Materials for Information Technology, The University of Alabama, Tuscaloosa, USA
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Figure 55. Ex-situ Measured and simulated X-ray reflectivity profiles for a sample composed of
layers of different metals deposited on sapphire substrate. The inserts show the accuracy of the
fitting after [87].
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Figure 56. Measured and simulated reflectivity profile of Au/V multilayer [88]. Constituent layers
thickness and roughness are given in the insert.

In summary, XRR is a very valuable method of nanometrology, and is able to offer accurate thickness
determination for both homogenous thin films and multilayers with the same precision, as well as
densities, surface and interface roughness of constituent layers.
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6.5 Scanning Electron Microscopy (SEM)
The combination of higher magnification, larger depth of focus, greater resolution, and ease of sample
observation makes the SEM one of the most heavily used instruments in research areas today. In
conventional SEM an electron beam with energy in the range 10 – 30 kV hits the sample surface
exciting a range of signals which are recorded as the beam scans the surface of the sample. In the
case of Field-Emission SEM (FE-SEM) or FEG (Field emission Gun SEM) the electron beam energy used
during operation is in the range 1 – 2 kV. In this way the excited volume is much less than in
conventional SEMs. FE-SEM is very well suited to study nanostructures. A few examples of SEM
applications in nanostructure characterization are listed below.
ZnTe nanowires (shown in Figure 58) with an average diameter of about 30-40 nm and lengths above
1µm were grown on GaAs(100) substrate by molecular beam epitaxy. The growth process was based
on the Au catalyzed vapour-liquid-solid mechanism. A thin gold layer (0.3 to 2 nm thick) annealed in
high vacuum prior to the growth of the nanowires was used as a source of catalytic nanoparticles (see
Figure 57). The nanowires were characterized by SEM and TEM. ZnTe/GaAs(100) nanowires are
inclined about 55o to the (100) substrate surface normal, have zinc-blende crystal structure and are
grown along the <111> direction.

Figure
57. SEM image of surface
topography of 1 nm Au deposited at
GaAs(100)
and
annealed
at
200oC.
Nanometer size Au-Ga eutectic alloy islands
are visible as white dots [89].

Figure 58. ZnTe nanowires grown on
GaAs(100) substrate covered with 1 nm Au
layer annealed at 200oC, as shown in Figure
57. Length of the wires is 1000 nm about
and diameter in the range 30-40 nm [90].

TEM and HRTEM
TEM and high resolution TEM (HRTEM) are very useful tools for the characterisation of MBE deposited
nanostructures.
An example of a cross-sectional TEM image of an epitaxial multilayer composed of different materials is
shown in Figure 59
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Figure 59. Cross-sectional TEM image of the La0.67 Sr0.33 MnO3 /YBa2Cu3O7 [LSMO/YBCO] x16
multilayer [91]. Published with permission of Journal of Applied Physics.
Atomic layers of constituent films are visible in the superlattice [LSMO x 8 u.c./YBCO x 3 u.c.] x 16
where u.c. means unit cell. Different layers can be clearly distinguished because of the high atomicnumber contrast between the layers. A thickness fluctuation of about 1 nm can be seen.

Figure 60. MBE deposited layers in the blue-laser diode structure made at the Institute of
High Pressure Physics [92]. The InGaN layers are 3 nm thick. These are so called quantum
wells where recombination of holes and electrons takes place and blue light is emitted due
to this effect.
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6.6 Scanning Probe Microscopy (SPM) as a measuring tool for
nanometrology
6.6.1

Introduction

Scanning Probe Microscopes (SPMs) are standard instruments at scientific and industrial laboratories,
nowadays (e.g. quality tests of ULSI circuits). New techniques are necessary to allow imaging,
modifications and manipulations with the nano-objects. SPMs are one of the most suitable instruments
for such purposes.
There are a few tens of various constructions based on the general SPM idea. Electrochemical STM (EC
STM), magnetic force microscope (MFM), friction force microscopy (FFM) and scanning near-field
optical microscopes (SNOM) are the most common among various types of STM and AFMs. They permit
imaging of the surface topography and correlation with different physical properties within a very
broad range of magnifications – from millimetre to nanometre-scale range. The possibility to perform
SPM measurements at wide range of temperatures from a few tens of mK to 1400 K has appeared
during the last two decades. These new SPM constructions have opened the possibility of the phase
transitions versus temperature in situ investigations.
6.6.2

Scanning tunnelling microscopy (STM): Basic Concept

Scanning tunnelling microscopy is a microscopical technique that allows the investigation of electrically
conducting surfaces down to the atomic scale. The scanning tunnelling microscope (STM) provides a
picture of the atomic arrangement of a surface by sensing corrugations in the electron density of the
surface that arise from the positions of surface atoms. A finely sharpened tungsten wire forms a "tip",
which is first positioned within 2 nanometres of the specimen by a piezoelectric transducer, a ceramic
positioning device that expands or contracts in response to a change in applied voltage. This
arrangement enables the motion of the tip to be controlled with sub-nanometre precision. At this small
separation, as explained by the principles of quantum mechanics, electrons "tunnel" through the gap,
the region of vacuum between the tip and the sample. If a small voltage (bias) is applied between the
tip and the sample, then a net current of electrons (the "tunnelling current") flows through the vacuum
gap in the direction of the bias. For a suitable tip the tunnelling current is confined laterally to a radius
of a few tenths of a nanometre. The remarkable spatial resolution of the STM derives from this lateral
confinement of the current.

The tip-sample tunnelling contact

Exponential law

Figure 61. STM description after R. Pascal, Institute of Applied Physics and Microstructure
Research Center, University of Hamburg [93]
Piezoelectric transducers are used to raster the tip across a small region of the sample. As the tip
scans the surface (usually in the range of 10-100 m2), corrugations in the electron density at the
surface of the sample cause corresponding variations in the tunnelling current. By detecting the very
fine changes in tunnelling current as the tip is swept across the surface, we can derive a twodimensional map of the corrugations in electron density at the surface.
With the help of the tunnelling current the feedback electronics keeps the distance between tip and
sample constant. If the tunnelling current exceeds its preset value, the distance between tip and
sample is increased, if it falls below this value, the feedback decreases the distance.
The tip is scanned line by line above the sample surface following the topography of the sample.
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Progress in the field of SPMs is closely related with progress in nanopositioning and in measuring
positions with sub-nano accuracy. The reader is referred to several technical notes and articles by
commercial companies providing solutions in this field (e.g. [94]).
6.6.3

Current

The reason for the extreme magnification capabilities of the STM down to the atomic scale is mainly
due to the physical properties of the tunnelling current. The tunneling current flows across the small
gap that separates the tip from the sample, a case that is forbidden in classical physics but that can be
explained by the approach of quantum mechanics.
Very small changes in the tip-sample separation (in the order of 0.1 nm) induce large changes in the
tunnelling current. The tip-sample separation distance is controlled very precisely and the tunnelling
current is carried by the outermost tip atom (the atoms that are second nearest carry only a negligible
part of the current. This is why tip quality is a very important parameter to achieve atomic resolution
of the sample. Usually the tips are made from a tungsten wire by electrochemical etching or by simple
tearing.
Another advantage of STM is a possibility of spectroscopy – current-voltage relations. While the
dependence of current on position reveals the geometric structure of the surface, the dependence of
current on voltage gives information about its electronic structure. It can be shown that the tunnelling
current is approximately proportional to the integral of all the electronic states between the Fermi
energy and the tunnelling bias. In general, peaks in dI/dV correspond to electronic resonances, such as
atomic states, of the system being probed. It is possible to combine STM microscopy and spectroscopy,
to image the spatial distribution of the observed electronic states.
Another powerful STM capability is the ability to move atoms and molecules. This is achieved by
placing the tip close enough to the surface adsorbate so that the tip-adsorbate attraction is comparable
to the surface corrugation barrier. In this regime, the molecule will follow the tip wherever it is moved
along the surface. One can then retract the tip, without causing the molecule to desorb from the
surface.
Nowadays, the use of topographic and spectroscopic modes of the STM almost routinely allows the
correlation of local structural with electronic properties down to the atomic scale. A new concept was
developed to replace a non-magnetic tip by a magnetic tip (R.Wiesendanger [ 95 ]). By using a
magnetic probe tip the STM can be made sensitive to the spin of the tunnelling electrons. Spinpolarized scanning tunnelling microscopy (SPSTM) uses the fact that if the tunnelling electrons
are spin-polarized, then the tunnelling current strongly depends on the sample spin-state. The current
increases when the two spin-polarizations are parallel and decreases when they are anti-parallel. The
basic working principle is well-known as the spin-valve effect: since any ferromagnetic material
exhibits a spin imbalance at the Fermi-level EF and the electron spin has to be preserved in an elastic
tunnelling process, the conductivity of a tunnel junction must depend on the relative magnetization
direction between tip and sample. This is the basic idea behind the development of SPSTM and
spectroscopy (SP-STM/STS). For this purpose non-magnetic probe tips are coated by a thin
(typically <10 atomic layers) film of magnetic material or they can be directly produced from magnetic
metals. This enables both the in-plane as well as the out-of-plane magnetization component of the
sample to be measured respectively. The smallest magnetic features observed so far have been
domain walls with a width of 0.6 nm in ferromagnetic iron films in W(110) and the atomic scale
antiferromagnetic structure of a manganese ML.
An example of the powerful capabilities of SPSTM is illustrated by an image of domains in Fe nanowires
deposited on W(110) shown in Figure 62, where the topography (a) and the magnetic dI_dU signal (b)
of 1.25 ML Fe on W(110) grown at T = 500 K are presented.
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Figure 62. Topographic (upper left) and spin-resolved dI_dU image (upper right) showing the in-plane
magnetic domain structure of 1.25 ML Fe on W_110_ (tunnelling parameters: I = 0.8 nA, U_= 1130
mV). Several ML and DL domain walls can be recognized in the magnified inset (lower left) [96].
At low coverage, Pb also forms disordered surface alloys at (110)-oriented Cu surfaces, but a large
variety of superstructures are found at coverage between 0.5 and 0.8 ML. For the highest Pb coverage
(0.75 ML) triple rows of Pb atoms in the STM image are visible but nothing in the dark grooves (the
STM tip is not sharp enough to probe the grooves). It is evident that there must be Pb rows also in the
grooves as the exact amount of Pb deposited is known. The structure model shows that these Pb
atoms replace each fifth Cu atom in the layer below. This means that also this structure is a kind of
surface alloy, where Pb atoms replace surface atoms of Cu.
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Figure 63. STM image of (100) surface of Pt- Figure 64. Growth of 0.75 ML of Pb on
Ni alloy – size 10x8 nm2. In this image the Ni Cu(110) – image size 100 x100 Å [98].
atoms appear as bright blobs, whereas Pt
atoms in the same row (with the same
geometric height) are darker [97]

Figure 65. Fe atoms on Si(111) vicinal
surface with miscut angle 1.5 deg forming
FeSi2 aggregates [99]. The scan size is 1 m
x 1 m2.

Figure 66. STM image with atomic resolution of
FeSi2 cluster on Si(111) vicinal surface. The scan
size is 600 x 600 nm2. In this image atomic
surface reconstruction of Si(111) is visible
together with a precise image of one FeSi2 cluster
[100].

The evident advantages of STM are: atomic resolution and possibility of probing electronic states using
I/V spectroscopy, but the major drawback is that it works only with conductive samples as tunnelling
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current is necessary to get an image. Also ultra-high vacuum conditions are required in order to study
uncontaminated surfaces; so STM is usually combined in a separate UHV chamber with a MBE system.
Other examples of STM technique as a powerful tool for the study of nanoobjects are shown below. It
is possible to study self-organization during the growth process, where an array of nano-objects are
obtained (Figure 65) or to get an atomic resolution and observe a surface reconstruction of Si(111)
surface.
In Figure 65 the STM image of 2 ML of Fe deposited on Si(111) vicinal surface is presented. Terraces of
about 15 nm in width are visible with parallel steps of monolayer height. Along these steps isolated
self-organized FeSi2 clusters are visible. The average lateral size of such a cluster is 30 x 50 nm and
the average height is about 6.5 nm.
6.6.4

Atomic Force Microscope AFM

Figure 67. Schematic diagram of the AFM
principle. AFM description after R.Pascal,
Institute of Applied Physics and
Microstructure Research Centre, University
of Hamburg) [101].

Figure 68. AFM image of PbTe thin film grown on
GaAs (111) [102]. Scan size is 10 x 10 m2. Monoatomic helical steps are visible with screw
dislocations in the centre.

The atomic force microscope (AFM), or scanning force microscope (SFM) was invented in 1986 by
Binnig, Quate and Gerber. Like all other scanning probe microscopes, the AFM utilises a sharp probe
moving over the surface of a sample in a raster scan. In the case of the AFM, the probe is a tip placed
on the end of a cantilever, which bends in response to the force between the tip and the sample. AFM
employs an optical lever technique. The diagram in Figure 67 illustrates the working principle; as the
cantilever flexes, the light from the laser is reflected onto the split photo-diode. By measuring the
difference signal (A-B), changes in the bending of the cantilever can be measured. Since the cantilever
obeys Hooke's law for small displacements, the interaction force between the tip and the sample can
be found. The movement of the tip or sample is performed by an extremely precise positioning device
made from piezoelectric ceramics, most often in the form of a tube scanner. The scanner is capable of
sub-angstrom resolution in x-, y- and z-directions. The z-axis is conventionally perpendicular to the
sample.
The AFM can be operated in two principal modes
 with feedback control
 without feedback control
When electronic feedback is switched on, then the positioning piezo, which is moving the sample (or
tip) up and down can respond to any changes in force, which are detected, and alter the tip-sample
separation to restore the force to a pre-determined value. This mode of operation is known as constant
force, and usually enables a fairly faithful topographical image to be obtained.
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Without feedback the microscope operates in constant height or deflection mode. This is particularly
useful for imaging very flat samples at high resolution. Often it is best to have a small amount of
feedback-loop gain, to avoid problems with thermal drift or the possibility of a rough sample damaging
the tip and/or cantilever.
Image contrast can be achieved in many ways. The three main classes of interaction are contact mode,
tapping mode and non-contact mode.
Contact mode. As the name suggests, the tip and sample remain in close contact during scanning.
One of the drawbacks of remaining in contact with the sample is that there exist large lateral forces on
the sample as the tip is "dragged" over the specimen.
Tapping mode. When operated in air or other gases, the cantilever is oscillated at its resonant
frequency (often hundreds of kHz) and positioned above the surface so that it only taps the surface for
a very small fraction of its oscillation period. This is still contact with the sample in the sense defined
earlier, but the very short time over which this contact occurs means that lateral forces are
dramatically reduced as the tip scans over the surface. When imaging poorly immobilized or soft
samples, tapping mode may be a far better choice than contact mode for imaging.
Other (more interesting) methods of obtaining image contrast are also possible with tapping mode. In
constant force mode, the feedback loop adjusts so that the amplitude of the cantilever oscillation
remains (nearly) constant. An image can be formed from this amplitude signal, as there will be small
variations in this oscillation amplitude due to the control electronics not responding instantaneously to
changes on the specimen surface.
Non-contact operation is another method, which may be employed when imaging by AFM. The
cantilever must be oscillated above the surface of the sample at such a distance that it is no longer in
the repulsive regime of the inter-molecular force curve. This is a very difficult mode to operate in
ambient conditions with the AFM. The thin layer of water contamination, which exists on the surface on
the sample, will invariably form a small capillary bridge between the tip and the sample and cause the
tip to "jump-to-contact".
Even under liquids and in vacuum, jump-to-contact is extremely likely, and imaging is most probably
occurring using the tapping mode. The powerful measurement capabilities of AFM in the subnanometre range are illustrated below.

Figure 69. Topographical AFM image of InSb thin film grown on InSb(111) substrate by liquid phase
epitaxy [103] . Scan size 10x10 µm2. Atomically flat terraces are visible. Average step height (vertical
distances between red and green arrows) is 0.37 nm corresponding to the height of one InSb layer.

6.6.5 Magnetic Force Microscope (MFM) and Lift mode
A very interesting and useful modification of AFM is the magnetic force microscope (MFM), which can
provide information on magnetic domains within samples. First of all to get a MFM image the tip of the
cantilever must be coated with a magnetic thin film. Magnetic force imaging is obtained by first
determining the topography along a scan line, and then lifting a cantilever for a pre-determined
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distance above the surface to re-trace the line following the contour of the surface. This is called a lift
mode. In this way, the tip-sample distance is unaffected by topography, and an image can be built up
by recording changes, which occur only due to longer range interactions, such as magnetic forces due
to interactions between the magnetic tip and the magnetic sample. Magnetic domain structure can be
observed in such way with nanometre resolution, which is not possible using other methods.

Figure 70. CdMnTe quantum well in ZnTe (ZnTe 25 nm /CdMnTe (3% Mn) /ZnTe 75 nm)
deposited on GaAs substrate covered with a buffer of 120 nm MnAs [104]. Scan size 10x10
m2. Left image shows sample topography and the right one – magnetic domain structure of
the same surface area.
AFM/MFM microscopes can be combined with STM and in such case are mounted in a UHV chamber.
They can also work ex-situ and are used in most laboratories in such a configuration. AFM assures a
very high resolution (sometimes even atomic in air such as on graphite) and at the same time it can be
used for studying all kinds of samples, not only conducting, as is in the case of STM. Some examples of
magnetic images obtained by using MFM are given in Figure 70, Figure 71 and Figure 72.
6.6.6

SPM as a scaling tool for nanoobjects

Possibility of surface topography imaging with sub-nanometre resolution could suggest the SPM usage
as a scaling tool of various nano-objects. Figure 73 below show STM images of Si(111) with 7x7
reconstruction and Au(111) surfaces, respectively.
Data analysis based on results from Figure 73 enables to calibrate the equipment as far as
displacement parallel to the X-Y coordinates. The height of monoatomic steps observed at the Au(111)
surface is used for calibration in the direction perpendicular to the surface (Z-direction) (Figure 74).
It should be noted that several factors may influence or change the calibration parameters
(temperature change causes so called temperature drifts and changes in interatomic distances, the
probe length may influence the linearity of the calibration, etc.). Therefore, piezo-scanner calibration
should be repeated before and after measurements of the unknown sample. The calibration
parameters may be different at different measurements’ scales – e.g. at nanometre or micrometre
scales. E.g. one should use appropriate scaling gratings such as a periodic array of metallic
nanostructures seen in the Figure 73 or Figure 75 for micrometre scale imaging. Nevertheless, the
calibration performed in a precise way should provide extremely high resolution of 0.01 nm in all
directions, following most of the SPM manuals.
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Figure 71. MFM image of domain structure in
Au/Co/Au sample where Co thickness is 12 Å.
Scan size is 10x10 m [105].

Figure 72. MFM image of domain structure in (Fe
4 nm/FeN 4 nm) x 20 multilayer deposited on
GaAs substrate [106]. The scan size is 20 x20 m2.

Figure 73. STM image of the Si(111) 7x7 Figure 74. Au(111) surface. The height of
surface [107] at negative bias (2V) bottom monoatomic steps seen in the STM image is
part of the STM image and at positive bias of 0,236 nm [108].
of the sample against the tip probe (+2V) –
the upper part of STM image; 50×50 nm2

Figure 73 and Figure 75 show the potential ability of SPM in manipulations with the individual atoms
and clusters. Extremely low temperatures (5K) are necessary (to suppress the surface diffusion) to
create such atomic corrals. It is not a necessary condition in the case of bigger (2.5 nm in diameter)
clusters’ positioning. Au clusters of 2.5 nm diameter may be found at the same positions even after a
few days.
Figure 75 shows Au clusters of 2.5 nm in diameter intentionally placed with 10.00 nm mutual
distances. The accuracy of mutual distances is 0.08 nm. The term “Quantum metrological triangle” has
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appeared in the scientific literature [109,110]. This is defined by the quantum standards of three
electrical units: voltage, resistance and current intensity. The three parameters are used to define the
quantum metrological triangle.
1.
2.
3.

Josephson Phenomenon – quantum standard of voltage unit.
Quantum Hall Effect – quantum standard of the electrical resistance.
Under trial – quantum standard of electric current intensity based on single electron tunnelling
effects.

In summary:
SPM techniques enable precise control of distances and nano-objects’ dimensions with subnanometre resolution (0,01 nm). However the piezoscanners should be repeatedly calibrated on the
base of standard gratings.
New standards of electric current intensity may be created via improving the quality of tunnel
junctions, which may control the flow of individual electrons.

Figure 75. Nano-ruler. Au clusters of 2.5 nm diameter intentionally placed with 10.00 nm mutual
distances. The accuracy of mutual distances is of 0.08 nm [111].

Figure 76. AFM image of porous aluminium imaged with the tip of 10 nm (a) and 3 nm (b)
curvature radius, respectively [112]. Mikromasch Company offers the porous aluminium sample as
a calibration tool for the AFM tips. The pores' edges are imaged properly when the tip radius is
smaller than 3 nm. The topography AFM image of the same surface, imaged with the tip of 10 nm
curvature radius, looks as the densely packed oval protrusions.
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Figure 77. AFM image of silver nano-clusters made with a tip of 3 nm resolution (left side) and the
same structure where image was collected using a tip of lower resolution [113].
6.6.7

SPM tip

The SPM tip shape, characterized by the tip curvature radius or so-called tip aspect ratio, may
influence SPM image resolution significantly. The tip curvature radius can be estimated with the help of
dedicated calibration samples or gratings, which are available commercially.
For example porous Al can be used as a calibration sample (Figure 76). Porous Al can be obtained by
proper etching procedures. It is easy to notice the difference in the image resolution and the pores are
clearly resolved only in the second case. The tip aspect ration can also be determined with the help of
silicon calibration gratings. These gratings are usually a chess board-like array of square pillars with
the sharp undercut edges. The edge curvature radii should be less than 5 nm to enable the tip aspect
ratio determination with a high accuracy. It has to be noted however, that standards for calibration of
features of 0.1 nm are also being developed.
However, there is still a problem of tip modification which may happen during measurements. Atoms,
molecules or small clusters picked-up by the tip can change the image resolution. Thus experienced
SPM operators repeat imaging of the same sample with different tips and using different measurement
parameters such as changing the scan direction, feedback loop parameters, number of points and
lines, etc.
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7 Classification
materials

of

nanostructures

of

semiconductor

This section describes in a systematic way the characteristic nanostructures of semiconductors, and the
critical dimensions (nano-dimension) leading to new physical properties used in practical applications.
SEMICONDUCTOR IMPORTANT NANOMATERIALS
PARAMETERS

APPLICATIONS

BASIC
DESCRIPTION

InP nanowires and
quantum dots

diameter, length,
lattice parameters,
intensity distribution,
the PL intensity and
wavelength of light
emitted, I-V, bandgap
energy, kinetic
energies of
photoemitted
electrons, binding
energies of electrons,
optical absorbance, PL
lifetimes

Light Emitting Diodes,
Solar Cells, nanoscale
sensors, high mobility
transistors, lasers

One of III-V
1-4
semiconductors and
has a direct
bandgap (1.35eV)
and high carrier
mobility. Its exciton
bohr radius is
11.3nm. The
colloidal solutions
with different
particle sizes range
in color from orange
to brown.

InAs nanoparticles,
nanotrees and
nanowires

diameter, length,
lattice parameters,
conductance, I-V ,
bandgap energy, the
PL/CL intensity and
wavelength of light
emitted from the
nanostructure

GaP quantum dots
and nanowires

diameter, length,
lattice parameters, the
PL intensity and
wavelength of light
emitted from the
nanostructure, optical
absorbance and its
wavelength, bandgap
energy, kinetic
energies of
photoemitted
electrons, Raman
intensity, Raman shift,
Raman signal shape,

GaInP2 quantum
dots

diameter, lattice
parameters, optical
absorbance and its
wavelength,
fluorescence intensity
and its wavelength,
bandgap energy

One of III-V
semiconductor
materials.

light emission devices

REF.

4-6

4,7,8
Indirect
semiconductor with
an indirect band
gap of 2.22eV
(559nm) and a
direct gap of 2.78eV
(446nm).

The ternary Ga-In-P 4
system forms solid
solutions and they
exhibit direct band
gaps ranging from
1.7 to 2.2eV,
depending on the
composition and
growth
temperature.
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GaAs quantum dots
and nanowires

diameter, length,
lattice parameters,
bandgap energy,
transient
photoconductivity, PL
intensity and
wavelength of light
emitted from the
nanostructure, Raman
intensity, Raman shift,
Raman signal shape

lasers

One of III-V
semiconductors and
has a direct
bandgap (1.42eV)
and high carrier
mobility. Its exciton
bohr radius is
12.5nm.

8-10

GaN nanowires

diameter, length,
lattice parameters,
bandgap energy,
optical absorption, PL
intensity and the
wavelength of light
emitted from the
nanostructure, Raman
intensity, Raman shift,
Raman signal shape, IV, resistance, Carrier
concentration,
mobility, kinetic
energy density,

Schottky diodes,
photodetector, highspeed field effect
transistor, and high
temperature/high power
electronic device

III-V
semiconductor, its
band gap energy is
3.42eV and its
exciton bohr radius
is 2.8nm.

4, 11-13

AlN nanowires,
Nanobelts,
nanotubes

diameter, lattice
parameters, length,
bandgap energy,
Raman intensity,
Raman shift, Raman
signal shape,
transmission,

optoelectronic devices in III-V semiconductor
UV, electromechanical
material with
devices,
6.026eV of band
gap energy and
1.96nm of exciton
bohr radius. İt has
excellent thermal
conductivity, low
thermal expansion
coefficient, high
electrical resistivity,
and high resistance
to chemicals.

Cd3P2
nanoparticles

diameter, lattice
LEDs, electrochromic
parameters, PL
devices,
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy,
kinetic energies of
photemitted electrons,
optical absorbance and
its wave length

14

Cd3P2 is one of the 15,16
typical
semiconductor
compounds with a
band gap of 0.55
eV. Very
significantly, a blueshift has been
observed when its
particle size
decreased to
nanoscale
dimensions as its
excitonic radius is
as long as 18 nm.
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CdSe nanocrystals
and nanowires

diameter, length,
lattice parameters, PL
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance and
its wavelength, dipole
moment,

Light Emitting Diodes,
solar cells, fluorescence
markers in biological
systems,
photodetectors,

Band gap energy is
1.89eV. Colours of
collodial solutions
change with
nanocrystals
diameter. As the
diameter of the
crystal particles
increases, the band
gap energies of
them increase, too.

11,17,18

CdS nanocrystals,
nanowires and
onion shell

diameter, length,
lattice parameters, PL
intensity and the
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance and
its wavelength, kinetic
energies of
photoemitted
electrons, I-V, Raman
intensity, Raman shift,
Raman signal shape,

photovoltaic devices,
optoelectronic
nanodevices, and
biological labelling

17,19
Cadmium sulfide is
a direct band gap
material with Eg of
2.42 eV at room
temperature. Their
onion shell
nanocrystals such
as CdS/HgS/CdS
and CdS/ZnS/CdS
have been grown by
sequential
adsorption. These
particles luminesce
with high quantum
yield.

CdTe nanocrystals,
nanowires and
nanorods

diameter, length,
biological labelling, light- II–VI semiconductor 20
lattice parameters,
emitting diodes,
material.
PL/EL intensity and the
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance and
its wavelength,
reflectance

ZnSe nanowires

diameter, length,
blue- and greenlattice parameters,
emitting optoelectronic
bandgap energy, PL/CL nanodevices.
intensity and wave
length of light emitted
from the structure,
Raman intensity,
Raman shift, Raman
signal shape,

ZnS nanoparticles,
nanorings and
nanowires

diameter, length,
UV light-emitting diodes, it is a good
lattice parameters, PL
injection lasers
phosphor and direct
intensity and the
band gap material
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance and
its wavelength,

ZnSe is a wideband-gap
semiconductor that
is used in the
fabrication of blue
and green light
emitting devices.

21,22

17,23
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ZnO nanowires and
nanoparticles

diameter, length,
lattice parameters, PL
intensity and the
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance,
photocurrent,

Nanolasers,
photodetectors, Dyesensitized solar cells

Wide band gap of
3.37 eV at room
temperature and
this makes ZnO
suitable for shortwavelength
optoelectronic
devices such as
light-emitting
diodes (LEDs) and
laser diodes (LDs).
In addition, ZnO
has a high exciton
binding energy of
60 meV.

4,17

ZnTe nanowires
and nanorods

diameter, length,
thermoelectric devices,
lattice parameters,
field detectors, and solar
bandgap energy,
cells
optical absorbance and
its wavelength, current
density

24,25
ZnTe is one of the
important
semiconductor
materials with a
direct optical band
gap of 2.2-2.3 eV at
room temperature.

Boron nitride
nanotubes, cones
and spheres

diameter, length,
nanoscale field effect
lattice parameters,
transistors, nano-valves
bandgap energy,
binding energies of
hydrogen at various
sites of the tube, spin–
lattice relaxation rates

Boron nitride
nanotubes have
large gap
semiconducting
character, oxidation
resistance at high
temperature and
high structural
stability.

26

PbS nanoparticles

diameter, lattice
parameters, bandgap
energy, optical
absorbance, nonlinear
optical susceptibility,
PL intensity and
wavelength of light
emitted from the
nanostructure

light-emitting diodes,
optical switches

Bulk PbS is a direct
band gap IV–VI
semiconductor with
a band gap of 0.41
eV and an exciton
Bohr radius of 18
nm at room
temperature.

27-30

Bi2Te3 nanowires

diameter, length,
bandgap energy,
resistance, lattice
parameters

thermoelectric devices

V-VI semiconductor

31,32

TiO2 powders
nanoparticles and
nanowires

diameter, length,
lattice parameters,
bandgap energy,
photocurrent, CL
intensity and its
wavelength, current
density, Raman
intensity, Raman shift,
Raman signal shape,
electrostatic
capacitance

liquid junction solar cell
(wet TiO2 film), paint
and ceramic industries
(TiO2powders) ,self
cleaning glass (TiO2
coating), sunscreens

TiO2 is one of the
most important
semiconductor
materials because
of its potential
applications in
photocatalysis,
photovoltaics, and
photochromics.

4,33,34
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diamond nanofilm,
nanotube,
nanorods,

diameter, length,
lattice parameters,
bandgap energy,
conductance, I-V,
threshold voltage with
changing plasma
etching time,

high-power and highfrequency electronics
devices, diamond nano
electron emitters, nano
indenters, nano tennis
racquet.

Wide gap superhard 35-37
semiconductor
material and it is a
wear resistant
material with low
friction and low
thermal expansion
coefficient. In
addition, it has high
electron, high hole
mobilities, high
break down voltage
and high thermal
conductivity.

Si nanowires,
nanorings and
nanocrystals

diameter, length,
lattice parameters, PL
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy,
optical absorbance and
its wavelength,
thermal conductance,
infrared absorption,
Raman intensity,
Raman shift, Raman
signal shape,
photocurrent

Flash Memories, Light
Emitting Diodes,
polarization-sensitive,
high-resolution
photodetectors for
visible light

Band gap energy is
1.11eV and its
exciton bohr radius
is 4.3nm. It can be
very porous at that
tiny scale. Visible
light emission from
nanocrystalline Si
has been
discovered.

4,17,
38,39

SiC nanowires,
nanorods and
nanocrystals

diameter, length,
bandgap energy,
lattice parameters, PL
intensity and its wave
length, Raman
intensity, Raman shift,
Raman signal shape,
binding energies of
electrons, current
density with changing
electric field, infrared
intensity,

nanosensors,
nanodevices and
microelectromechanical
systems,
nanocantilevers

High hardness, high
thermal stability,
high chemical
stability, high field
emission and large
band gap

40-43

FeSi2 nanoparticles

diameter, PL/EL
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy,

Light Emitted Diodes

0.85eV band gap at
room temperature.

4

erbium doped Si

diameter, PL intensity
and wavelength of
light emitted from the
nanostructure, PL
lifetime, bandgap
energy,

Light Emitted Diodes

4
Er doping of silicon
is a material
promising the
possibility of
developing Si-based
optoelectronics.

REF.
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Ge nanowires and
nanocrystals

diameter, length,
lattice parameters, PL
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy, I-V,
melting point, binding
energies of electrons,
Raman intensity,
Raman shift, Raman
signal shape, electron
diffraction pattern
intensity,
transmittance,
absorbance,

Flash Memories, Light
Emitting Diodes,
phototransistors

Its band gap energy 44-49
is 0.66eV and its
exciton bohr radius
is 25nm. The
melting point of the
Ge nanoparticles is
significantly lower
than that of the
bulk (937 degrees
C).

SiGe nanodots and
nanowires

diameter, bandgap
energy, lattice
parameters, PL
intensity and
wavelength of emitted
light, binding energies
of electrons, I-V,
Raman intensity,
Raman shift, Raman
signal shape,

high-density optical
devices,

SiGe is a good
thermoelectric
material.

SiGe/Si super
lattice nanowires

diameter, length,
photodetectors
lattice parameters,
bandgap energy, PL/EL
intensity and
wavelength of light
emitted from the
structure,

4, 53
SiGe/Si is a
material which is
widely used in highspeed integrated
circuits.

GaInAs-InP
quantum dots

diameter, lattice
parameters, PL/CL
intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy, I-V,

photodetectors

GaInAs-InP is an
interesting material
system for
nanostructures
because the
energies emitted
from GaInAs
quantum wells
decrease in the
range from about
1.0 to 1.5µm.

GaAs-AlGaAs dots
and wires

diameter, length,
PL/CL intensity and
wavelength of light
emitted from the
nanostructure,
bandgap energy,
photocurrent,
photoreflectance,

nanoscale optoelectronic GaAs/AlGaAs
devices
quantum dots show
excellent optical
properties its array
allows both farinfrared (FIR)
transmission and
magnetocapacitance.

REF.

4, 50-52

54,55

54,56,57

118

SEMICONDUCTOR IMPORTANT NANOMATERIALS
PARAMETERS

APPLICATIONS

BASIC
DESCRIPTION

REF.

InAs/GaAs quantum inner and outer
dots, quantum
diameters, length, PL
rings
intensity and
wavelength of emitted
light bandgap energy,
Raman intensity,
Raman shift, Raman
signal shape,
capacitance, energies
of electrons in
magnetic field,

photodetectors

III-V semiconductor
material

58,59

GaAs/AlAs quantum dimensions, dot
dots and wires
density, PL intensity,
bandgap energy,
refractive index,
Raman intensity,
Raman signal shape,
Raman shift,
resonance frequency,

QD lasers, single
electron memories and
single-photon emitters

they are of III-V
semiconductor
materials. Their
superlattice have
been prepared and
large-gap band-toband lasing
transition have
been observed.

60,61

MgS nanoparticles

diameter, PL intensity
and wavelength of
emitted light, bandgap
energy

spintronic devices

Very large bandgap
(about 5eV)

62

MnS ananoparticles

diameter, bandgap
spintronic devices, solar
energy, binding
cells,
energies of electrons,
PL intensity and wave
length of emitted light,

MnS is an
antiferromagnetic
material.

63

CdZnSe/ZnSe
quantum wells

dimensions, PL/CL
intensity and
wavelength of emitted
light, bandgap energy,
strain, Raman
intensity, Raman shift,
Raman signal shape

CdZnSe/ZnSe
structures exhibit
photoluminescence
emission down to
the smallest
investigated lateral
width of 80 nm.

64,65

ZnMnSe/CdSe
superlattices

dimensions, bandgap
energy, PL intensity
and emitted photon
energies, spin
relaxation

spintronic devices,

Magnetic
semiconductor
material, in which
exciton spin
relaxation has been
investigated.

66,67

InGaN/GaN
quantum wells

dimensions, bandgap
energy, lattice
parameters, PL/CL/EL
intensity and emitted
photon energies,
piezoelectric field,
Raman intensity,
Raman shift, Raman
signal shape, I-V,
resistance,

Light Emitted Diodes

InGaN/GaN multiple 68-69
quantum wells are
structures that can
be used as the
active layers of
light-emitting
devices based on
wurtzite
(hexagonal) group
III nitrides and due
to the advantage of
the tuning ability of
the alloy bandgap
they are potential
materials for shortwavelength light119
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emitting diodes
(LEDs).

InAs/InP nanowires
and quantum dots,

diameter, length,
thickness,
conductance, I-V,
bandgap energy, PL
intensity and energies
of emitted photons,
lattice parameters,
absorbance

Semiconductor-based
single-electron
transistors

70-73
InAs is a
semiconductor
material with small
band gap as a result
of this it a good
starting point for
heterostructure
devices. InP has
wider band gap.

InN/InP nanowires

diameter, length,
thickness, lattice
parameters, bandgap
energy,

nanoscale field effect
transistor and lightemitting diode.

InN has promising
transport and
optical properties
and has large drift
velocity at room
temperature

74

TiO2/CdS
nanowires

diameter, length,
thickness, lattice
parameters, bandgap
energy,

solar cells,

TiO2 is one of oxide
semiconductors
with Eg = 3.2eV.
CdS is a
semiconductor with
a smaller band gap
(Eg =2.6eV).

75

CdS/HgS/CdS
quantum-dot
quantum wells

thickness, diameter,
bandgap energy, PL
intensity and energies
of emitted electrons,
transmission, hole
energies,

light-emitting diodes

HgS has 50.5eV of
bandgap energy
and bandgap
energy of CdS is
52.5 eV.

76

CuCl nanocrystals

diameter, bandgap,
absorption coefficient,
PL intensity and
energies of emitted
photon,

CuO nanoparticles,
nanorods and
nanowires

diameter, bandgap
energy, lattice
parameters,
resistance, sensitivity
for H2S gas,
absorbance, I-V,

gas sensors, magnetic
storage media,

CuO is a
semiconductor with
an indirect band
gap of about 1.4
eV. It is also a high
temperature
superconductor.

Cu2O
nanoparticles,
nanowires

diameter, lattice
parameters,
absorbance, binding
energies of electrons,

drug delivery systems,
energy storage,

Cu2O is a
semiconductor
material with a
direct band gap of
about 2.2 eV.

Semiconductor with 77
3.4eV bandgap, and
its exciton bohr
diameter is 13Å.
78-79

80,81
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CdO nanowires

diameter, length,
lattice parameters,
bandgap energy, I-V,
strain, optical
absorbance, PL
intensity and energies
of emitted photons

solar cells,
phototransistors,
photodiodes,
transparent electrodes
and gas sensors

82-84
n-type
semiconductor, with
a direct bandgap at
approximately 2.5
eV, and an indirect
one experimentally
found at 1.98 eV

HgS nanowires and
nanocrystals

diameter, length,
lattice parameters,
bandgap energy,
thermal expansivity

HgSe nanocrystals

excitation energy,
absorbance/PL
intensity and energies
of emitted photons

ultra-broadband optical
amplifier in
telecommunications
systems

Bulk HgSe is a
semi-metal with a
small negative
bandgap

86

HgTe nanocrystals

diameter, excitation
energy, optical
absorbance intensity,
PL intensity and
energy of emitted
photons,

ultra-broadband optical
amplifier in
telecommunications
systems

Bulk HgTe is a
semi-metal with a
small negative
bandgap

87

GaSb nanocrystals

diameter, absorption
coefficient, EL/CL
intensity and energies
of emitted photons, IV, Raman intensity,
Raman shift, Raman
signal shape, binding
energies of electrons,
reflectance,
transmittance

fibre-optic
communication systems

Its optical
absorption spectra
indicates a larger
blue shift of about
2.76 eV compared
to the bulk GaSb.

88,89

InSb nanocrystals

diameter, lattice
parameters, bandgap
energy, binding
energies of electrons,

high-speed transistors

InSb has a small
bandgap (0.17 eV)
and the largest
room temperature
carrier mobility.

90

InAs/AlSb
nanowires

diameter, length,
magnetoresistance,
bend resistance,
density, mobility, spin
polarization, optical
absorbance, spin
lifetimes

low-power, high-speed
spintronics devices

InAs is a direct gap
semiconductor with
bandgap 2.1 eV
AlSb is an indirect
semiconductor
with1.4 eV of
bandgap energy.

91,92

CdSe/ZnS core
shell nanocrystals

diameter, thickness, PL light emitting diodes,
intensities with
internal labels of living
different temperatures cells
and different laser
densities, energies of
emitted photons,
absorbance,
transmittance,
photosensivity,

In this CdSe/ZnS
core/shell coupling,
large band-gap
material (ZnS)
serves as a surface
passivating layer
and as a barrier
assisting the
electron–hole
confinement in the
CdSe core.

94-95

REF.

85
A composite of
nanodimensional
HgS shows different
colours in H2S
solution depending
on the amount of
the solution
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CdS/ZnS core shell
nanocrystals

diameter, thickness,
optical absorbance, PL
intensity and energies
of emitted photons

red- and green-lightemitting QD-LEDs,
chemical/biological
sensors,

96
CdS/ZnS
nanocrystals display
blue lasing

CdSe/CdS coreshell
nanocrystals

diameter, thickness,
biolabeling, photonics
Raman intensity,
devices
Raman shift, Raman
signal shape, Stokes
shift, Molar extinction
coefficient, PL intensity

CdSe/CdS core shell 97,98
nanocrystals have
greater stability and
a higher
fluorescence
quantum yield

CdSe/ZnSe
nanocrystals

diameter, thickness, PL biolabeling, photonics
intensities with
devices
different temperatures
and energies of
emitted photons,
absorbance,

99
ZnSe should in
principle be a very
good candidate as a
shell material. Its
band gap is wider
(2.72 eV) than that
of CdSe (1.76 eV),
both holes and
electrons are
confined in CdSe.

REF.

InAs/CdSe coreshell diameter, thickness,
nanocrystals
absorbance, binding
energies of electrons

biolabeling, photonics
devices

it is one of the
core/shell
nanocrystal
structures, where a
shell of a higher
band gap
semiconductor is
grown on the core.
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InAs/CdSe/ZnSe
nanostructure

diameter, thickness, PL
intensity and energies
of emitted photons,
binding energies of
electrons, absorbance,
photochemical stability

biological
fluorescence tagging
and optoelectronic
devices

This structure
exhibits very good
photostability,
vastly improved
over those of
organically coated
cores,
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PbSe nanocrystals,
nanowires

diameter, current
transient, imaginary
part of the dielectric
function, binding
energies of electrons,

photonic devices,
biological markers

It is a
semiconductor that
shows strong
confinement effects
due to the low
effective mass of
both electrons and
holes
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PbTe nanorods,
nanoparticles,
nanoboxes

diameter, length,
lattice parameters,
optical absorption
coeffiecient, scattering
intensity

photonic devices

104,105
PbTe nanocrystals
with 50Å of radius
has 3:5 eV of
energy gap energy.
On the other hand,
the energy gap for
bulk PbTe crystals is
known to be equal
to 0.34 eV.

photonic devices

Bulk PbSe and PbS
have a narrow
direct bandgap
(0.28-0.41eV)

PbSe/PbS core shell diameter, absorbance
nanocrystals
intensity, PL intensity
and energies of
emitted photon,
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8 Summary
This report addresses a wide audience: PhD students; researchers with experience in various
measurement techniques appropriate in bulk who would like to enter the field of nanoscience,
nanotechnology, and nanometrology; university and college teachers who would like to widen their
knowledge in modern techniques and methods of material analysis; fundamental researchers who are
interested in improvement of 'classical' theories that can not explain the new phenomena emerging in
the field of nanoscience; investors who would like to benefit from a future technology; SMEs with
innovative programs in their business plans. A wealth of figures, images and graphs give the reader
the basis for understanding the peculiar field of nanosized objects and the materials made of them.
As explained in section 1, “Nanometrology includes length or size measurements (where dimensions
are typically given in nanometres and the measurement uncertainty is often less than 1 nm) as well as
measurement of force, mass, electrical and other properties” and “Nanotechnologies, however defined,
cannot progress independently of progress in
nanometrology” [4]. Since nanotechnology and
nanosciences are concerned with new phenomena that appear when some characteristic structure size
of a material is in the nanometre range, and also on controlling these dimensions, it is obvious that a
key element of nanometrology is to measure dimensions in the range 1 to about 100 nm, and with
precision reaching 0.1 nm nowadays, and to correlate the measured size with properties.
A lot has been written about the very rapid development of nanotechnology related industry and its
bright future. Compared to that, however, the range of institutions active in nanometrology and the
number of patents or papers with the keyword nanometrology identified by the authors seems rather
modest. However, from our own experience we know that the development of proper nanometrology
procedures is a major development barrier. For instance, the first years of work in nanopowders
technology are connected with solving metrology issues. Also when assessing papers in this field, one
asks oneself the question: did this researcher measure the material using the same methods as me?
Such experiences were behind the efforts to describe in detail the problems of nanometrology for
powders and bulk materials.
In nanometrology there are two main issues to consider: precise measurement of sizes in the
nanometre range, and the adaptation of existing methods, or the development of new methods, to
characterise properties as a function of size. A direct consequence of this is developing methods to
characterise sizes based on the evaluation of properties, and to compare the sizes measured using
various methods. This report provides a comprehensive review of characterisation methods, properties
that are size dependent in a range of materials, as well as characteristic dimensions. The
NANOMETROLOGY report covers in a greater detail X-Ray Photoelectron Spectroscopy (XPS), Raman
Spectroscopy, Photoluminescence spectroscopy, electroluminescence, current-voltage and capacitancevoltage measurements.
One may also distinguish characteristic sizes of single structures or regular objects such as developed
in Information and Computer Technology (ICT) (e.g. regularly spaced self-assembled quantum dots or
thin films deposited by means of various techniques) and structures with a considerable distribution of
sizes frequently found in nanomaterials technology (e.g. nanostructured metals, nano-powders
production, nano-composites).
The chapter on the nanometrology of thin films and nanostructures on surfaces with resolution ranging
from single atoms dimensions to few nanometres explains the Reflection High Energy Electron
Diffraction (RHEED) oscillations as a method for monitoring crystal growth, quartz crystal balance as
method for in-situ determination of film thickness, Electron Impact Emission Spectroscopy (EIES), and
X-ray reflectivity as methods for investigating the layered structure of a film. The fundamentals and
the specific requirements in implementing TEM, high resolution TEM (HRTEM), scanning probe
microscopy (SPM), atomic force microscopy (AFM), magnetic force microscopy (MFM) are presented at
a good scholarly level and can be used for the development of a specialist course for students at a
Master and PhD level. We have shown that the techniques are well developed, and the main stream of
development is making structures in the nanometre, or even sub nanometre scale, and measuring
various parameters with nanometre spatial resolution. The good progress in this field is also illustrated
by the fact that the majority of companies identified as active in nanometrology are concerned with
services in this scientific and industrial direction.
A major part of this report is devoted to nanometrology of nano-materials: nano sized powders (free
standing or suspension) and bulk materials. Nanomaterials extend across the full range of traditional
materials: metals, semiconductors, all forms of polymers and ceramics. Atomic-scale structure and
compositional characterization of these materials gives insights to the control of their properties. The
report addresses measurement techniques and parameters important in the fabrication and application
of nanoparticles and nanocrystalline or nanostructured bulk materials. Nanometrology is a requisite
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that must be established securely if nanotechnology is to thrive. It is shown that the stochastic
character of such structures and large variety of their possible forms imposes considerable difficulties
for nanometrology. Several characteristics are discussed in more detail: the density of nano-sized
particles, particle size distribution (PSD) or grain size distribution (GSD), particle shapes, complex
shapes. Measurements of nanosized objects meet problems and should answer questions such
as: how to determine shape, size and structure of nanoparticles with the help of diffraction methods?
How to describe the characteristic dimensions of nanostructured metals? What is really meant
regarding particle or grain size and how to compare values measured using various methods? How to
overcome the difficulties of the assessment of nano-porosity in sintered materials, to provide a
quantitative means of controlling and predicting processes and performance? Recommendations on the
usage of transmission electron microscopy (TEM), which provides information on local structures, on
scanning electron microscopy (SEM), which produces high resolution images of a sample surface with
the help of electrons, BET (Brunauer-Emmet-Teller) method for the determination of size (surface)
distribution and its alternatives, X-ray diffraction (XRD) and SEM. Importance of the use of large
facilities (synchrotron and neutron sources) for the nanometrology of materials is illustrated.
The main conclusion of these sections is that considering the distributions of sizes it is critical if one
wishes to correlate sizes and properties of such materials, that a variety of analytical methods are
applied in a complementary way. The report describes such a combination of techniques to obtain
reliable data about grain or particle size distribution. However, before proper standards in this respect
are developed and implemented, considerable efforts and exchanges of experiences between various
European groups are needed. This is quite urgent, since nanomaterials are being used or will be used
in the near future in a broad range of industries.
The report shows that nanometrology is a vivid and rapidly developing area, and it is in fact the very
core of nanotechnology and nanoscience. It is a fascinating field, covering both very practical questions
such as how to control the structure of nanocrystalline metals to take advantage of their specific
mechanical properties, to the frontiers of research regarding the properties of structures built from
single atoms, or the characterisation of materials made from nanoscale building blocks each with
specific properties.
The authors hope that this report will be one of the useful books in the reader's library.
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