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Materials Science

The material world around us is 
changing rapidly. The discovery of 
new materials, or finding new ways 
to process and use existing materials, 
is what drives forward the creation of 
new technologies. From the discovery 
of metal alloys and rubber in the 
early 1800s, to the characterisation 
of graphene in 2004, scientists are 
discovering new materials all the time. 

Materials scientists discover and design 
new materials that can be used across 
many different technologies. They hope 
to understand how the processing of a 
specific solid material can influence that 
material’s properties through alterations 
to its atomic structure. 

Today’s materials research focuses on a 
wide range of areas, including ceramics, 
polymers and nanomaterials. The study 
and development of new materials 
is particularly important for the field 
of electronics. Many of our everyday 
electronic items, such as LCD televisions 
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Materials science – the discovery and characterisation of new 
materials – drives forward the creation of new technology. In 
particular, the development of thin films of materials is vital to the 
electronics industry, as they are used in various device components 
such as displays and sensors. The properties of these materials are 
defined by their atomic structure, and until recently it was a major 
challenge for scientists to accurately characterise this. Towards 
this aim, Professor Yoshio Waseda and his team at the Institute of 
Multidisciplinary Research for Advanced Materials have developed a 
novel method for characterising the atomic structure of thin films.

and mobile phones owe their evolution 
to innovative discoveries, including 
oxide semiconductors, composite 
plastics and strengthened glass. 

For instance, the development of the 
smartphone as we know it would 
not have been possible without the 
invention of the liquid-crystal display 
and thin-film transistor (TFT). The field 
effect transistor (FET), a vital component 
of many computer devices, also 
comprises a thin-film semiconducting 
material and requires far less energy 
to operate than previous transistors, 
helping to meet society’s requirements 
for energy saving. 

The arrangement and types of atoms in 
a material directly affects the material’s 
behaviour, such as its electronic 
properties. Therefore, scientists are 
always eager to find new ways to study 
atomic structure in detail, so that they 
can more effectively fine tune material 
properties. Towards this aim, Professor 
Yoshio Waseda and his colleagues at the 
Institute of Multidisciplinary Research 
for Advanced Materials in Japan have 
developed a novel method to study 
the atomic structure of thin films of 
materials.
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Amorphous Materials 

Materials are usually made of multiple 
types of atoms (different elements). 
By understanding how different 
combinations of elements create 
different physical properties, scientists 
can begin to simulate new materials to 
meet specific demands.

Scientists study the atomic arrangement 
by looking at how well ordered the 
constituent atoms or molecules are 
in a given material. They look at how 
regularly spaced neighbouring atoms or 
molecules are, as well as how random 
their distribution is across a wider area 
within a material. In crystalline solid 
materials, these units are very well 
ordered. Each atom or molecule has 
multiple neighbours that are equal 
distance from each other (an ordered 
atomic structure). 

However, so-called ‘amorphous’ 
materials have a disordered atomic 
structure, with no repeating pattern. ‘In 
liquids and glass,’ describes Professor 
Waseda, ‘the atoms or molecules are 
distributed at random with little space 
between them.’ Professor Waseda’s 
research focus is to improve our 
understanding and make it easier 
to study the atomic structure of 
amorphous materials, particularly 
amorphous thin films (layers of 
material between a nanometre and 

several micrometres thick). Thin films 
often possess unique properties that 
make them ideal for many device 
applications, including integrated 
circuits. 

Thin films play a vital role in modern 
technology that we as consumers often 
take for granted, which is their role as 
semiconductors. Semiconductors form 
the basis of our modern electronic 
devices, where they perform vital 
functions. Currently, the most common 
semiconducting material used in our 
electronic devices and solar cells is 
silicon. The ability to measure the 
atomic structure of alternative types 
of semiconductors allows material 
scientists to design new semiconducting 
materials for specific uses, such as high-
performing thin films for next generation 
electronic devices.  

X-Ray Scattering Techniques

Studying the atomic structure of an 
amorphous material is a challenge, as 
the atoms or molecules are randomly 
distributed with no regular, recurring 
pattern. In order to study the atomic 
structure of amorphous thin film 
materials, Professor Waseda and 
his team combined x-ray scattering 
techniques with mathematical models. 

X-ray scattering is a non-destructive 
method of analysing a material. When 

an x-ray beam hits a sample of material, 
it is scattered (absorbed and re-emitted 
in different directions) by individual 
atoms or molecules in the material. 
Scientists can study the intensity and 
patterning to this scatter to determine 
the atomic structure and other 
properties of thin films.

The team used a technique called 
x-ray scattering for obtaining the 
‘radial distribution function’ of the 
material. The radial distribution 
function describes the probability 
of finding atoms within a specified 
volume and within a particular 
distance of each other. In addition, 
the local environmental structure 
around a specific element is required 
for describing the structure of an 
amorphous material. For this purpose, 
the team also employed anomalous 
x-ray scattering combined with a 
simulation technique called Reverse 
Monte Carlo. Anomalous x-ray scattering 
is known to be useful for both crystalline 
and non-crystalline materials for studies 
of surface and bulk materials.  

The team’s method has been 
successfully used to characterise the 
structures of thin films that are less than 
a micrometre thick, and can be applied 
to both crystalline and amorphous 
materials. This has provided a new 
in-depth look at the properties of these 
materials.

Figure 1. RMC results reproduce two structural functions independently obtained from measurement.  
Note that 423 is the ratio of In²O³, Ga²O³ and ZnO.
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IGZO Films

In their recent work, Professor Waseda and his team have 
been investigating the structural properties of a particular 
material called indium gallium zinc oxide (IGZO), which is a 
semiconducting material. Thin films of IGZO are already in 
use in a variety of electronic devices. For example, IGZO thin 
films can be found in flat panel displays, such as smartphone 
screens and tablet displays, as they have an improved power 
consumption rate compared to other thin films, providing 
energy-saving features.

There are multiple types of IGZO film, including a 
nanocrystalline film and a newly discovered crystalline film 
(CAAC IGZO film). These both show features that imply their 
structure includes individual crystals, indicating that there 
could be some order within their structures. However, scientists 
had not yet fully elucidated the discrete crystal structures 
within these films.  Professor Waseda and his colleagues have 
been investigating their structure to better understand their 
physical and chemical properties. 

Using their anomalous x-ray scattering method, the team 
investigated the ‘anomalous dispersion effect’ of an element 
of interest by tuning the incidence x-ray energy to collect data 
on the atomic structure of that specific element in the thin film. 
They also combined this data with simulations to create an 
atomic-scale model for the IGZO films. Their aim was to gain 
the atomic arrangements in order to independently reproduce 
two structural functions obtained from measurement (see Fig. 
1).  

The team initially discovered that there was a distinct 
crystalline feature within the NC (nanocrystalline) and CAAC 
films (see Fig. 2). It was previously thought that IGZO films 
were structured in layers, with slabs of indium and oxygen 
alternating with slabs of zinc, gallium and oxide molecules. The 
team found that the four elements are basically mixed together 

to form crystalline clusters in both types of film, each of which 
exhibits the characteristic layered-structure of IGZO (see Fig. 3). 

The team refer to this structure comprising nanometre-sized 
structural features as a crystalline-cluster-composite (triple 
C) system. This atomic arrangement of nanometre-sized 
crystalline clusters contributes to the resilience of this material 
against atomic rearrangement, even when the structure has 
a relatively high density. Such features are promising for the 
production of large square films, while also benefiting the 
production of IGZO films with sufficient reliability for device 
fabrication in microelectronics.

The Future of Materials Science

This combination of gathering data from laboratory analysis 
techniques along with modelling atomic structures is an 
important aspect of materials science research. Material 
scientists hope to fully characterise materials that are already 
in use to understand how their atomic structure relates to their 
physical properties, such as their ability to conduct electricity 
or how brittle they are under certain conditions. Once scientists 
can determine exactly how different chemical combinations 
produce these properties, they can easily simulate a material 
with those required properties. 

In a world of rapidly developing technology, it is vital we fully 
understand the properties of new materials to ensure we can 
get the maximum value from each exciting discovery. Professor 
Waseda’s x-ray scattering technique to accurately model the 
atomic structure will play a vital role moving forward. As a 
non-invasive, non-destructive technique that can be applied 
to a wide variety of material types, it will be invaluable to 
understanding the chemical, electrical and magnetic properties 
of both existing and yet-to-be discovered materials.

Figure 2. Atomic-scale structural model for reproducing two 
independent structural functions. Cross-hatched pattern: oxygen-
polyhedral units around In; grey: oxygen-polyhedral units around 

Zn; blue: oxygen-polyhedral units around Ga.

Figure 3. When focusing on the atomic coordination state only 
using the same model without colour coding, the residual 

crystalline clusters attributed to the particular layered structure 
of IGZO are detected in both films, particularly when observed 

from the side.
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Meet the researcher

Professor Yoshio Waseda is a materials scientist based 
at Tohoku University in Sendai, Japan. He is particularly 
interested in the structure of non-crystalline materials, and 
his long research career has led to over 700 publications. After 
completing his PhD in Materials Science at Tohoku University in 
1973, he went on to lecture there, interspersed with some time 
at the University of Toronto and the University of Pennsylvania. 
Professor Waseda founded the Institute for Advanced Materials 
Processing in 1993 and the Institute of Multidisciplinary 
Research for Advanced Materials in 2001, and is currently 
Director of the Institute of Electromagnetic Materials. He has 
been the recipient of many awards such as TMS Leadership 
award and Honda Memorial Gold Metal award, and was most 
recently awarded The Order of the Sacred Treasure from the 
Emperor of Japan. Professor Waseda also holds five patents, 
and regularly collaborates with industry.

CONTACT

E: yoshio.waseda.d7@tohoku.ac.jp  
W: http://www2.tagen.tohoku.ac.jp/en/index.html 
W: http://www.imr.tohoku.ac.jp/en/about/divisions-and-
centers/research-division/15.html
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Dr Toru Kawamata, Institute for Materials Research, Tohoku 
University
Dr Shunpei Yamazaki, Semiconductor Energy Laboratory  
Co. Ltd.
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