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The Nanotech 
Edge For 
Improving 
Devices
Current research at the atomic level

anotechnology today is being 
developed for experimental and 
commercial applications across 
industries such as electronics, 
biomedical, energy, the 
environment, textiles, and food. 
It’s big business and only going 
to get bigger, the better we learn 
how to manipulate the very small. 

This issue we’re going to look 
at just a few areas of research 
that are using nanotechnology 
to improve devices, starting 
with  nanoantenna arrays that 
could power a new generation 
of ultrasensitive and low-cost 
sensors for monitoring water 
quality.

The arrays were designed 
and tested by Dr. Neciah Dorh 
during his PhD at the University 
of Bristol. They are made from 
aluminium nanorods fabricated 
using electron-beam lithography 
by commercial partner Kelvin 
Nanotechnologies. The nanorods, 

50 nm wide and 158 nm long, are 
designed to resonantly enhance 
fluorescence emission from a 
range of contaminants in water, 
such as diesel or tryptophan. 

When it comes to measuring 
water quality, fluorimeters have 
been used for many years to 
measure the dissolved organic 
matter, chlorophyll, and algae that 
is typically present in  polluted 
water. Fluorimeters work by 
emitting light at one wavelength 
and detecting light emitted by 
the target at another wavelength. 
Only certain substances exhibit 
this property and at specific 
pairs of wavelengths; this means 
that fluorescence can be a very 
selective and sensitive optical 
technique. Proteins found in the 
cell walls of the microorganisms 
in poor-quality water have 
been shown to fluoresce in the 
same region as the amino acid, 
tryptophan. Tryptophan-like 
fluorescence (TLF) can therefore 
be used as a measure of the 
microbial activity in water and thus 
act as an indicator of biological 
oxygen demand.

This new work on a 
sensitive nanoantenna array has 
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demonstrated a six-fold increase in 
measured fluorescence emission 
from a dye. The research also 
shows that by correctly designing 
the array element spacing, 
strongly directional fluorescent 
emission can be obtained that 
would allow for highly integrated 
multi-wavelength sensors to be 
designed that would provide a 
better, more sensitive sensor.

The work was carried out 
by members of the Photonics 
Research group in the Department 
of Electrical and Electronic 
Engineering at the University of 
Bristol, led by Professor Martin 
Cryan, in collaboration with Dr. 
Andrei Sarua from the School 
of Physics at Bristol University 
and Dr. Tahmina Ajmal from 
the University of Bedfordshire, 
who had previously worked on 
the Aquatest project at Bristol, 
funded by the Bill and Melinda 
Gates Foundation, to develop 
low-cost water-testing devices. 
They developed a prototype 
LED-based sensor system, which 
they plan to develop further into 
a hand-held device for use in the 
field. 

Martin Cryan, Professor of 
Applied Electromagnetics and 
Photonics, explained some of 
the benefits of the nanoantenna 
arrays for monitoring water 
quality in the field:

“The nanoantenna arrays, 
which can be fabricated by lower 
cost production techniques such 
as nanoimprint lithography, 
can bring significant sensitivity 
enhancement so that laboratory 
quality measurements could 
be carried out in the field. This 
would allow for deployment of 
remote wireless sensor networks 
for early warning of pollution or 
continuous monitoring of water 
quality in sensitive environments.” 

Professor Cryan’s group 
is developing systems that 
could combine the power 

of nanoantenna arrays with 
quantum-enhanced sensors to 
produce yet further sensitivity 
enhancements.

Carbon Nanotubes
Nonoantennas are, as the 

name suggests, very small 
antennas generally used to 
gather information about what 
is happening on an atomic scale. 
Nanotechnology is also being 
used to develop antennas that 
are not necessarily used to detect 
on an atomic scale but are made 
of new materials and structures 
that may be lighter or stronger 
than traditional materials. 
Researchers at Rice University 
have found that fibers made of 
carbon nanotubes configured 
as wireless antennas can be as 
good as copper antennas but are 
20 times lighter. The antennas 
may offer practical advantages 
for aerospace applications and 
wearable electronics where 
weight and flexibility are factors.

The discovery offers more 
potential applications for the 
strong, lightweight nanotube 
fibers developed by the Rice 
lab of chemist and chemical 
engineer Matteo Pasquali. The 

Above: SEM images of nanoantenna array and in 
the inset a magnified view of the array elements.
Image: University of Bristol
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lab introduced the first practical 
method for making high-
conductivity carbon nanotube 
fibers in 2013 and has since tested 
them for use as brain implants 
and in heart surgery among other 
applications.

“The research could help 
engineers wanting to streamline 
materials for airplanes and 
spacecraft where weight equals 
cost. Increased interest in 
wearables like wrist-worn health 
monitors and clothing with 
embedded electronics could also 
benefit from strong, flexible and 
conductive fiber antennas that 
send and receive signals,” Pasquali 
said.

The Rice team and colleagues 
from the U.S. National Institute 
of Standards and Technology 
developed a metric they called 
“specific radiation efficiency” to 
judge how well nanotube fibers 

radiated signals at the common 
wireless communication 
frequencies of 1 and 2.4 gigahertz 
and compared their results with 
standard copper antennas. They 
made thread comprising 8 to 
128 fibers that are about as thin 
as a human hair and cut to the 
same length to test on a custom 
rig that made straightforward 
comparisons with copper 
practical.

“Antennas typically have a 
specific shape, and you have to 
design them very carefully,” said 
Rice graduate student Amram 
Bengio. “Once they’re in that 
shape, you want them to stay 
that way. So one of the first 
experimental challenges was 
getting our flexible material to 
stay put.”

Contrary to earlier results by 
other labs (which used different 
carbon nanotube fiber sources), 

Above: Rice University graduate student Amram 
Bengio sets up a nanotube fiber antenna for testing. 
Scientists at Rice and the National Institute of 
Standards and Technology have determined that 
nanotube fibers made at Rice can be as good as 
copper antennas but 20 times lighter. 
Photo by Jeff Fitlow
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the Rice researchers found the 
fiber antennas matched copper 
for radiation efficiency at the 
same frequencies and diameters. 
Their results support theories 
that predicted the performance of 
nanotube antennas would scale 
with the density and conductivity 
of the fiber.

“Not only did we find that 
we got the same performance 
as copper for the same diameter 
and cross-sectional area, but 
once we took the weight into 
account, we found we’re basically 
doing this for 1/20th the weight 
of copper wire,” Bengio said. 
“Applications for this material 
are a big selling point, but from 
a scientific perspective, at these 
frequencies carbon nanotube 
macro-materials behave like 
a typical conductor.” Even 
fibers considered “moderately 
conductive” showed superior 
performance, he said.

Although manufacturers 
could simply use thinner copper 
wires instead of the 30-gauge 
wires they currently use, those 
wires would be very fragile and 
difficult to handle, and so the 
strength advantage of carbon 
nanotube comes into play. Not 
only that, but very thin antenna 
arrays are easier to manipulate 
and form with carbon nanotubes 
over very thin copper because of 
the textile-like behaviour of the 
thin carbon.

Nanoelectronics
Manipulating materials at 

the nano level has its technical 
challenges, as the physics at an 
atomic level can be somewhat 
different than at the macro level. 
Andrew McRae, James Porter, 
Vahid Tayari and Associate 
Professor Alexandre Champagne 
from Concordia University are on 
a mission to help overcome the 
problems associated with building 

molecular nanoelectronics by 
coming up with new engineering 
possibilities. 

McRae explains, “Our study 
sheds light on problems engineers 
face when building molecular 
nanoelectronics, and how they 
might be able to overcome them 
by harnessing the quantum 
nature of electrons.” 

“We have shown 
experimentally that we can 
control whether or not positively 
and negatively charged particles 
behave the same way in very short 
carbon nanotube transistors. In 
particular, we have shown that 
in some devices of about 500 
atoms long, the positive charges 
are more confined and act more 
like particles, while the negative 
charges are less well-confined 
and act more like waves.”

These results suggest 
new engineering possibilities. 

Above: Nanotubes are tightly packed in the new 
carbon nanotube fibers produced by Rice University 
and Teijin Aramid. This cross section of a test fiber, 
which was taken with a scanning electron microscope, 
shows only a few open gaps inside the fiber.
Image: Rice University
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“This means that we can take 
advantage of the quantum nature 
of electrons to store information,” 
says McRae.

Maximizing the differences 
between the way that positive 
and negative charges behave 
could lead to a new generation of 
two-in-one quantum electronic 
devices. The discovery could 
have applications in quantum 
computing, radiation sensing, 
and transistor electronics. This, 
in turn, could eventually lead 
to smarter and more efficient 
consumer electronics.

“The most exciting 
implications are for building 
quantum circuits with single 
devices that can either store or 
pass quantum information along 
with the flick of a switch,” says 
McRae. “Our study also shows 
that we can build devices with 
dual capabilities, which could 
be useful in building smaller 
electronics and packing things in 
more tightly. In addition, these 

ultra-short nanotube transistors 
could be used as tools to study the 
interplay between electronics, 
magnetism, mechanics, and 
optics at the quantum level.”

Three-Dimensional 
Nanomagnets

The information revolution 
that has shaped society into 
what it is today has been based 
on traditional printing of ever-
shrinking electronic components. 
With current technologies 
reaching the limits of what 
physics allows, researchers are 
starting to explore the third 
dimension in search for a route 
to continue improving those 
electronic devices in our pockets. 
In a recent study published in the 
journal ACS Nano, researchers 
at the University of Cambridge 
(United Kingdom) and TU 
Eindhoven (The Netherlands) 
demonstrate how by combining 
the most advanced techniques in 
3D-nanoprinting with traditional 
methods it becomes possible to 
create functional circuits that can 
process information.

“We demonstrate a new way 
to fabricate and use a magnetic 
device which, on a nanometric 
scale, can controllably move 
information along the three 
dimensions of space,” notes Amalio 
Fernández-Pacheco, principal 
investigator of the project at 
the Cavendish Laboratory at 
Cambridge. To create these 
nanomagnets in 3D, an electron 
microscope is used along with a gas 
injector to 3D-print a suspended 
scaffold on a traditional 2D silicon 
substrate. After 3D-nanoprinting, 
magnetic material is deposited 
over the whole ensemble to allow 
information transport.

By combining a very precise 
fabrication protocol with a tailor-
made laser system, the authors 
have been able to demonstrate 

Above: Fabrication process of the new 3D nanomagnets: Using a gas injector and an electron 
microscope a scaffold is 3D-printed onto a silicon substrate (steps 1 and 2). 
Magnetic material is deposited over the whole ensemble (green, step 3). 
Magnetic information is then read from the substrate and the nanostructure independently by 
using a laser (red, step 4). / Dédalo Sanz-Hernández
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the detection of structures that 
are almost completely suspended 
and have widths of only 300 
nanometers.

“In this work, not only have 
we demonstrated a big leap 
in nanofabrication capacities, 
but also, importantly, we have 
developed a system that allows 
us to look at these tiny devices in 
a relatively simple way,” remarks 
Dédalo Sanz-Hernández, leader 
of this work. “The information 
within the device can be read 
using a single laser in dark-
field configuration (a technique 
designed to isolate small objects 
from bright backgrounds),” he 
explains. 

“Projects such as this one open 
the path to the development of 
a completely new generation of 
magnetic devices that can store, 
move, and process information in 
a very efficient way by exploiting 
the three dimensions of space,” 
remarks Fernández-Pacheco.

This breakthrough is part 
of the broader field of what is 
known as “spintronics”. Spintronic 
(or spin-transport electronics) 
technologies exploit both the 
electrical charge electrons to 
store and process information 
and also their spin, allowing 
the development of electronic 
circuits that benefit from greater 
energy efficiency than current 
technologies.

Atsufumi Hirohata, Professor 
of Nanoelectronics at the 
University of York, explains that 
an electron spins on its own axis 
while rotating around an atom’s 
nucleus, rather like the Earth 
spins while rotating around the 
Sun. Spin can be considered as 
either “up” or “down”. In the same 
way traditional electronics uses 
charge to represent information 
as 0s and 1s, the two spin states 
can be used to represent the same 
binary data in spintronics, and 
can be measured because spin 
generates tiny magnetic fields. 

Above: Amalio Fernández-Pacheco, Principal 
Investigator of the project (left) and Dédalo Sanz- 
Hernández, lead autor of the work (right) posing 
with the optical system used at the University of 
Cambridge to read information from 3D magnetic 
nanostructures. / Dédalo Sanz-Hernández
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Electronics requires 
specialised semiconductor 
materials in order to control 
the flow of charge through 
the transistors, but not so with 
spintronics. Spin can be measured 
very simply in common metals 
such as copper or aluminium, 
requiring less energy to change 
spin than would be required to 
generate a current to maintain 
electron charges in a device. So 
not only can spintronics be more 
power efficient it can be set up 
quickly, making data transfer 
faster. Spin is also not energy 

dependent, so if there is a loss 
of power the information (spin 
state) remains fixed.

This is nanotechnology, 
carbon nanotubes, taking 
advantage of the quantum nature 
of electrons and spin, which has 
the potential to transform the 
way we create and use all manner 
of devices. This world of the very 
small is an exciting area of science 
that will change the way we live.

 Watch this space.

Above: Demonstrating the capabilities of carbon nanotube. This light 
bulb is powered and held in place by two thin strands of carbon 
nanotube fibers that look and feel like textile thread. The nanotube 
fibers conduct heat and electricity as well as metal wires but are 
stronger and more flexible.
Image: Rice University
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