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Mechanical promise for Moore’s law 

Over the past 40 years, advances in semi­
conductor-processing techniques have vastly 
reduced the size and improved the capabili­
ties of microelectronic devices. In accord­
ance with Moore’s law, the dimensions of 
individual devices in an integrated circuit 
have been steadily halving every two years 
or so. Today’s processor chips contain more 
than a billion transistors compared with 
around a million in Intel’s ground-breaking 
Pentium processor of the early 1990s. 

But the rate of miniaturization of the basic 
building blocks of modern electronics – 
based on complementary metal–oxide–sili­
con (CMOS) technology – is tailing off and 
computer processing speeds have stagnated 
for the past decade. Further scaling down 
of CMOS devices faces serious difficulties 
owing to leakage currents, passive power 
dissipation and other detrimental effects. 
Indeed, CMOS switching speeds are now 
power limited: you cannot remove heat from 
a chip fast enough before the device melts. 
Unless we can reduce the effective operating 
voltage of the switch, then this limit (which is 
intrinsic to material properties such as loss 
and impedance) cannot be overcome. 

Faster computational speeds, reduced 
device weight and lower energy consump­
tion could, however, all be within reach 
if the excitement around a new transistor 
based on piezoelectric materials can be 
turned into technological reality. Piezo­
electric transistors could operate at a 10th 
of the voltage of today’s CMOS equivalent, 
consuming 100 times less power, and be 
switched at much faster rates. With the US 
electronics giant IBM having recently filed 
the first patents for piezoelectric transis­
tors, European physicists, materials scien­
tists and metrologists have joined forces in 
a project called Nanostrain to develop novel 
electronic devices based on controlling 
strain at the nanometre scale. Launched in 
late 2013, the three-year, 74m ($5.7m) pro­
ject funded by the European Union’s Euro­

pean Metrology Research Programme 
under the direction of “EURAMET” aims 
to take us beyond Moore’s law to faster, 
more reliable and greener computing.

Shape-shifting
Piezoelectric materials exhibit a close 
relationship between their mechanical 
and electrical properties. Applying a volt­
age, for example, reorients the molecular 
dipole moments, and causes rotational and 
translational strains in the complex domain 
structures found in many such materials, 
resulting in a net macroscopic change in 
shape. Because this relationship is revers­
ible, strain generated by a piezoelectric 
actuator can deliver sufficient force to 
cause a “piezoresistive” material to switch 
from being an insulator to a conductor and 
back again, offering the possibility of read­
ing and writing digital information.

Although carbon nanotubes also display 
large changes in resistance depending on 
the chirality of the tube, piezoelectric mate­
rials have been around for far longer, which 
means that we can benefit from our much 
greater scientific understanding of them. 
Indeed, piezoelectrics are already used in a 
wide range of commercial settings, includ­
ing car engines and in production lines 
where they act as energy harvesters that 
turn mechanical strain into a power source 
for autonomous sensors.

Several paths are currently being explored 
to try to end the stagnation of CMOS tran­
sistor speeds. These include spintronics, in 

which the spin of electrons as well as their 
charge would be used to process informa­
tion, and quantum computers that harness 
the non-classical rules of superposition 
and entanglement. But it is only recently 
that researchers have considered using the 
mechanical properties of materials to con­
trol changes in transistor technology.

Specifically, interest in such materials 
took off in 2012 when IBM developed the 
first piezoelectric-effect transistor (PET). 
The prototype device consisted of a piezore­
sistive material clamped between a slab of 
piezoelectric material and a rigid frame 
made from a nano-indenter and a sapphire 
plate. The resulting microscale sandwich can 
switch between an overall conducting and an 
insulating state by applying a voltage, which 
changes the morphology of the piezoelectric 
layer such that it exerts a very large strain-
induced stress on the piezoresistive material.

This sequence of events occurs nearly 
instantly (on picosecond timescales) and far 
more efficiently than the laws of physics allow 
for CMOS transistors. The big question for 
the Nanostrain team concerns scalability. 
Do these attractive properties replicate 
down to the scale of CMOS transistors?

Despite the undoubted potential of pie­
zoresistive electronics, the success of the 
technology relies on the development of 
new and more accurate techniques to char­
acterize these materials at the nanoscale. 
To address this final piece of the jigsaw, 
Nanostrain brings together European 
national laboratories, world-class research 

A decade of stagnation in 
computing speeds may be about 
to give way to the biggest step 
change in processing power in 
history thanks to a new project 
called Nanostrain that seeks to 
develop nanoscale piezoelectric 
transistors, explains Markys Cain

Precision tool By subjecting materials to synchrotron X-rays in sample environments like this one at the XMaS 
beamline at the ESRF, the Nanostrain team will be able to measure strain at the atomic level. 
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Three Postdoctoral positions (Research Associates, each for 3 years) 
are available at the Lancaster Centre for Nanoscale Dynamics 
[http://www.physics.lancs.ac.uk/research/centre-for-nanoscale-
dynamics], for theoretical research in fundamental physical properties 
of atomic two-dimensional crystals (including graphene, boron nitride, 
chalcogenides of various metal, etc.) and modelling electronics and 
optoelectronics devices based hybrid structures of such materials. 
Theoretical work will be coordinated with a massive experimental 
effort in the European Graphene Flagship and ERC Synergy Grant 
Hetero2D. Applicants should hold or be close to acquiring a PhD in 
theoretical physics with specialisation in the theory of two-dimensional 
materials (analytical and/or density functional theory), mesoscopic 
physics using quantum transport theory and Green functions; strongly 
correlated systems; or quantum optics.  The initial search closes on 30 
May, 2014 (http://hr-jobs.lancs.ac.uk/Vacancy.aspx?ref=A971): after that, 
directly contact Prof V Fal’ko [v.falko@lancaster.ac.uk]. 

Fully-funded studentship for PhD in Experimental Nanoscience 
(http://www.physics.lancs.ac.uk/study_here/postgraduate/phd-in-
nanoscience) is available to work on the project on graphene-based 
multilayer structures and devices. Graphene will be combined with 
other 2D materials (boron nitride, dichalcogenides of transitional 
metals and layered high-Tc superconductors). The project will be 
carried out at the state-of-the-art nanofabrication facility at Lancaster 
Quantum Technology Centre (http://www.qtc.lancs.ac.uk/) and will 
involve magneto-transport measurements at low temperatures. The 
studentship is for 3.5 years for (UK/EU), 3 years (OS). For details, 
contact Dr L Ponomarenko [l.ponomarenko@lancaster.ac.uk].

Fully-funded studentship for PhD in Experimental Nanoscience 
(http://www.physics.lancs.ac.uk/study_here/postgraduate/phd-in-
nanoscience) is available in the Nanoscale Microscopy Group (www.
nano-science.com) at Lancaster, to work on Nanoscale Thermal 
Metrology, to explore fundamental mechanisms of nanoscale heat 
transport in materials and nanoscale devices using advanced scanning 
thermal microscopy. This project is a part of a European network 
QUANTIHEAT. The position is for 3.5 years. For details, contact Dr O 
Kolosov [o.kolosov@lancaster.ac.uk].

CDT GrapheneNOWNANO is a newly established Centre for 
Doctoral Training , jointly run by the University of Manchester and 
Lancaster University. It builds on the world-leading expertise in the 
science and technology of graphene and other two-dimensional (2D) 
materials available on the two campuses, where staff offer a broad 
range of project on fundamental science and technology of graphene 
and 2D material, and their applications ranging from optoelectronics 
to biomedical. Visit www.graphene-nownano.manchester.ac.uk for 
information on the training programme and admissions process. For 
information on the Manchester site of the CDT, email to graphene-
nownano@manchester.ac.uk; details on the Lancaster site can be 
obtained from Prof V Fal’ko [v.falko@lancaster.ac.uk]. 

•	30	June-3	July	2014:	
	 Nanotechnology Summer School		
•	5-6	July	2014:	
	 Nano-scale Materials Characterisation		
•	13	October-30	November	2014,	online:	
	 The Wider Context of Nanotechnology 

•	12	January-	22	March	2015,	online:	
	 The Fundamental Science of  
 Nanotechnology	

•	27	April-5	July	2015,	online:	
	 Fundamental Characterisation for   
 Nanotechnology

Begbroke	Science	Park	
Department	for	Continuing	Education

www.conted.ox.ac.uk/nano

Nanotechnology Programme

Flexible,	part-time	courses	designed	for	
professionals	working	across	disciplines	and	
industries,	providing	insights	into	the	latest	
advances	in	knowledge,	skills	and	techniques	
in	nanotechnology.	

The	three	online	courses	can	be	taken	as	
part	of	the	Postgraduate Certificate in 
Nanotechnology.
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instrument facilities and companies to pro-
vide highly accurate measurements and a 
unique set of methodologies to help drive 
the commercialization of next-generation 
electronic devices. 

We plan to make measurements at small 
length scales under industrially relevant con-
ditions such as high stress and electric fields, 
and the results will be made available for 
other piezoelectric applications to benefit. 
These include ultra-high-speed and resolu-
tion printing, chemical and optical sensors, 
telecommunications, and innovative elec-
tronics in the automotive, power, oil and gas, 
and medical sectors. The Nanostrain project 
will, we believe, have a profound impact on a 
number of different fields through improved 
understanding of piezomaterials and new 
metrology capabilities at the nanoscale.

Multiple techniques
The project has been divided into several 
key research areas. At the UK’s National 
Physical Laboratory (NPL), Carlo Vecchini 
and colleagues will use a combination of 
X-ray diffraction and optical interferom-
etry to measure displacements (and hence 
strain) in very-small-scale piezoelectric 
materials. A major aspect of this work is 
the use of synchrotron X-rays via a partner-

ship between the universities of Warwick 
and Liverpool with the “XMaS” beamline 
facility at the European Synchrotron Radi-
ation Facility (ESRF) in Grenoble. These 
techniques have never been combined and 
they will allow strain at the atomic level (as 
measured from crystallographic informa-
tion such as lattice changes, phase trans-
formations and ionic displacements as a 
function of applied voltage) and macro-
scopic displacements from the nanometre 
to the micrometre level to be measured in 
the same sample at the same time.

It is not without its challenges, however. 
Interferometry is very sensitive to vibra-
tions and other environmental factors, 
whereas synchrotron X-ray measurements 

are typically performed in a noisy environ-
ment surrounded by vacuum pumps and 
involve continuous movements of the sam-
ple to fulfil different X-ray diffraction con-
ditions. As a result, the NPL team, working 
with commercial partner SIOS in Germany, 
is building a differential sample-reference 
surface-interferometer system to mitigate 
and correct for vibrations.

Once the set-up is in place in autumn this 
year, we expect to be able to capture displace-
ment measurements at length scales span-
ning eight orders of magnitude. This will take 
our understanding of current micron-scale 
PET set-ups down to the nanometre scale 
of CMOS components, providing valuable 
insights to help engineer new materials and 

Taking the strain Strain distribution from a standard transistor array measured by dark-field electron 
holography, demonstrating how the technique can be used to visualize strain in piezoelectric transistors.
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devices. The measurement programme will 
also include the effect of other factors such 
as temperature, magnetic field and switching 
frequency. Although PETs are expected to 
reduce the operating temperatures of chips, 
higher switching frequencies will create heat 
that increases the operational temperature 
and could affect performance and durability.

In France, meanwhile, Martin Hytch and 
co-workers at the Centre d’Elaboration 
de Matériaux et d’Etudes Structurales 
in Toulouse will use destructive methods 
such as transmission electron microscopy 
(TEM), novel holographic TEM and scan-
ning electron microscopy to measure the 
electric-field-induced strain in piezoelec-
tric materials and compare it with theo-
retical models. TEM holography, which 
provides a map of how strain varies across a 
sample rather than just measuring it in one 
place, provides micron-scale fields of view 
at nanometre spatial resolution. 

The third major prong of the Nanostrain 
project will be carried out at Germany’s 
Physikalisch-Technische Bundesanstalt 
(PTB) by Peter Hermann and colleagues, 
who will make unprecedented high-precision 
strain measurements based on Raman and 
infrared spectroscopy techniques. Raman 
spectroscopy uses monochromatic laser light 

to excite particular vibrational and rotational 
transitions in molecules or lattice vibrations 
in crystals, providing information about the 
spatial chemical and stress distribution. 

The complementary technique of infra-
red scanning near-field optical microscopy, 
which is sensitive to the change of dipole 
moment during vibrations, can achieve 
a spatial resolution significantly below 
100 nm. Broadband synchrotron-radiation 
infrared spectroscopy, meanwhile, allows 
measurements to be performed over a much 
broader spectral range than by using con-
ventional laser sources.

Finally, a range of modelling and visu-
alization techniques, including atomic 
simulations, finite-element and continuum 
modelling, as well as digital image correla-
tion, will be used to understand and charac-
terize the properties of piezoelectric devices 
across different length scales. This work 
will be led by Anna Kimmel and colleagues 
from NPL in partnership with researchers at 
PTB, the BAM Federal Institute for Materi-
als Research and Testing in Germany, and 
the Czech Metrology Institute.

Investigating the scalability of PET tran-
sistors could unlock one of the most exciting 
new areas of materials science and elec-
tronics R&D for decades. If experimental 

results match what we expect from theory, 
the impact could be seen within the next 
two decades and will directly influence our 
experience and enjoyment of all computing 
and electronics devices, as well as opening 
up new areas of scientific discovery through 
faster data processing. 

Although we have known about conven-
tional piezoelectric materials for some time, 
modern manufacturing techniques make it 
possible to create new high-performance 
versions. To understand the behaviour, sta-
bility and performance of these and other 
materials it is crucial that we can study them 
at the nanoscale because microstructural 
defects and interfaces, not to mention geo-
metrical constraints, define the properties 
of entire nanostructures.

After decades of scaling the heights of 
processing power, CMOS technology has 
now reached a limit beyond which the laws 
of physics provide an impenetrable ceiling. 
It is a measure of the ingenuity of science to 
find another route to higher levels of speed: a 
new technology to be refined and a new area 
of physics to be opened for investigation.

Markys Cain is leader of the Nanostrain project at 
the National Physical Laboratory, e-mail markys.
cain@npl.co.uk
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