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Abstract: In this talk I will give examples of the 
rapid development in the areas of growth, processing 
and applications of semiconductor nanowires. The 
approach employed is based on the combination of 
top-down patterning and self-organized growth, 
sometimes called guided self-assembly. I will de-
scribe the state-of-the-art in materials properties, in 
control of dimensions and positions as well as give 
examples of the use of semiconductor nanowires in 
different quantum device applications. 
 
Introduction 
Optoelectronic as well as high-speed electronics has 
for decades been based on the ability to create ideal 
two-dimensional heterostructures, like quantum wells 
and two-dimensional electron gas structures. This 
field was rewarded the Nobel-prize in physics in the 
year 2000. The value of employing as active materi-
als semiconductors of even lower dimensions, like 
quantum dots and nanowires, has been anticipated for 
a long time and many approaches for creation of such 
structures have been proposed. It was, however, with 
the event of self-assembled growth of locally cata-
lyzed one-dimensional nanowires that such structures 
became realistic and could be seen as a complement 
to conventional device and circuit technology. In the 
following I will first describe principles of growth of 
epitaxially nucleated semiconductor nanowires, in-
cluding the formation of ideal axial as well as radial 
heterostructures, and will give examples of physical 
properties and families of quantum devices realized 
in this way. Then I will describe the processing 
methods by which ideal arrays of such nanowires can 
be formed and will present recent progress in realiza-
tion of ideal, high-performing wrap-gate field-effect 
transistors. Finally, I will describe visions for where I 
think this technology is going for electronics, photon-
ics and other applications. 
 
Growth of semiconductor nanowires 
Catalytically induced growth of whiskers has been 
known for a very long time and much fundamental 
studies were performed in the 1960’s, however 
mainly for µm and mm dimensions [1]. It was with 
the work of Hiruma and coworkers at Hitachi Central 
Research Labs, in the late 1980’s to mid 1990’s, that 
growth and properties of wires with nm-scale dimen-
sions were explored [2]. From the end of 1990’s the 
field grew very rapidly, with early contributions from 
Lieber et al. performed at Harvard University. Our 
own research started around the year 2000. 

The mode of growth of nanowires has traditionally 
been described as a vapor-liquid-solid (VLS) growth 
mode, with a (liquid) metal droplet interfacing on one 
side with the growing (solid) wire and on its open 
surface interacting with the vapor-phase environment 
with its supply of the active precursor molecules by 
which necessary super-saturation is maintained. For 
many systems this appreas as a valid model, although 
we, as well as others, have found that in many cases 
the metal is indeed in a solid, and even crystalline, 
phase during growth [3.4]. It can be debated if, also 
in this case, a very thin interface layer between the 
nanowire and the metal is indeed quasi-liquid and 
providing a highly activated interface and an efficient 
supply of the atoms to be incorporated at the end of 
the nanowire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic of how nanowires are grown from Au-
particles, either by CBE (Chemical Beam Epitaxy) or 
MOVPE (Metal-Organic Vapor-Phase-Epitaxy) growth. 
 
Formation of heterostructures and 3D-structures 
A homogeneous nanowire can offer 1D-transport 
behaviour as well as lateral confinement characteris-
tics, but for most applications in opto-electronics or 
in applications involving tunnelling characteristics, a 
technology for heterostructure formation in nano-
wires would be required. About five year ago, several 
groups made strong progress in this respect by dem-
onstrating the ability to combine different semicon-
ductors in the length (axial) dimension of nanowires 
[5-7]. For the InAs/InP heterostructure system, even 
atomically abrupt heterointerfaces where demon-
strated and structural as well as electronic properties 
were explored [5]. Figure 2 shows an examples of 
such abrupt heterostructures with two InP tunnelbar-
riers surrounding an InAs quantum dot. 
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Fig. 2: High-resolution TEM-image of an InAs NW with a 
central InAs QD surrounded by two InP tunnelbarriers, as 
grown by Linus Fröberg at Lund University. 
 
One of the most remarkable opportunities of the NW 
growth is the tolerance for combinations of non lat-
tice-matched materials, also to be seen in Fig. 2 with 
the free radial expansion absorbing the lattice mis-
match. More recently, we have developed also radial 
growth of core-shell heterostructures, by which it is 
possible to form an ideal passivation of the core, as 
exemplified by recent work by Niklas Sköld in my 
group [8,9], with increase in the optical emission 
efficiency by 2-3 orders of magnitude for a GaAs 
core surrounded by a GaInP shell. 
3D-structures resembling trees have also been devel-
oped [10], by a process where a secondary set of 
catalytic gold-particles are allowed to absorb on the 
first grown wire (trunk).  In this case, the original 
vertical NW serves as the substrate for the nucleation 
and growth of directionally controlled branches, with 
these branches either being of the same material or 
from a different semiconductor. Beside the beauty of 
these monolithic tree-structures they may find novel 
applications in areas ranging from photovoltaics to 
inter-connected self-assembling networks resembling 
neural-net systems [11]. An example is shown in Fig. 
3, taken from a recent publication from the research 
of Kimberly Dick in my group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Example of interconnected InAs vertical NWs 
where branches are directed to hit nearest neighbor trees. 

Lithographic patterning for NW growth 
Fig. 3 showed an example of how pre-patterning of 
the catalytic seed particles allows good control of the 
actual positions of the vertical, epitaxially nucleated 
nanowires. In most cases we use electron-beam li-
thography for this patterning, as also described in 
earlier publications [12,13].  A more production-
friendly procedure is that of nanoimprint lithography 
(NIL), by which a pre-fabricated stamp is used to 
define all the seeding points in a single, parallel, 
lithographic step [14]. An example of this method, 
(from Thomas Mårtensson), is shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: SEM micrograph of a NIL-definced InP NW array. 
The wires are ≈1.5 µm long with a diameter of ≈290 nm, 
chosen for a photonic structure at wavelengths of 1 µm. 
 
In order to describe the compatibility of NW-
technology with mainstream silicon technology, I 
will present the state-of-the-art in III-V NW growth 
on silicon substrates [15] as well as different ap-
proaches towards gold-free methods for NW growth. 
 
Examples of quantum devices realized by NWs 
Soon after the technology break-through for formati-
on of atomically abrupt heterostructures in NWs we 
demonstrated resonant tunneling diodes (RTD) [16] 
as well as single-electron transistors (SET) [17] sho-
wing ideal (low-temperature) device characteristics. 
Examples are reproduced in Fig. 5, for the single-
electron (Coulomb blockade) characteristis as obser-
ved for a 100 nm long Coulomb island surrounded by 
about 5 nm thick InP tunnel-barriers. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Data for an InAs/InP single-electron transistor. 
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During the last two years much progress has been 
made in the area of nanowire-based transistors using 
a technology, which we have named wrap-insulator-
gate field-effect transistors (WIG-FETs). In this cy-
lindrical geometry, the most ideal electro-statics is 
achieved and continued down-scaling is readily done 
[18]. In this geometry it is also possible to enhance 
the device performance further by incorporating het-
ero-structures in the active region of the transistor 
[19], offering more efficient suppression of the off-
current of the transistors. 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Principle lay-out of an InAs WIG-FET transistor. 
 
These devices also constitute the focus of a major 
EU-project, an Integrated Project called NODE 
(Nanowire-based One-Dimensional Electronics), 
with participation from leading European electronics 
industries (Philips, NXP, Infineon/Quimonda, IBM-
Zürich and our start-up company QuMat Technolo-
gies AB), research institutes (Max-Planck, IMEC, 
CEA-Grenoble) and strong academic partners (Delft, 
Wurzburg, Pisa and Lund), all coordinated from us in 
Lund. I will present the status of this exciting re-
search effort [20]. 
For applications in the opto-electronics areas one 
may expect that surface-emitting LEDs (or lasers) 
based on ordered arrays of nano-LEDs, grown on Si-
substrates, may become of significant importance in 
the future. Also, nanowires offer exciting opportuni-
ties for use as sensors, either in a chemical-FET 
mode or as nano-mechanical detectors. 
 
Conclusions 
In this paper I summarize the development and the 
status of epitaxially grown semiconductor nanowires, 
from the point of view of materials science, process-
ing technology and device opportunities. As judged 
from the great interest in this technology, and the 
opportunities to combine nanowire-devices with 
main-stream silicon technology, it seems reasonable 
to expect that nanowires may come to influence 
many areas of electronics, photonics and sensors. 
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