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Dear Readers,

This E-nano Newsletter special double issue con-

tains a report providing insights in a relevant field
for nanoscale devices research that has develo-
ped very rapidly during the last five years: semi-
conductor nanowires (NW).

Nanowire-based devices offer unique opportu-
nities in different research areas and represent
a possible impact as key add-on technologies to
standard semiconductor fabrication.

The nanolCT position paper provides an
analysis of the current status of nanowires re-
search and applications at the nanoscale in se-
veral areas of interest: nanowire-based
electronics, fundamental studies of nanowire
growth, opportunities for opto-electronic
devices based on NW technology, applica-
tion for Energy harvesting as implemented
in solar cells and thermoelectrics and finally
their use in biology and in medical applica-
tions.
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Semiconductor nanowires:
Status of the field - research and
applications

Introduction

List of experts / Contributors: With the core of
this report based on the final publishable report from
the EU/IST funded NODE-project, basically all 12 part-
ners of this program have contributed in different ways.
Most significant have been the over-all coordination by C.
Thelander and L. Samuelson (Lund University) and the
site leaders of the 12 partners: L-F. Feiner (Philips), W.
Riess (IBM), G. Curatola (NXP), L. Ledebo (QuMat),
W. Weber (NamLab, previously Qimonda), J. Eymery
(CEA), U. Gosele (MPI), P. Vereecken (IMEC), L. P. Kou-
wenhoven (TU Delft), A. Forchel (Univ. Wiirzburg), A.
Tredicucci (SNS-Pisa). Other people that have contribu-
ted are V. Zwiller (TU Delft), J-C Harmand and P. Caroff
(LPN-CNRS), J. Johansson, C. Prinz, J. Tegenfeldt, K.
Deppert and H. Linke (Lund Univ.). Many others have
directly and indirectly contributed to this report.

Keywords: Nanowire, growth, processing, physics,
characterization, devices, integration, energy, biology.

Institutions acronyms:

LU: Lund University; PRE: Philips Research Labora-
tory Eindhoven; MPI: Max-Planck-Institut; IBM: IBM
Zurich; WV: University Wurzburg; QM: QuMat;
TUD: Technical University of Delft; NL: NamLab, pre-
viously Qimonda; IMEC: Interuniversity Microelectro-
nics Center; SNS: Scuola Normale Superiore di Pisa;
CEA: Commissariat a | Energie Atomique; CNRS/
IEMS: Centre National de la Recherche Cientifique /
Institut d” Electronique, de Microelectronique et de Na-
notechnologie.

The field of semiconductor nanowires (NWs) has du-
ring the last five years developed very rapidly. Within
the European frame-work the strongest efforts have
been in the development of nanowire-based electronics,
i.e. nanowire transistors, as performed in the largest In-
tegrated Project within ”"Emerging Nanoelectronics”, ca-
lled ”Nanowire-based One-Dimensional Electronics
(NODE)”. Considering the rather high maturity of the
research field reached through NODE, we use the final
publishable report as the core of this report. We also at-
tach as an appendix a summary of impressions from the
dissemination workshop that was organized at the con-

1 Based on the NODE project executive summary
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clusion of NODE, when the “NODE Workshop on Na-
nowire Electronics” was organized in Lund in September
2009. Here we also summarize the input and recom-
mendations as provided by the invited experts: W.
Hansch (IBM), M. Passlack (TSMC), J. Knoch (TU Dort-
mund), T. Mikolajick (NAMLAB), H. de Man (IMEC),
and L. Tilly (Ericsson).

Other central areas of nanowire research and applica-
tions deal with fundamental studies of nanowire growth,
as very actively pursued through the arrangements of a
series of four European Workshops on Growth on Na-
nowires, most recently the 4th arranged in Paris in Oc-
tober 2009. We include as an appendix a summary of
the status as revealed from this workshop (written by J-
C Harmand and F. Glas). Incorporated in this article is
also a status of the field description provided by J. Jo-
hansson and P. Caroff.

In order to provide a more detailed description of the
level of understanding and control of physical proper-
ties of nanowires, a special chapter has been provided
for this by L. P. Kouwenhoven and V. Zwiller. This chap-
ter also deals in more detail with the opportunities for
opto-electronic devices based on NW technology.

Another important area of NW research relates to
their application for Energy harvesting as implemented
in solar cells and thermoelectrics. For the use of NWs
in photovoltaics was recently started an EU-project cal-
led AMON-RA. We enclose two short descriptions of
Nanowires for energy, provided by K. Deppert.

An increasingly important aspect of nanowire research
deals with their use in biology and in medical applications.
We include here also a description of the state of the art
as provided by C. Prinz and J. Tegenfeldt. For each of
these areas we try to provide some of the key references
but these are far from complete lists of references.

I. Overview of nanowire electronics’

The integrated project “NODE” developed and evalua-
ted technologies for growth and processing of semi-
conductor nanowire devices for their possible impact as
key add-on technologies to standard semiconductor fa-
brication. The partners in NODE worked on generating
a deepened understanding of the physics phenomena of
one-dimensional semiconductor materials and nano-
wire-based devices, and on developing new functionali-
ties not found in traditional higher-dimensional device
structures.
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A set of key device families based on semiconductor na-
nowires were studied in detail; such as tunneling devices,
and field-effect transistors. Also unique opportunities
that may be offered by nanowires in different areas are
explored, e.g. memory applications. NODE maked a
dedicated effort to evaluate the potential for integration
of nanowire-specific processing methods and to assess
the compatibility with requirements from conventional
semiconductor processing, as well as evaluating novel
architectural device concepts and their implementation
scenarios. This chapter is based on the NODE project
executive summary. Detailed information about objec-
tives and main achievements of the NODE project are
available in Annex 2.

I.I. Nanowire growth

l.I.l1. General growth control

Controlling the crystal structure of InAs nano-
wires (LU)

Gold-particle seeded nanowires fabricated in materials
with zinc blende as the bulk crystal structure are often
observed to have wurtzite crystal structure. The gene-
ral trend is that thin wires are wurtzite and thick wires
are zinc blende. That is, there is a cross-over diameter

—
20 nm
Fig 1. Polytypic superlattice, with alternating zinc blende and wurtzite

structure, along an InAs nanowire.

for the preferential polytype. This cross-over diameter
is temperature dependent. By carefully varying the tem-
perature during growth we were able to fabricate su-

6 Tnanonewsletter
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perlattices with alternating zinc blende and wurtzite
structure. [1]

Crystal phase and twin superlattices (PRE)
The crystal phase of IlI-Vs NWs can be determined by
the dopant precursor flows during growth. In InP the
use of Zn-precursor favors the ZB phase, whereas the
use of S-precursor favors the Wz phase. Moreover,
highly regular twin superlattices can be induced in the
ZB phase by tuning the Zn concentration, wire diame-
ter and supersaturation. The effect was explained in a
model based on surface energy arguments. [2]

Fig 2. TEM image of the top part of an InP NW, closely below the Au
catalyst particle, showing the highly regular twin superlattice structure.

Synergetic growth (PRE)
A counter-intuitive effect controlling the influence of
wire spacing on growth rate was uncovered, synergetic
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Fig 3. GaP wires next to a thick wire are taller than the second-nearest
wires, which are taller than those in the middle of the field (furthest from
the thick wire), showing that the growth rate of one wire is enhanced by
the presence of another one and dependent on the catalytic alloy amount.



Carl Zeiss SMT — Nano Technology Systems Division

AURIGA™
Information Bevond Resolution

= Unique Imaging

m Precise Processing . -
m Advanced Analytics — '

m Future Assured

AURIGA

- " "““‘.‘."‘g;‘. .

CrossBeam® Workstations (FiB-SEM)

1--..._‘____

Chamber ST fmage of an uncoated fibre adhesive 3D reconstriuction of chromasomes based on real time movie, Cross section through the front cantact of a S5 wafer-based salar cell.

fused in modern shipiuilding]. Taken with in-lens SE detector at 2 kW Taken with in-lens SE detector at 2 EV.

Taken with local charge compensation ar SEV, Courtesy of Praf, G, Wanmer, Mumich, Germay: Cowrtesy of D, E Machalett, ersol Solar Emergy AG, Erfurt, Geramany,
Carl Zeiss SMT Enabling the Nano-Age World"

Nano Technology Systems Division
info-ntsi@ismt_zeiss.com
www.smi.2eiss.comints

We make it visible.



‘ nanolCT research

growth, which implies that at smaller spacing the com-
petition for available material, reducing the growth rate,
is counteracted by the increase in surface density of ca-
talyst metal particles on neighboring nanowires, provi-
ding more decomposed material. [3]

1.1.2. Heterostructures

Epitaxial Ge/Si nanowires (MPI)

Epitaxial Ge/Si hetero-structure nanowires on Si (100)
substrates were prepared in AAO templates. Usually, the
Si atoms dissolved in the Au/Si eutectic catalyst act as a
reservoir for Si, and the interface to Ge is smeared out.
This new approach of the growth inside the AAO tem-
plates, allowed to produce a sharp interface of Ge/Si wi-
thout changing the diameter of the nanowire. [4]

Fig 4. Cross-section TEM ima-ge of the Ge-Si interface.

Morphology of axial heterostructures (LU)

An extensive investigation of the epitaxial growth of Au-
assisted axial heterostructure nanowires composed of
group IV and llI-V materials have been carried out and
derived a model to explain the overall morphology of
such wires. [5]

By analogy with 2D epitaxial growth, this model relates
the wire morphology (i.e., whether it is kinked or
straight) to the relationship of the interface energies bet-
ween the two materials and the particle. This model
suggests that, for any pair of materials, it should be ea-
sier to form a straight wire with one interface direction
than the other, and this was demonstrated for the ma-
terial combinations presented here.

8 Tnanonewsletter
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Fig 5. Images recorded during the growth of Ge on GaP nanowires by
UHV-CVD.

1.1.3. Doping

Decoupling the radial from the axial growth
rate by in situ etching (LU)

It was shown that in-situ etching can be used to decou-
ple the axial from the radial nanowire growth mecha-
nism, independent of other growth parameters.
Thereby a wide range of growth parameters can be ex-
plored to improve the nanowire properties without con-
cern of tapering or excess structural defects formed
during radial growth. We used HCl as the etching agent
during InP nanowire growth, and etched nanowires show
improved crystal quality as compared to non etched and
tapered NWs. These results will make way for devices
relying on doping in axial structures, where any radial
overgrowth would lead to short circuiting of a device.

Fig 6. a) Tapered reference InP nanowires grown at a temperature of
450°C, b) Non tapered nanowires grown with HCl in the gas phase
under otherwise identical growth conditions to a).

P-type doping and p-n junctions in InP NWs
(PRE)

Sulphur was identified as a suitable candidate for n-type
doping of InP in MOVPE using H>S as a precursor. It was
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Fig 7. Optical microscope image of electroluminescent light coming from
an InP NW LED, as collected by a CCD camera (the dashed lines show
the positions of the electrodes).

further established that Zn-doping can be effectively
used to achieve p-type doping in InP, using trimethylzinc
as a precursor. The combination of S and Zn permits re-
alization of p-n junctions in InP, showing good electrical

Advertisement

nanolCT research .

diode characteristics in thin (20 nm-diameter) nanowires.
The diodes exhibit LED behavior, testifying the high qua-
lity of the p-n junctions. [6]

Remote p-type doping of InAs NWs (PRE)
Obtaining quantitative control of doping levels in nano-
wires grown by the vapor-liquid-solid (VLS) mechanism is

Fig 8. Dark-field TEM image of the InAs(core)/InP:Zn(shell) NW.

200nm
ey,
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especially challenging for the case of p-type doping of InAs
wires because of the Fermi level pinning around 0.1 eV
above the conduction band. It was shown that growing a
Zn-doped shell of InP epitaxially on a core InAs NW
yields remote p-type doping: shielding with a p-doped InP
shell compensates for the built-in potential and donates
free holes to the InAs core. The effect of shielding criti-
cally depends on the thickness of the InP capping layer

and the dopant concentration in the shell. [7]

I.1.4. Si integration

Al as catalyst for Si nanowires (MPI)
Replacement of Au by other catalysts was one of the
main efforts of this work. The metal Al was successfully
used as a catalyst at low growth temperature in the VSS
mode for growth of freestanding Si nanowires. The tem-
plate-assisted growth using AAO and Al catalyst allowed
to grow (100) oriented Si nanowires. [8]

Fig 9. Si nanowires grown by use of a Al catalyst.

Epitaxial growth of I1I-V NWs on Si and Ge (PRE)
The growth of GaAs, GaP, InAs, and InP nanowires on
Si and Ge substrates was investigated extensively , and
high-quality epitaxial growth was demonstrated for
these materials systems. It was shown that the orienta-
tion of the epitaxial nanowires depends on the subs-

trate-wire lattice mismatch. [9]

Fig10. X-ray diffraction pole measurements on InP wires grown on Si(111),
showing the presence of InP(111) reflections originating from the wires.

10 Tnanonewsletter
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Au-free InAs nanowires on silicon (LU)
Narrow bandgap materials, such as InAs, could have
great impact on future nano-electronics if integrated
with Si, but integration has so far been hard to realize.
InAs nanowires can be grown directly on silicon subs-
trates using a method employing self-assembled organic
coatings to create oxide-based growth templates. [10]
The method was subsequently modified to also allow
for position-control, which is required for vertical de-
vice implementation.

13mm

®
®
(]
®
-
-~

1KUY

nmC

Fig 11. Epitaxial InAs nanowires grown on a Si(111) substrate from holes
etched in a SiO; film.

1.2. Nanoprocessing

1.2.1. Surface passivation and gate dielectrics

Lateral nanowire n-MOSFETs (IBM)

Fully depleted lateral n-channel MOSFET devices were
fabricated using implantation for source and drain re-
gions. Strong inversion and clear saturation currents are
observed in FETs from intrinsic NWs with p-implanted
source/drain regions, whereas NWFETs with Schottky
contacts only operate in accumulation mode.

The effect of surface preparation on the electrical cha-
racteristics were studied and revealed that encapsula-
ting the devices in a protective oxide yields significantly
increased on currents and steeper sub-threshold swings.
[11] This analysis reveals the strong influence of the elec-
trostatics on the transport properties and shows that
the extraction of device parameters using conventional
models may not be valid.



Fig 12. Transfer characteristic of a lateral nanowire n-MOSFET as fabri-
cated surrounded by air (black) and encapsulated in SiO,.

Chemical passivation of nanowires (WU)
The large surface to volume ratio of nanowires makes
them very sensitive to surface effects such as nonradia-

Advertisement
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T T T
GaAs NWs, 70 rm diameter, after sulfure passivation
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Fig 13. Photoluminescence spectrum of an as grown (bottom) and a passi-
vated wire (top).

tive recombination centers or trapped charges.
Surface passivation of GaAs nanowires by difference
chemical treatments has been investigated and an im-
provement of the luminescence efficiency by a factor of
40 compared to as-grown wires could be achieved.
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1.2.2. Contacts and gates for nanowire FETs  Multiple gates for nanowire devices (TUD)
Nanowires with multiple gates on horizontal nanowires
50 nm L; Wrap Gate InAs MOSFET (QM) have been developed to create electrical quantum dots
Wrap Gated, or gate all around devices show the best  in InAs/ InP nanowires. These devices are used to in-
control of the channel potential. InAs high-K (HfO;)  vestigate quantum effects in coupled quantum dots na-
oxide nanowire field effect transistor, were successfully  nowires. [14]
fabricated with a 50 nm long wrap gate. The first tran-
sistors were based on InAs wires grown on a n+ InAs
substrate. The high mobility and injection velocity of the
InAs channel leads to a good drive current and exce-
llent transconductance. [12]

Det WD Exp 500 nm
TLD 64 1

P

Fig 16. Horizontal InAs/InP nanowire with multiple gates.

' Nanowire FET with gated Schottky contact
Y Aaad (WU, NL)

(/ il Gated Schottky contacts allow a control over the pola-

Fig 14. Cross section of the MOSFET, showing the 50 nm Cr gate rity of the injected carriers, allowing to switch the ope-

around the InAs nanowire. ration of a nanowire FET from n-type to p-type. Such

i li | logic wi-
Schottky barrier FETs (IBM) devices can be used to realize complementary logic wi

The use of thin SisN4 interface layers between the silicon thout doping the nanowires.
and metal contacts were shown to give Ohmic contacts
whereas without the SisN4 a normal Schottky contact
was achieved. Furthermore, it was demonstrated that
the SisN4 interface layer gives Schottky barrier FETs with
suppressed ambipolar behaviour due to a reduction in
metal induced gap states. [13]

=TV BV

4
0 == A5 sampk
F o Sl Sisame
N T i IR P T
i) 20 i0 [ 10

Fig 15. Schematic of a Schottky barrier pseudo-MOSFET and the cor-
responding transfer characteristics with and without an interface layer. Fig 17. Si-nanowire FET with two gated Schottky contacts.
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Wrap-around gate vertical Si nanowire Tunnel-
FETs (IMEC)

The NODE project successfully developed a CMOS
compatible process flow to fabricate vertical Si nano-
wire Tunnel-FETs using state-of-the-art processing tools
onto 200mm wafers. An advanced gate stack using high-«
(HfO,) oxide and metal gate (TiN) was implemented.

The top contact was obtained by isotropic dry etch of
the gate stack at the top of the wire using a gate hard-
mask. The gate is isolated from the substrate by a thick
oxide layer. It is also isolated from the top contact by a
nitride spacer and oxide layer. A capping layer connects
multiple wires together. Top contact doping is achieved
through epitaxial layer or tilted implants.

Gate HM

-

) Nanowire |

Bottom oxide

Fig 18. Cross section of the vertical TFET featuring 3nm HfO,, 7nm TiN
and 25nm a-Si gate stack around the nanowires.

1.2.3. Processing of vertical nanowire devices

InAs Wrap Gated MOSFETSs for RF and circuit
applications (QM/LU)

For RF and circuit applications, the transistors need to
be integrated on an highly resistive, or insulating subs-
trate. Technology for growing, and locally contacting
InAs nanowires on a semi insulating InP substrate has
been developed.

The technology is based on a local ohmic substrate con-
tact, which wraps around the base of the nanowires.
This allows for RF characterization of the InAs MOS-
FETs, with first results of f=7 GHz and fnx=22 GHz.
(5]

nanolCT research .

Fig 19. Top view of a fully processed RF-compatible vertical nanowire
transistor structure.

Vertical Impact lonization MOS FETs (IBM-
ZRL)

A process for vertical silicon nanowire FETs was deve-
loped. Using this process vertical impact ionization FETs
with sub-threshold swings down to 5 mV /dec. were de-
monstrated. [16]
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Fig 20. Stability of the transfer characteristics of a vertical IMOS FET.

Nanowires based spin memory (TUD)

The NODE project created a spin memory in a single
quantum dot embedded in an InP nanowire. The pre-
paration of a given spin state by tuning excitation pola-
rization or excitation energy demonstrated the potential
of this system to form a quantum interface between
photons and electrons.

For this purpose, transparent contacts on vertical na-

nowires have been developed for FET devices and are
currently under investigation. [17]

Znanonewsletter I3
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Fig 21. Vertical nanowire surrounded by a dielectric and a wrap gate.

SiO; template development for catalyst-free
nanowire growth (IMEC)

A process was developed to fabricate hole patterns on
top of silicon for constrained growth of Si nanowires,
without the use of catalyst. The template was prepared
by patterning a plasma-enhanced chemical-vapor de-
posited (PE CVD) SisN4/SiO2 25nm,/300nm film stack

300nm
PE CVD SiO,

Fig 22. Cross-section of a via hole after plasma etch and hot phosphor
opening of the SisN4 bottom layer.

with openings or holes to expose the underlying Si. The
patterning was performed through 193nm lithography
and etching of the SiO, with Motif®, an advanced dry
etch technique capable of shrinking printed feature sizes
thanks to the deposition of a polymeric coating on top
of the developed resist. Particular care was dedicated

14 Tnanonewsletter
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to cleaning of the side walls and the silicon bottom subs-
trate to avoid defects creation during subsequent
growth. To achieve suitable Si purity for epitaxial
growth, a special sequence of process steps was needed
to avoid Si contamination by carbon residues from etch.

1.3. Physics and characterization

1.3.1. Electrical properties

Room temperature transport (SNS)

Room temperature transport properties of bare InAs
and InAs/InP core shell nanowires [18] have been stu-
died and a three dimensional electrostatic model was
developed to compute the NW FET capacitance for a
more accurate mobility determination. The measured va-
lues ranged in the 1-2 thousand cm?/Vs for the thinnest
wires (< 40 nm), while reached about 3 thousand for
thicker wires. Remarkably all the wires showed relatively
low values of electronic charge in the few 10%cm? range.
The highly Se-doped wires revealed an attendant strong
increase in charge density up to ~ 1x10%cm™; as ex-
pected the impurities introduced brought along a de-
crease in the mobility, which varied in the 4-6 hundred
cm?/Vs range for wire diameters of 40-50 nm. In para-
llel, NW devices were fabricated for charge pumping
through surface acoustic waves (SAW) [19]. The NW
FETs were implemented on top a LiNbOs3 substrate with
piezoelectric transducers. An acoustoelectric current
peak in the wire was identified when driving the trans-
ducer near its resonance frequency. This type of devices
is quite interesting both for analog signal processing and
for the implementation of single-photon sources under
quantized charge pumping.

Furthermore, it yields a new direct method to measure
the carrier mobility by observing the bias point at which
the acoustoelectric peak in the current changes of sign,
signaling that drift and acoustic wave velocity are the same.

Fig 23. Sketch of the device and set-up for the induction of acoustoe-
lectric current in NW FETs.



Diameter dependence of tapered InAs nano-
wires [20] (TUD, PRE)

Electrical conductance through InAs nanowires is rele-
vant for electronic applications as well as for funda-
mental quantum experiments. Nominally undoped,
slightly tapered InAs nanowires were used to study the
diameter dependence of their conductance. Contacting
multiple sections of each wire, we can study the diame-
ter dependence within individual wires without the need
to compare different nanowire batches. At room tem-
perature we find a diameter-independent conductivity
for diameters larger than 40nm, indicative of three-di-
mensional diffusive transport.

For smaller diameters, the resistance increases conside-
rably, in coincidence with a strong suppression of the mo-
bility. From an analysis of the effective charge carrier
density, we find indications for a surface accumulation layer.
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Fig 24. (a) The backgate sweeps for different sections within the same
nanowire. The inset shows the data for the section with the smallest
diameter. (b) The mobility determined from backgate sweeps. Diffe-
rent symbols correspond to the different devices studied.

Surface passivation of InAs nanowires by an ul-
trathin InP shell [21] (TUD, PRE)

We report the growth and characterization of InAs nano-
wires capped with a 0.5-1nm epitaxial InP shell. The low
temperature field-effect mobility is increased by a factor
2-5 compared to bare InAs nanowires. The highest low
temperature peak electron mobilities obtained for na-
nowires to this date, exceeding 20 000 cm?/Vs we also
reported.

nanolCT research .
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Fig 25. (a) pinch-off curve and (b) extracted field-effect (black) and ef-
fective mobilities (blue) of a high mobility core/shell nanowire.

The electron density in the nanowires, determined at
zero gate voltage, is reduced by an order of magnitude
compared to uncapped InAs nanowires. For smaller dia-
meter nanowires, an increase in electron density was
found which can be related to the presence of an accu-
mulation layer at the InAs/InP interface. However, com-
pared to the surface accumulation layer in uncapped
InAs, this electron density is much reduced.

We suggest that the increase in the observed field-ef-
fect mobility can be attributed to an increase of con-
duction through the inner part of the nanowire and a
reduction of the contribution of electrons from the low
mobility accumulation layer. Furthermore it was found
that by growing an InP shell around an InAs core, sur-
face roughness scattering and ionized impurity scatte-
ring in the accumulation layer is reduced.

1.3.2. Optical studies

Raman and mid-IR spectroscopy (SNS)

A micro-Raman set-up was developed and applied to
InAs/InP core-shell structure, as a way to study the
strain introduced in the structure and verify the reduced
impact of surface states in the capped wires. A clear line
width reduction was observed in wires with thick InP
shells where less interaction with the surface was ex-
pected and a blue shift of the resonances with increasing
shell thickness was also detected, which gives indication
of the amount of strain in the InAs material.
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20of ] ced to SO = 9.0x10® cm/s in comparison with SO =
st ! 1.5%10* cm/s obtained for an untreated reference sam-
E 220l i ple without surface treatment prior to ALD. In an al-
&£ i ternative approach, in-situ post-growth annealing in HxS
@ atmosphere prior to ALD resulted in a nearly fourfold
é 218} 1 decrease of So. These results clearly show the impor-
o i ! tance of a proper surface treatment prior to oxide cap-

216k ! | ping of lll /V NWs for transistor applications.

Bare InAs  6-nm shell 16-nm shell

Fig 26. Energy position of the main transverse mode for NWs with dif-
ferent InP shells. Colours are used to distinguish among different wires
in the same sample.

Micro photoluminescence studies of single InP
nanowires (WU)

The optical study of single nanowires provides impor-
tant information about physical properties such as size
quantization effects. Individual NWs show narrow emis-
sion lines with linewidths as low as 2.3 meV which re-
flects the high structural quality of the nanowires.
Blueshifts of the NW emission energy between 25 and
56 meV with respect to bulk InP are related to radial ca-
rrier confinement in nanowires with diameters between Fig 28. Spectrally and temporally resolved intensity map of the PL emis-
15 nm and 50 nm. Time resolved investigations reveal a  sion from HfO; capped InP NWs.

low surface recombination velocity of 6x10? cm/s. [22]

Delay (ns)

1.3.3. X-ray characterization

ey W TN Study of radial and longitudinal heterostructu-
- res (CEA, LU, QuMat)
(FWHM =238 Quantitative structural information about epitaxial
/ arrays of VLS-NWs have been reported for a InAs/InP
longitudinal [23] and core-shell [24] heterostructure
grown InAs (111)B substrates. Grazing incidence X-ray
diffraction allows the separation of the nanowire con-
tribution from the substrate overgrowth and gives ave-
raged information about crystallographic phases,
144 145 148 147 148 stacking defects, epitaxial relationships with orientation
Energy (eV) distributions, and strain. The strain profiles have been

Intensity (a.u.)
o
[4.]
o

Fig 27. Micro photoluminescence spectrum showing emission from two InP

nanowires with narrow linewidths of 4.7 meV and 2.3 meV, respectively. el = w g:' b s I

E 10"y Truneation fod
Study of surface capping of InP nanowires Ir éw o l\ U,U s,
(WU, LU, QM) Fodi AT e Ml
Time resolved photo-luminescence spectroscopy was Em‘ ul Vo3 i \? A
applied to optimize the atomic layer deposition (ALD) Ew’ \?‘g
of high-K dielectrics (HfO>, Al,Os) onto InP NWs - a iL4h e s
process which typically leads to detrimental surface sta- B e s

tes. Applylng a core/shell growth tCChnlque the InP sur- Fig 28. Longitudinal and radial heterostructures measured by Grazing In-

face qua“ty could be significantly imPrOVEd in terms of cidence X-ray Techniques and example of a truncation rod measurement
the surface recombination velocity SO which was redu-  showing the [111] stacking in a longitudinal InAs/InP heterostructure.
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compared to atomistic and finite element calculations
performed at CEA, and Grazing Incidence Small Angles
Scattering has been used to extract the shape, diameter
and variability of the NWs.

Single object studies (CEA)

The measurement of single NWs with coherent imaging
techniques has been developed. This new technique gains
insights into the shape of the objects [25], but also into
the strain distribution inside one object. Original structu-
ral results obtained on sSOI lines with micro-focussed
beams have been obtained (unpublished results) as well
as the application of this technique to VLS grown samples.

Fig 29. Coherent diffraction of single 95 nm Si nanowire (111) Bragg re-
flection. The “ab initio” analysis of this pattern allows reconstructing
the shape of the NW.

1.3.4. Modelling

Band structure calculations (CEA, LU).

The band structure of group IV and various Ill-V NWs
has actually been investigated in the whole 2-40 nm dia-
meter range. The size dependence of the bandgap
energy, subband splittings and effective masses has been
discussed in detail [26] and used in collaboration with
Lund for the modelling of InAs NW field-effect transis-
tors. [27] Finally, the CEA has investigated the effects of
strains on the electronic properties of Ill-V nanowire he-
terostructures (e.g., the reduction of the barrier height
in tunnel devices). [28]

Transport properties (CEA)

The transport properties of ultimate silicon nanowires
with diameters <6 nm has been modeled using quan-
tum Kubo-Greenwood and Green function methods.
The impact of surface roughness [29] and dopant im-
purities on the mobility has been studied. The CEA has
shown, in particular, that the impurity-limited contribu-
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tion to the mobility could be larger in wrap-gate nano-
wires than in bulk due to the efficient screening of ioni-
zed impurities by the gate. Also, the resistance of single
impurities can be very dependent on their radial posi-
tion in the nanowire, leading to significant variability in
ultimate devices.

Effect of dielectric environment on the elec-
trical properties (CEA, CNRS/IEMN, LU)

It was shown that the dielectric confinement can be res-
ponsible for a significant decrease of the doping effi-
ciency in nanowires. [30] Dopant impurities are
progressively “unscreened” by image charge effects
when reducing wire diameter, which leads to an incre-
ase of their binding energies and decrease of their acti-
vity. These predictions have been confirmed by recent
experiments by the IBM group. The binding energies of
shallow impurities are however very sensitive to the die-
lectric environment of the nanowires, and can be de-
creased by embedding the wires in high-k oxides or
wrap-gates. Modelling has confirmed that many elec-
tronic properties of semiconductor nanowires are dri-
ven more by dielectric than quantum confinement, even
in the sub 10 nm range, showing the importance of the
“electrostatic” engineering of nanowire devices.
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Fig 30. Binding energy of various donors (black symbols, left axis) as a
function of the radius R of silicon NWs in vacuum, and room tempera-
ture doping efficiency of P donors (red symbols, right axis). The do-
ping efficiency rapidly decreases below R =10 nm.

I.4. Nanowire devices

1.4.1. InAs FETs

Vertical InAs transistors (LU/QM)

Fabrication of vertical InAs nanowire wrap-gate field- ef-
fect transistor arrays with a gate length of 50 nm has
been developed. [31] The wrap gate is defined by eva-
poration of 50-nm Cr onto a 10-nm-thick HfO, gate die-



lectric, where the gate is also separated from the source
contact with a 100-nm SiOx spacer layer. For a drain
voltage of 0.5V, a normalized transconductance of 0.5
S/mm, a subthreshold slope around 90 mV /dec., and
a threshold voltage just above O V were observed.

I (A)
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Fig 31. Sub-threshold |-V characteristics of an array of 55 vertical InAs
nanowires.

RF characterization of vertical InAs transistors
(LU/ QM)

Lund and Qimonda have developed an RF compatible
vertical InAs nanowire process, with InAs wires grown
on S.I. InP substrates. By combining 70 wires in parallel
in a 50Q) waveguide pad geometry, S-parameters
(50MHz-20 GHz) for vertical InAs nanowire MOSFETs
were measured. A maximum fi of 7GHz and
fmax=22GHz [32] was obtained. Small signal modelling
allowed for the first extraction of intrinsic device ele-
ments forming a hybrid-r equivalent circuit.
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Fig 32. Measured and modelled RF gains for a 90 nm gate length InAs
MOSFET.
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1.4.2. Other InAs- and lll/V-based devices

Nanowire-based multiple quantum dot me-
mory (LU)

We demonstrate an alternative memory concept in
which a storage island is connected to a nanowire con-
taining a stack of nine InAs quantum dots, each separa-
ted by thin InP tunnel barriers. [33] Transport through
the quantum dot structure is suppressed for a particu-
lar biasing window due to misalignment of the energy le-
vels. This leads to hysteresis in the charging &
discharging of the storage island.

The memory operates for temperatures up to around
150 K and has write times down to at least 15 ns. A
comparison is made to a nanowire memory based on a
single, thick InP barrier.

(8) «=—— FET seclion =— Barrier/QDs  Au

LAREEE | )]

T
[_G_)___| ........ L Effilz-l-._lf.- : ||_|”

Fig 33. Design and implementation of a multiple quantum dot memory
based on nanowires.

Nanowire capacitors (LU)

Vertical InAs nanowire capacitors have been developed
based on arrays of nanowires, high-k deposition, and
metal deposition. [34] The capacitors show a large mo-
dulation of the capacitance with the gate bias, and a li-
mited hysteresis at 0.5 V voltage swing. Via modeling of
the charge distribution in the nanowires as a function of
the applied voltage, the regions of accumulation, deple-
tion, and inversion have been identified. Finally, the ca-
rrier concentration has been determined.
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Fig 34. Measured CV profile at 20 MHz.

1.4.3. Si FETs

Doping limits in silicon nanowires (IBM)

The control over doping levels was demonstrated for in-
situ doped silicon nanowires using phosphine as the do-
ping source. It was found that the maximum attainable
doping is 1x10%cm? limited by the solid solubility limit
of phosphorous in silicon at the growth temperature
(450°C). [35]
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Fig 34. Experimental data of nanowire resistivity vs phosphine concen-
tration. Donor densities up to the solid solubility limit of phosphorous
in silicon was achieved.

Doping deactivation (IBM)

It was demonstrated experimentally that dopants inside
scaled semiconductors experience a smaller screening
as a function of decreasing size leading to a deactivation
of the dopants. This effect is caused by a dielectric mis-
match between the semiconductor and the surrounding
medium. [36]

20 Tnanonewsletter
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Fig 35. How the resistivity of silicon nanowires increases with decreasing
diameter due to doping deactivation caused by a dielectric mismatch
between the nanowire core and the surroundings.

Silicon nanowire tunnel FETs (IBM)

Tunnel FETs based on silicon nanowires were demons-
trated for the first time. The FET structure was grown
by the VLS method and doping was incorporated in-situ.
The devices were fabricated in a lateral fashion with
both a top and bottom gate. The data obtained on the
FETs matched the expected sub-threshold slopes as mo-
deled by a simple WKB approximation. [37]
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Fig 36. Transfer characteristics of a Si NW tunnel FET with top gate.
The red line is calculated using the WKB approximation.

State-of-the-art all-silicon tunnel FETs (IBM)
All-silicon nanowire tunnel FETs with high on-currents
were demonstrated. The use of a high-k gate dielectric
markedly improves the TFET performance in terms of
average slope SS (SS measured between 107uA /um and
10%uA/pm is 120mV,/ dec.) and on-current, lon (0.3pA/
um). The performance of the devices is close to what
can be expected from all-silicon tunnel FETs. [38]
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Fig 37. Transfer characteristics of silicon nanowire tunnel FETs with SiO>
(red) and HfO, (blue) gate dielectrics.

Dopant-free polarity control of Si nanowire
Schottky FETs (NL)

The accurate and reproducible adjustment of the charge
carrier concentration in nanometer-scale semiconduc-
tors is challenging. As an alternative to transistors con-
taining doping profiles, dopant-free nanowire transistors
have been devised. The source and drain regions are re-
placed by metal contacts that exhibit a sharp interface
to the active region. The current flow is controlled by lo-
cally adjusting the electric field at the metal/silicon in-
terface. Independent control of each contact results in
transistors that can operate either as p- or n-type. [39]

Fig 38. Silicon nanowire FET with two independent top gates, each cou-
pling to a metal /semiconductor junction. The FET can be programmed
as p- and n- type.

Complementary logic circuits built from un-
doped Si nanowire Schottky FETs (NL)

To reduce the static power consumption of digital cir-
cuits complementary logic is required. This is enabled
by the interconnection between p- and n- type transis-
tors. Complementary nanowire based inverter circuits
that do not require doping were developed and cha-
racterized. The results show that all logic functions can
be performed at low power consumption without do-
pants. The entire thermal budget for processing is kept
below 400°C, enabling a possible future replacement
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of low mobility organic printed circuits on flexible elec-
tronics.
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Fig 39. Silicon nanowire inverter characteristics; top: transfer characte-
ristics, bottom: time resolved response.

I.5. Benchmarking and integration

1.5.1. Process upscaling of nanowire growth
and devices

Wafer-scale nanowire growth (IMEC)

At first, catalyst-based growth of silicon vertical nano-
wire using none-gold catalyst systems was considered.
Aluminum, which had been shown promising on cou-
pon level tests (UHV-CVD at MPI), proved not up-sca-
lable in the absence of UHV conditions. Indium particles
did produce high-yield Si nanowires in PE-CVD but the
growth was difficult to control. In view of the many li-
mitations related to Vapor-Solid Liquid growth of silicon
nanowires, a seedless (catalyst-free) constrained appro-
ach for growing Si and SiGe nanowires onto Si (100)
substrates was developed. The growth approach takes
advantage of the advances in Selective Epitaxial Growth
(SEG) technology to fill the holes without the presence
of catalytic metal particles. Nanowires with an intrinsic

S0,

termnplate

Bigh,
n+ implanted Si
~10'® at/cm®

Fig 40. TEM micrograph of a 60nm wide Si/SiGe heterojunction nanowire.



Si segment (channel) and p+ -doped (B) segment of ei-
ther Si, SiossGeo.1s or Sio.7sGeoas (source) were success-
fully grown on top of n+-doped (100) substrates. [40]

Large-scale nanowire device integration (IMEC)
IMEC developed an integration flow together with the
necessary process modules to fabricate vertical nano-
wire tunnel-FET devices with wrap-around gates. The
nanowires were made by a top-down etch process, ho-
wever, the integration flow is compatible with a bot-
tom-up approach based on grown nanowires.

Next to the wrap-around gate configuration which pro-
vides the best gate control over the channel, a vertical
TFET architecture allows a more readily implementa-
tion of heterostructures which are needed to boost the
tunneling current (see modeling part).

Functional vertical nanowire TFET devices were built

on a 200mm wafer platform. [41] Vertical integration
implied, among other, the implementation of bottom

Advertisement
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Fig 41. TEM cross-section of the final vertical 35nm NW TFET device (no
top oxide isolation) with an advanced a-Si/TiN/HfO, gate stack

and top isolation layers, and a amorphous Si capping
layer which simultaneously connects the TiN metal
gate.
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Vertical nanowire TFET device (IMEC)

Functional Si nanowire n- and p-TFETs were demons-
trated and measured electrically at IMEC using a Klein-
diek nanoprober apparatus mounted in a HRSEM. The
experimental data are inline with literature data of all-
Si Tunnel-FETs. To contributors knowledge, these devi-
ces are the first large-scale integrated vertical nanowire
devices with state-of-the art high-k metal gate stack. [42]

DS [A/pm]

05 - 0% 1 15 2 25

VGS[V]

Fig 42. Input la-Vs characteristics of the n- TFET device with an epi grown
P*source and a nanowire size of 50 nm on design.

1.5.2. Vertical device architectures and
benchmarking

Short-gate and shifted-gate TFET device con-
cepts (IMEC)

It was shown with the help of simulation that the posi-
tion of the gate can impact the TFET device perfor-
mance. The advantage of the short-gate TFET are the

LgateﬂIILgateHI‘

Fig 43. Schematic representation of the short-gate (left) and shifted-
gate (right) concepts.
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reduced ambipolar behavior, enhanced switching speed
and relaxed processing requirements. [43] When the
gate is shifted towards the source-channel a modest in-
crease in on-current can be achieved.

Heterojunction-source TFET (IMEC)

It was shown that the on-current of the TFET device can
be increased considerably by placing a foreign source
material on top of the Si nanowire channel. Germanium
and InGaAs were identified as the source materials of
choice for an n-type and p-type TFET device, respecti-
vely. The advantage of remaining the Si channel is ob-
vious as conventional Si processing can be used for the
gate-stack fabrication. For this work new models nee-
ded developed commercial device simulators failed to
correctly predict the performance of heterostructure
TFETs. [44, 45] Together, the Ge-source for n-type and
InGaAs source for p-type, enable a complementary sili-
con-based TFET suitable for competitive low-power ap-
plications. These heterostructure TFET configurations
(Ge-Si, InA-Si and Ino.sGao.4As-Si) and their correspon-
ding |-V characteristics have been used as input for the
circuit simulations by NXP.

107

~—all-Si TFET (shifted)

—Ge-source TFET

0 05 1 15
Y

gs

Fig 44. Comparison of ls—Vgs characteristics of all-Si TFET (short gate)
and the proposed heterostructure Ge-source Si-TFET, indicating the
boost of the current with nearly 2 orders of magnitude to the same
level as Si MOSFETs (dashed curves).

1.5.3. Nanowire MOSFETs in the quantum
capacitance limit

Quantum capacitance limit for conventional
FETs (IBM)

Scaling of NW transistors was investigated by modeling.
The important implication of the analysis is that NW
with very small diameter enable ultimately scaled tran-
sistor devices in a wrap-gate architecture since elec-
trostatic integrity is preserved down to smallest
dimensions. However, besides this pure geometrical ar-
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Fig 45. Power delay product and gate delay (inset) versus gate length and
oxide thickness for conventional FETs as the transition from classical limit
to the quantum capacitance limit is made.

gument the present study shows that NWs offer an ad-
ditional scaling benefit. In the case of 1D transport, de-
vices can be scaled towards the Quantum Capacitance
Limit (QCL) which shows a clear scaling advantage in
terms of the power delay product, i.e. the energy nee-
ded for switching the transistors. As a result, NWs ex-
hibiting 1D transport are a premier choice as channel
material for high performance, ultimately scaled FET de-
vices. [46]

Tunnel FETs in the quantum capacitance limit

Nanowire tunnel FETs versus nanowire MOSFETs (IBM).
Modeling of nanowire MOSFETs and tunnel FETs using
non-equilibrium Greens functions was used to calculate
gate delays as a function of scaling oxide thickness. It
was demonstrated that when FETs are scaled to the
quantum capacitance limit the tunnel FETs exhibit the
same on-state performance as MOSFETs using the gate
delay as the performance metric. The on-current is an
order of magnitude lower for the TFETs though.
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Fig 46. Gate delay versus oxide thickness for nanowire MOSFETs and
tunnel FETs.
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2. Overview of nanowire growth

Nanowires can be grown by a variety of methods, but
the most common method by far is particle-assisted
growth [1, 2] in metal-organic vapor phase epitaxy
(MOVPE) or molecular beam epitaxy. This technique uses
metal seed particles, most often gold, which act as nu-
cleation centers [3] and direct the growth. The size, num-
ber and position of the resulting nanowires are
determined by the seed particles, potentially allowing for
a high degree of control over the final structures. In this
section, patterned growth, heterostructures, doping,
crystal structure control, and metal free growth will be
briefly reviewed.

The gold seed particles can be deposited in a few different
ways. Deposition of aerosol or colloid particles results in
more or less randomly positioned nanowires. However,
most applications require precise control of the nanowi-
res, both in terms of position and size. Defining the gold
particles by electron beam lithography, followed by gold
evaporation and lift off, allows for this [4], see Fig. 1.

Formation of heterostructures is at the core of nanowire
technology and novel device structures. Three major ca-
tegories can be identified: axial, radial, and substrate /na-
nowire heterostructures, e. g. lll-V nanowires on Si
substrates.

First, axial structures can be formed if the growth pre-
cursors are alternated during growth. This results in a va-
riation of the composition along the wire. Furthermore,
it is well understood that nanowires represent an ideal
system for the growth of axial heterostructures, since mis-
matched materials can be grown epitaxially on each other
without misfit dislocations. This is possible because strain
can be relieved by coherent expansion of the lattice out-
wards (along the wire diameter), avoiding dislocations.
Axial heterostructure nanowires were first demonstra-
ted in 1994 for the GaAs—InAs system [5]. Further deve-
lopment of this material system led to reports of
high-quality interfaces despite the large lattice mismatch
[6]- For the InAs—InP system, atomically sharp interfaces
were also reported [7]. Nanowire heterostructure su-
perlattices have been demonstrated for a variety of ma-
terial systems, with lattice mismatch as high as 3% [8].
Much recent work has focused on attaining sharp hete-
rointerfaces for various material and growth systems. As
well, the development of heterostructure nanowires in-
volving ternary compounds such as GaAsP [9], InAsP [10]
and InGaAs [11], further increases the potential for ap-
plications.



Second, radial structures, also known as core-shell struc-
tures, can be formed. In the lateral case, heterostructu-
res are achieved by first growing nanowires by
conventional particle-assisted growth, then by changing
the growth parameters so that bulk growth is favored.
In this way growth on the side facets of the wire will do-
minate, and shells will form [12].

Fig 1. Scanning electron micrographs of gold particle-assisted, MOVPE grown,
InAs nanowires in regular arrays, where the positions of the gold particles
have been defined by electron beam lithography.

The third category, substrate/nanowire heterostructu-
res, resembles the axial heterostructure with the diffe-
rence that the substrate is less compliant. Compared to
planar heteroepitaxy, the critical thickness for disloca-
tion-free growth becomes considerable larger when
strain can be relaxed also radially. This effect enables
epitaxy of IlI-V nanowires on Si [13].

0 nm

Fig 2. Transmission electron micrograph of a ZB-WZ polytypic superlattice in
an InAs nanowire. The structure was achieved by periodically varying the
growth temperature.
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For electronics and optoelectronics applications it is ne-
cessary to control the conductivity and to be able to fa-
bricate pn-junctions in nanowires. Thus it is of high
importance to be able to dope the nanowires; pn-junc-
tions in nanowires have been reported for nitride [14]
and other llI-V [15, 16] nanowires, even though the in-
corporation mechanism during particle-assisted growth
is not well understood.

Semiconductor nanowires composed of IlIl-V materials
such as InAs typically suffer from frequent stacking de-
fects. Although most of these materials exhibit zinc
blende (ZB) structure in bulk, nanowires may also be
composed of the related wurtzite (WZ) structure. If na-
nowire growth is not carefully controlled, the resulting
structure may consist of a mixture of these two phases,
together with twin planes, stacking faults and other
polytypes. Various theoretical and experimental works
have indicated that uncontrolled structural mixing may
be detrimental to electronic and optical properties, and
structural variations due to random intermixing may
lead to unacceptable variability in material properties.
On the other hand, the ability to select between ZB and
WZ and to mix these structures in a controlled way may
give access to new and exciting physics and applications.

It has recently been shown that the crystal structure of
InAs nanowires can be tuned between pure WZ and
pure ZB by careful control of experimental parameters,
where temperature and nanowire diameter are the
most significant [17]. This knowledge enabled the fabri-
cation of twin plane superlattices and ZB-WZ polyty-
pic superlattices in nanowires, see Fig. 2. Twin plane
superlattices has also been controllably produced in InP
nanowires by the introduction of dopants [18].

Finally, a successful method to grow perfect ZB nano-
wires that has been reported for GaAs nanowires is to
use a two temperature method, where the growth is in-
itiated at high temperature. After this, the temperature
is decreased and the main parts of the nanowires are
grown at a lower temperature in order to not overcome
the energy barrier for twin formation [19]. Quite sur-
prisingly, the same group has recently reported that na-
nowires free from planar defects can be achieved by
growth at high rate [20].

If semiconductor nanowires will be integrated in CMOS
compatible processes, as suggested as one possible path
to continue the downscaling of electronics, it is neces-
sary to avoid growth from gold particles. Either, other
more CMOS compatible metals have to be utilized as
seed particles, or particle free nanowire growth has to
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be relized. Particle free growth from mask openings has
been realized in InP [21], GaAs [22], and GaN [23].
Metal free growth has also been realized by growth from
self-assembled nucleation templates on organically coa-
ted surfaces [24].
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3. Overview transport/optical properties
of nanowires?

Nanometer-sized quasi 1-dimensional systems, such as
semiconducting nanowires (NWs), are attractive buil-
ding blocks for bottom-up nanotechnology including op-
toelectronics [ 1, 2] and manipulation of isolated electron
spins [3, 4, 5]. Defect-free nanowire heterojunctions,
both longitudinal [6] and radial [7, 8, 9], can be grown
due to the small nanowire radius, which allows strain
from lattice mismatch to be relaxed radially outwards.

Not only junctions between various different group III-V
or IV elements, but even group IlI-V/1V junctions were
reported [10, 11]. InAs is an attractive material because
its small bandgap results in a low effective electron mass,
giving rise to high bulk electron mobilities (at room tem-
perature 22 700 cm?/Vs [12] and at low temperature in
planar structures over 600 000 cm?/Vs [13]).

For bulk InAs, it is well known that the surface contains
a large number of states that lie above the conduction
band minimum and can contribute electrons to form a
surface accumulation layer with a typical downward
band bending between 0 and 0.26 eV [14]. Because of
the large surface charge density, the Fermi level for InAs
is pinned in the conduction band, which makes it easy to
fabricate ohmic contacts without a Schottky barrier.

This InAs contact property enabled the observation of
the superconductivity proximity effect in nanowires [15].
A surface accumulation layer combined with the large
surface to volume ratio for InAs nanowires could promise
good sensitivity for InAs nanowire sensor applications.

As a fraction of the surface states contributes electrons
to the accumulation layer, the InAs surface contains a
large number of ionized impurities. Electrons in the ac-
cumulation layer therefore experience much stronger io-
nized impurity scattering than electrons in the inner InAs
region. Furthermore, because of the proximity to the
surface, surface roughness scattering is also strong. This
means that electrons in the surface layer have a strongly
reduced mobility compared to electrons in the inner ma-
terial, typically psurface ~ 4000 cm?/Vs [12, 14].

30 2 Val Zwiller, and L P Kouwenhoven

For microns thick planar structures of InAs, conduction
is dominated by the electrons flowing through the inner
region and mobilities are high. The electron mobility is
strongly reduced for sub-micron sized InAs structures
[12, 14], because of the higher surface-to-bulk ratio. At
the same time, the total electron density will increase
for smaller thicknesses.

Indications of a surface accumulation layer in InAs na-
nowires have been observed in [16], where smaller na-
nowire diameters show an increase in total electron
density, consistent with the observations on accumula-
tion layers in bulk InAs [12]. For InN nanowires, mag-
neto-resistance measurements showed Altshuler -
Aronov - Spivak (AAS) oscillations, suggestive of shell-
like conduction through nanowires [17].

Conduction through InAs nanowires with typical dia-
meters under 200 nm can be expected to be strongly in-
fluenced by the presence of a surface accumulation
layer. The strong ionized impurity and surface rough-
ness scattering in the surface accumulation layer could
explain why InAs nanowires typically have low tempe-
rature mobilities of 1000-4000 cm?/Vs [15, 18, 19, 20].
There have been two reports of InAs nanowires yiel-
ding mobilities exceeding 16000 cm?/Vs [21, 22].

The surface band bending that causes the accumulation
layer for InAs is a crystal surface property and the
strength of the accumulation is known to be dependent
on the surface orientation and termination [14]. Redu-
cing the depth of the band bending will result in a hig-
her relative contribution from the inner electrons to the
total conduction and an increase in electron mobility.

An alternative approach to increase electron mobility
would be to reduce the scattering in the surface chan-
nel by reducing the surface roughness and the scatte-
ring on surface states by surface passivation. Natural
lI-V oxides are soft, hygroscopic, compositionally and
structurally inhomogeneous [23,24].

We have extracted the electron mobility from the gate
dependence of the current using a simulated nanowire
capacitance to the gate. Low temperature mobility has
increased by a factor of 2-5 compared to bare InAs na-
nowires [9]. We also have found among the highest low
temperature peak electron mobilities reported to this
date, exceeding 25000 cm?/Vs.

Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands



Fig 1. (a) Scanning electron microscope (SEM) image of InAs/InP
core/shell nanowires grown on an InP substrate. Inset shows a high
angle annular diffraction TEM image of a representative InAs/InP
core/shell nanowire. The wire diameter is roughly 20 nm and the shell
thickness 7-10 nm. The schematic shows the bandgap alignment for
InAs sandwitched between InP. (b) SEM image of a typical nanowire de-
vice with Ti/Al contacts as used in our measurements. (c) Schematic of
the bandgap bending of an InAs nanowire (a) and an InAs/InP
core/shell nanowire.
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Fig 2. (a) Schematic of a Ti/Al contacted nanowire on a heavily doped
Si substrate with SiO2 dielectric. (b) Current through the nanowire as
a function of backgate voltage for several NW diameters. Such measu-
rements are used to determine the electron mobility.
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To create active photonic elements, the first key step is
to incorporate a single quantum dot in a nanowire [25].
Semiconductor quantum dots are well known sources
of single [26, 27] and entangled photons [28, 29, 30] and
are naturally integrated with modern semiconductor
electronics. Incorporation in semiconducting nanowires
brings additional unique features such as natural align-
ment of vertically stacked quantum dots to design quan-
tum dot molecules and an inherent one-dimensional
channel for charge carriers. Furthermore, the unprece-
dented material and design freedom makes them very
attractive for novel opto-electronic devices and quan-
tum information processing.
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Fig 3. (a) Power dependence of the photoluminescence from a single
quantum dot in a nanowire under continuous excitation at 532 nm. (b)
Integrated power dependence of two narrow emission lines attributed
to the exciton and biexciton. Samples grown by the Bakkers group.

Access to intrinsic spin and polarization properties of a
quantum dot in a nanowire is challenging because of the
limited quality of nanowire quantum dots, partly be-
cause the quantum dot is located very close to the sam-
ple surface. Moreover, the nanowire geometry strongly
affects the polarization of photons emitted or absorbed
by a nanowire quantum dot, and is thus an important
obstacle for applications based on intrinsic spin or po-
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larization properties of quantum dots such as electron
spin memory or generation of entangled photons. It has
been shown that photoluminescence of homogeneous
nanowires is highly linearly polarized with a polarization
direction parallel to the nanowire elongation.

In Fig. 3(a) we show a typical excitation power depen-
dence revealing a usual exciton-biexciton behavior and
a p-shell at 30 meV higher energy. The inset shows the
narrowest emission we have observed to date with a
FWHM of 31 peV, limited by our spectral resolution.
The integrated photoluminescence intensities of the ex-
citon and biexciton as a function of excitation power,
represented in Fig. 3(b), show that the exciton (biexci-
ton) increases linearly (quadratically) with excitation
power and saturates at high excitation powers. This be-
haviour is typical for the exciton and biexciton under
continuous excitation.

The nanowire geometry is not the only source of pola-
rization anisotropy. Calculations by Niquet and Mojica
[31] show that the polarization properties are strongly
affected by the aspect ratio of the quantum dot dimen-
sions, due to strain originating from the lattice mismatch
between the nanowire and the quantum dot. However,
in our case the strain is negligible due to the low phos-
phorus content and the main contribution to polariza-
tion anisotropy stems from the nanowire geometry.
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Fig 4. (a) and (b) Polarization sensitive photoluminescence of a stan-
ding nanowire quantum dot at 9 T. The solid (dashed) curve in (a) re-
presents vertical (horizontal) linearly polarized exciton emission,
denoted by H (V). The solid (dashed) curve in (b) represents left- (right-
) hand circularly polarized exciton emission. (b) PL of a standing nano-
wire quantum dot under external magnetic field. Magnetic field is varied
between O and 9 T in steps of 0.5 T. Sample grown by the Bakkers
group (Philips).
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Standing nanowires enable the extraction of any polari-
zation with equal probability. This enables the observa-
tion of Zeeman splitting, provided that the emission
linewidth is narrow enough. In Fig. 4(a) we show a mag-
netic field dependence of the exciton emission measu-
red on a standing InP nanowire containing an InAsP
quantum dot. The nanowire was grown by MOVPE
using colloidal gold particles as catalysts by the Bakkers
group. Polarization studies at 9 T show circular polari-
zation Fig. 4(b) and no linear polarization Fig 4(a).

One challenge is to obtain good ohmic contacts to the
p doped side of a nanowire LED. In Fig. 5 the device-la-
yout, the nanowire LED emission and the electrostatic
potential distribution along the device are shown. The
junction is readily visible by transmission electron mi-
croscopy, the modification in doping brings about a mo-
dification of the nanowire diameter. Electrostatic force
measurements are shown on the right of Fig. 5, under
a reverse bias of 1.5V, a prominent drop in potential is
observed at the expected position of the pn junciton.
Under zero and 1.5 V forward bias, no potential drop
is observed on the pn junction, this demonstrates the
presence of a pn junction in the contacted nanowire and
shows that the contacts are ohmic.

pInF  n-inP

(’/
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Junction

Fig 5. Single nanowire light emitting diode. Left: microscope image of the
nanowire LED without and with forward bias. Bottom left: TEM image
of a pn junction in an InP nanowire. Right: electrostatic force measure-
ments under forward (top) and reverse (bottom) bias.

An electrically contacted nanowire can also be used for
photodetection, as shown in figure 6. Fig. 6 left shows
the photocurrent intensity as a function of applied bias
in the dark and under illumination. Fig. 6 right shows
the polarization dependence of the photocurrent for a
lying nanowire as a function of the laser linear polariza-
tion angle. The observed photocurrent polarization is
in agreement with the polarization ratio measured by
photoluminescence.
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Fig 6. Photocurrent measurement on a single nanowire. Left: photocu-
rrent as a function of applied bias. Right: photocurrent as a function of
laser polarization.
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4. Nanowires for energy applications

Several possibilities exist for the use of nanowires in the
energy sector. This includes three categories: a) energy
saving, b) energy harvesting, and c) energy storage.
Within category a) we see two main research areas:
lower power-consuming electronics and low-power illu-
mination by solid-state lighting.

Platinized
electrode
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Schematic of a nanowire array for solar cell application.

Nanowire FETs are regarded as one of the emerging na-
noelectronic devices [1]. Low-power memory cells (so-
called tunneling SRAMs) have already been
demonstrated [2] as well as low-power tunnel FETs [3].
Additionally, vertically wrap-gated InAs nanowire devi-
ces with subthreshold slope around 90 mV/dec have
been realized [4].

Besides electronic devices with lower power consump-
tion, the thrive goes towards solid-state lighting devices
for replacement of incandescent light bulbs and fluores-



cent lamps. A number of groups are working to realize
this goal using nanowire structures. As early as 1994,
light-emitting diode structures of GaAs nanowires with
pnHunctions had been reported by the group of K. Hi-
ruma at Hitachi [5]. First ten years later, similar devices
had been demonstrated in nitride nanowire structures
[6]. The fabrication of InP-InAsP nanowire LED structu-
res where the electron-hole recombination is restricted
to a quantum-dot-sized InAsP section has also been re-
ported making these devices promising candidates for
electrically driven quantum optics experiments [7].

Arrays of nanowire light-emitting structures in the GaAs-
InGaP were realized in cooperation between academic
and industrial research in 2008 [8]. High brightness GaN
nanowire LEDs emitting in the UV-blue region have
been demonstrated [9] andnitride-based LED arrays
have recently been reported [10].

Three research areas can be identified within category
b) energy harvesting: conversion of light, heat or mo-
vement into electricity. For harvesting of light several
nanowire materials have been and are investigated.
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P. Yangs group at Berkeley realized a dye-sensitized solar
cell architecture in which the traditional nanoparticle
film is replaced by a dense array of oriented and crysta-
lline ZnO nanowires [11].

Using silicon, by a simple chemical etching technique-
nanowire solar cell structures have been realized with
poor performance [12] and p-i-n coaxial silicon nano-
wire solar cells have been reported with a conversion ef-
ficiency of 3.4% under illumination of one sun by the
Lieber group from Harvard [13].

Silicon wires embedded in a polymeric film with poten-
tial to achieve high efficiency have recently been de-
monstrated [14] and even global players like General
Electric Inc. show interest in silicon nanowire solar cells
[15]. Solar cells have been realized with arrays of CdS
nanowires grown on Al substrates and embedded in
CdTe matrix showing a conversion efficiency of 6% [16].

Periodically aligned InP nanowires with pn-junctions
have been reported with solar power conversion effi-
ciency of 3.4% [17]. Other efforts on llI-V nanowire

MECHANICAL ENERGY TO ELECTRICITY

A nanogenerator (below left) consists of an array of vertical zinc oxide
nanowires, hexagonal crystals with both piezoelectric and semicon-
ducting properties. A rectangular electrode with a ridged underside
sits atop the nanowires and moves side to side in response to external
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forces such as vibration, the human pulse or acoustic waves. In this
example, the generator’s output is stored in a capacitor and periodi-
cally sent to a sensor, which could be measuring blood glucose or
pressure. A tiny radio-frequency transmitter reports the results
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Schematic of piezoelectric energy conversion with nanowires.
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solar cell structures are conducted
within the EU-project AMON-RA
[www.amonra.eu], where so far pn-
junctions in InP nanowires have been
demonstrated [18].

Some effort is going on to realize
thermoelectric devices with nano-
wire structures, so far, mainly on a
theroretical level [19]. However, first
experimental studies have been con-
ducted [20]. An interesting approach
is the conversion of mechanical
energy in electricity using the piezo-
electric properties of ZnO nanowi-
res [21].

nm—1

For the last category where nanowires could be used in
the energy sector, energy storage, we are not aware of
any ongoing research.
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5. Overview of nanowires for biology/me-
dicine

Nanowires have a size scale that overlaps with funda-
mental building blocks of cells. That makes them parti-
cularly suitable for biological and medical applications.
Here we list a few examples of promising applications in
our field of interest.

Neural network on a chip

Neural networks on a chip have many applications in
neuroscience. The ability to control the cell position and
the connections between cells can yield new knowledge
on interactions between neurons and is a crucial compo-
nent in the development of next-generation prostheses.
Axonal guidance can be achieved using chemical or to-
pographical modifications on the surface [1, 2]. Parallel
rows of nanowires have proven to provide an excellent
way of controlling cell growth and guidance of regenera-
ting axons [3]. The rows of wires act as fences, confining
the axons. The small radii of the wires prevent the axons
from climbing the nanowires as the growth cone always
encounters the wires at a 90° angle in contrast to micro
structured walls, where fibers can reach the top of the
wall by climbing at an intermediate angle.

Fig 1. Fluorescence microcopy image of a superior cervical ganglion gro-
wing on a 1 x 1 mm? area with rows of GaP nanowires. The axons are
guided with high fidelity by the rows of nanowires.

To be able to independently address two populations of
axons on a chip surface, the different populations must be
fully separated. This can be achieved by a ratchet pattern
consisting of short rows of nanowires that rectify the axo-
nal outgrowth [4].

Nanowires may thus provide a basis for advanced con-
trol of neuronal growth on a chip, where a large range of
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functionalities can be implemented, including chemical
sensors and electrodes to investigate neuronal function
at high temporal and spatial resolution.

Cellular force measurements using nanowire
arrays

Cellular mechanotransduction is a rapidly growing field
with recent studies showing that external and internal for-
ces can alter cellular signaling and function [5, 6]. There
are many ways to measure cellular forces in vitro. Opti-
cal tweezers and micropipettes are capable of probing pi-
coNewton forces. While being very sensitive, these
techniques can only measure forces at a few points si-

Force (pN)

Time (s)

Fig 2. Cellular force measurements using nanowire arrays. (LEFT) Con-
focal fluorescence image of a growth cone on 40 nm diameter 5 pm
long nanowires. Scale bar 1 pm. (RIGHT) Forces exerted on the nano-
wires highlighted in the left images. The forces range from 20 to 130 pN.

multaneously in a cell. With an elastic substrate cellular
forces can be measured in an ensemble of cells [7]. This
method, as well as its derived method based on elasto-
mer micro-pillar arrays can measure forces from nano-
Newton up to hundreds of nanoNewton [8, 9].
However, the spatial resolution of these methods is limi-
ted by the size of the pillars and /or markers to 2 um at



the very best. Nanowires, on the other hand, with their
high aspect ratio and small diameter have a great poten-
tial for detecting small forces with high spatial resolution,
limited by the achievable density of the nanowires to about
1 pm. Using an array of 40 nm diameter and 5 pm long
nanowires, force measurement down to 20 pN has been
demonstrated on growth cone lamelipodia [10], consis-
tent with data obtained using optical tweezers on the
same system [11]. The results show that nanowire arrays
can be used as a sensitive force probe that has the ad-
vantage of allowing simultaneous measurements with high
probe density and high spatial resolution.

Hollow nanowires

The controlled transfer of specific molecules into (and
out of) cells is a fundamental tool in cell biology. Elec-
troporation is widely used in bulk and on single cells.
However, it merely opens up a conduit for diffusional
transport into or out of the cell. Microinjection have
been developed to provide a more controlled and se-
lective transport into single cells [12].

Large needles require very slow movement of the nee-
dles to allow the adaptation of the cytoskeleton [13, 14].
Decreasing the size of the needle to the nanoscale mi-
nimizes any deleterious effect on the cell. Furthermore,
arrays of needles can be defined on a flat substrate for
massively parallel single-cell experiments.

One example involves the binding of plasmid DNA to
the nanoneedles and the subsequent impalfection of
cells with a gfp-coding plasmid [15]. Another example
involves hollow nanowires that are filled with the mole-
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cule of interest and used similarly [16]. In both cases the
wires are preloaded and used only once and further-
more rely on passive release in the cytosol. Hollow na-
nowires connected to an external fluidics system avoid
these limitations. By combining such nanowires with a
microfluidic system for cell capture, an array of indivi-
dually addressed cells can be created with potential ap-
plications in systems biology, neurobiology, tissue
engineering and stem cell differentiation.

Nanowire-based biosensors

Semi-conductor nanowire field effect transistors are a
very sensitive tool for detection of biomolecules. The
binding of analyte molecules to immobilized DNA or
antibody probes may result in a change in the surface
charge, thereby changing the nanowire conductance.
This method has been used successfully to detect single
viruses, cancer markers, and proteins [17-19].

Nanowire-based electrodes for neural interfaces

The development of neural interface is a rapidly growing
field. Standard neural electrodes have sizes in the mi-
crometer range and their implantation triggers a strong
inflammatory response that often makes it necessary to
remove the electrode. It has been shown that carbon
nanotubes at the surface of neural electrodes improve
the electrical properties of the electrodes and elicit a
lower tissue inflammatory response [20].

Carbon nanotubes form a very strong seal with the neu-
rons, which is also expected to be the case using nano-
wires. Nanowire field effect transistor arrays have been

Fig 3. Hollow nanowires for molecular transport. (LEFT) Initially GaAs/AlLOs core/shell nanowires are grown. Subsequently the GaAs core is et-
ched resulting in a hollow Al,O3 nanowire. (CENTER) Schematic of a cell impaled by a nanowire with molecules diffusing from the bottom reser-
voir. (RIGHT) Macrophages expressing GFP on a surface. Where the hollow nanowires establish a connection across the device, membrane
impermeable propidium is injected by diffusion into the cells.
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used to form nanoscale junctions with
axons and dendrites of neurons cultu-
red on the array. The nanowire tran-
sistors could stimulate and inhibit
neuronal signals, as well as measuring
their amplitude and firing rate [21].

It has been shown that neurons can
grow and thrive on vertical nanowire
substrates [15, 22]. The cell survival
was higher on nanowire substrates
compared to controls (growth on flat
surfaces) despite the fact that the cells
were penetrated by the nanowires.
This suggests that nanowire-based
electrodes will form tighter junctions
with the neurons and therefore will re-
cord or stimulate more efficiently. In
this context, new electrodes consisting
of vertical nanowires on the surface of
a microelectrode are being developed
for brain implantation purposes.

Such nano-electrodes could communicate with multi-
ple individual neurons in the brain on a long-term basis.
The possible applications are diverse, ranging from fun-
damental studies of mechanisms of learning to thera-
peutic treatment of Parkinson's disease.
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Annex |

l. Report from the NODE workshop on nano-
wire electronics

During the days September 23-24, 2009, was organized
in Lund the ”NODE Workshop on Nanowire Electro-
nics” which was both a dissemination event of the four
years of the Integrated Project NODE (”Nanowire-
based One-Dimensional Electronics™), and an opportu-
nity for this research field to obtain sharp feed-back from
a set of highly knowledgeable invited keynote speakers.

The focus was on four key issues for the field: one ses-
sion on ”Wrap-gate Transistors”, for which we were ple-
ased to have as external keynote speakers Wilfried
Hansch from IBM Yorktown Heights, talking primarily
about planar wrap-gate transistors and circuits, and Mat-
thias Passlack from TSMC-Europe in Leuven, talking pri-
marily about comparisons between traditional CMOS
and the opportunities from integration of lll-V wrap-
gate transistors with silicon technology. Added to these
presentations where two reports from the NODE re-
search, by Claes Thelander from Lund and Mikael Bjérk
from IBM Zurich.

In the second focused session, on ”Ultra-low Power De-
vices” the keynote presentation was given by Joachim
Knoch from TU Dortmund, talking primarily on the po-
tential of Tunnel FETs for ultra-low power applications,
with a special focus on what can be achieved in terms of
ultra-steep sub-threshold slopes. Two internal NODE
presentation were also made here, by Anne Verhulst at
IMEC Leuven and Heike Riel from IBM Zurich.

In the third focused session, we looked at opportunities
for ”Other Nanowire Applications”, which primarily in
the program meant applications for Memories and RF-
applications. The external keynote speaker, Thomas
Mickolajick from Freiberg University focused on Me-
mory applications and how nanowire technology can
come to contribute to this development. From the
NODE research was reported by Walter Weber from
the Namlab in Dresden and by Erik Lind from QuMat
Technology.

In the fourth of the focused sessions, on ”Integration Is-
sues”, Hugo De Man from IMEC, Leuven gave an over-

view of the field and pointed out the challenges that a
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new technology has to face to compete with CMOS. He
also stressed the value of not limiting the assessment of
what nanowires can bring to only ICs, but also to focus
on the ”"More than Moore” opportunities offered. In
this session, the state-of-the-art as has been reached in
NODE was reported by Philippe Vereecken from IMEC
Leuven.

The concluding session was based on a panel discussion
with contributions from Lars Tilly (Ericsson Research),
Wilfried Hansch (IBM), Hugo De Man (IMEC) and Mat-
thias Passlack (TSMC), and was introduced and mode-
rated by Lars-Erik Wernersson from Lund. Many
different topics were covered, including the pull from
systems industry, like mobile phone applications, the is-
sues of integration of a new technology with main-
stream silicon technology, and comparisons between the
situation for this field of R&D in Europe in a comparison
with the USA, where quite different traditions and con-
ditions lead to a more optimal development of the field.

* Hugo De Man: "As a conclusion | propose that, if
we want to investigate nanowire TFETs as a possible
low power device after ultimately scaled CMOS, a
multidisciplinary project on Systemability of future tech-
nologies should be launched where process, physics
team up with circuit and system people. Otherwise
we get stuck in the famous ‘European Research Para-
dox’ where we complain about the fact that excellent
research does not lead to true innovation i.e. its
translation of it in industrially relevant results.

Finally perhaps a bit too much focus is on nanowires
as a successor for CMOS logic or RF circuits. As was
noted by TSMC there is also the trend towards More
than Moore technologies that will play a dominant
role in the world of Ambient Intelligence by comple-
menting the intelligent CMOS part with nomadic
communication and nanotech interfaces to the living
and non-living world. Thereby novel functionality such
as sensors, actuators, optical interfaces, resonators
etc. is needed. Nanowires can provide novel solutions
in this field.”

Matthias Passlack: ”Feature size scaling which has
been driving CMOS throughout the last decades will
increasingly be complemented by other advance-
ments on the device and system level. Transistor
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trends include use of high-k dielectrics, multi- and
wrap around gate architectures, strained layers, he-
terostructures, and new channel materials. -V se-
miconductors with their high carrier (electron)
mobility, direct bandgap functionality, and flexibility
for heterostructure design have recently garnered in-
creasing attention. The Ill-V nanowire appears to be
a universal vehicle addressing many of the above as-
pects including high electron mobility channel, wrap
around gate, direct bandgap, and heterostructure de-
sign. Moreover, nanowires provide new avenues for
high crystal quality in highly lattice-mismatched
systems such as -V semiconductors on silicon subs-
trate. For example, lll-V nanowires could be the effi-
ciency RF components and light emission devices
monolithically integrated on a silicon substrate.”

2. Report on the Nanowire Growth Workshop
2009 (NWG2009)

Introduction

NWG2009 (Paris, 26-27 october 2009 was the 4™ edi-
tion of an international meeting highly focused on se-
miconductor nanowire growth. The workshop was first
held in Lund (2006 and 2007) and then in Duisburg
(2008). This year, the workshop was organized in Paris
and lasted two days. It brought together 116 researchers
from 19 countries. The workshop program comprised
six invited talks, 19 orals and 48 poster presentations.
This sizable and active participation indicates that many
issues are still to be addressed to improve the control of
nanowire growth, which is much more complex than
two-dimensional layer growth. In return, the researchers
expect much more flexibility to fabricate original nano-
objects which will allow investigating the physics of one-
dimensional systems or designing new devices with
improved performances.
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Keywords

Nanowires; Crystal growth; Elementary semiconduc-
tors; Compound semiconductors; IlI-V on Si
Cristalline structure; Catalyst; Structural properties;
Crystal defects; Morphology; Surface energies; Doping,
p-n junctions; Growth modeling; Self-assembling

Program of NWG2009
Invited speakers

S. Kodambaka, Department of Materials Science and
Engineering, University of California Los Angeles, Los
Angeles, USA

Growth of silicon nanowires using AuAl alloy
catalysts

V. Schmidt, Max-Planck-Institut fiir Mikrostruk-
turphysik, Halle, Germany
Aspects of silicon nanowires growth
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K. Kishino, Department of Engineering and Applied
Sciences, Sophia Nanotechnology Research Center, So-
phia University, Tokyo, Japan

Blue to red emission InGaN-based nanoco-
lumns and related technology

R. R. LaPierre, Centre for Emerging Device Techno-
logies, McMaster University, Hamilton, Canada
Fundamental issues in MBE-grown nanowires
for device applications
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Il1-V nanowires of wurtzite structure
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Oral contributions
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Doping-dependent nanofaceting on silicon na-
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Atomic scale structure of <Ill >-oriented Si na-
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N. J. Quitoriano, Mining and Materials Engineering
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Engineering Si and Ge nanowire growth direction

I. Zardo, Walter Schottky Institut, Technische Univer-
sitdt Miinchen, Garching, Germany

Silicon nanowires growth using gallium and in-
dium as catalysts

K. Naji, Institut des Nanosciences de Lyon, Ecole Cen-
trale de Lyon, Ecully, France

Defect free InP NWs on SrTiO3 substrates
grown by VLS-assisted molecular beam epitaxy

T. Gotschke, Institute of Bio- and Nanosystems, Fors-
chungszentrum Jilich, Julich, Germany

Doping effects of MBE-grown InN NWs by
means of Si and Mg
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Strain relaxation and nucleation mechanisms

of self-induced GaN nanowires
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Insertion of CdSe quantum dots in ZnSe Na-
nowires: MBE growth and microstructure
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M. T. Borgstrom, Solid State Physics, Lund University,
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Decoupled axial and radial nanowire growth by

in-situ etching
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logy Centre for Research and Education, Russian Aca-

demy of Sciences, St.-Petersburg, Russia

Self-consistent theory of nanowire growth and
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J. Johansson, Solid State Physics, Lund University, Lund,

Sweden

Waurtzite-zinc blende transition in InAs nano-

wires

B. Mandl, Institute for Semiconductor and Solid State

Physics, University Linz, Austria

Time dependence of Au-free InAs nanowire

growth

R. E. Algra, Materials Innovation Institute, Delft, The
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Correlated twins in nanowires
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Weizmann Institute of Science, Rehovot, Israel

High quality InAs nanowires grown by VLS as-
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H. J. Joyce, Department of Electronic Materials Engine-
ering, Australian National University, Canberra, Australia

Optimising GaAs and other IlI-V nanowires
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E. Gil, Laboratoire des Sciences et Matériaux pour I'E-
lectronique et d’Automatique, Université Blaise Pascal,
Clermont-Ferrand, France

Rodlike GaAs nanowires with exceptional length

Highlights of the workshop

Gold remains the most popular catalyst used to assist se-
miconductor nanowire formation. Alternative metals
have been presented which can modify the growth kine-
tics, the nanowire morphologies and their structure. In
particular, catalyzing Si/Ge nanowire growth with
(Au,Al) alloy particles tends to favour the vapour-solid-
solid (VSS) mode, which produces sharper interfaces in
Si/Ge heterostructures (S. Kodambaka, University of Ca-
lifornia, Los Angeles, USA). An overview of the expected
growth mode - vapour-liquid-solid (VLS) or VSS - for a
large panel of metallic catalysts has been presented by V.
Schmidt (Max-Planck-Institute fur Mikrostrukturphysik,
Halle, Germany).

An interesting influence of the proximity of oxides on na-
nowire growth has been demonstrated. N. J. Quitoriano
(Hewlett-Packard Laboratories, Palo Alto, USA) sho-
wed that nanowire growth can be guided by the SiOx
surface of pre-patterned silicon-on-insulator (SOI) subs-
trates. The Si or Ge NWs grow along <111> directions
until they get in contact with the SiO surface where they
pursue their growth along <110> directions, parallel and
in contact with this surface. This guided growth sud-
denly kinks if the contact with SiOx ceases. Growth of
InP nanowires along <001> has also been shown to be
possible if initiated on a SrTiOs epitaxial layer deposi-
ted on Si (001) (K. Naji, Université de Lyon /ECL, Ecully,
France).

T. Xu (IEMN, Lille, France) reported scanning tunne-
ling microscopy investigations performed on Si nano-
wire sidewalls. The sawtooth side facets systematically
show Au-induced reconstructions, Au being the catalyst
material.

Impressive realization of organized arrays of InGaN-
based nanocolumns obtained by selective area growth
on masked surfaces has been achieved by K. Kishino’s
group (Sophia Nanotechnology Research center, Tokyo,
Japan). Development of light emitting diodes fabricated
from these nanocolumns is going on rapidly.



M. T. Borgstrom (Lund University, Sweden) has shown
that using HCI gas during the vapor phase epitaxy of
InP nanowires helps to decouple axial and radial growth.
A very selective axial growth has been demonstrated.

It was clearly established that attempts to dope nano-
wires often result in unexpected effects on the mor-
phology: faceting of the sidewalls for B-doped Si
nanowires (F. Li, University of Oxford, UK); increase of
volume and density for Mg—doped InN nanowires (T.
Gotschke, Research Center Jilich, Germany).

Many presentations focused on the possibility to control
the nanowire crystal phase (wurtzite or zinc blende) in
compounds semiconductors, or at least to obtain stac-
king fault-free nanowires. These studies have identified,
both experimentally and theoretically, specific condi-
tions meeting such objectives, but it appears that a per-
fect control remains very challenging. In InAs nanowires,
crystal phase transition from wurtzite to zinc blende was
observed above a critical diameter (~100 nm) which de-
pends on growth temperature (J. Johansson, Lund Uni-
versity, Sweden). Slower growth rates were shown to
be favorable to stabilize the pure wurtzite structure (H.
Shtrikman, Weizmann Institute of Science, Israel). It was
predicted (and also observed) that zinc blende can be
obtained not only at very low supersaturation, but also
at very high supersaturation (V. Dubrovskii, St Peters-
burg Physics and Technology Centre RAS, Russia). Al-
ternatively, the control of periodic arrays of twin
boundaries in single-phase has been achieved (R. Algra,
Materials Innovation Institute, Delft, The Netherlands).

The workshop ended with an original presentation by E.
Gil (LASMEA, Clermont-Ferrand, France) reporting ex-
ceptional GaAs nanowire growth rates elaborated by
hydride vapor phase epitaxy (40 um length in 15 min)
with long segments (tens of pm) of pure and twin-free
cubic structure.

Conclusion

In conclusion, the NWG2009 workshop has provided a
forum for presenting the most recent advances on na-
nowire growth mechanisms, contributing actively to the
progress of this challenging topic. Since many nanowire
growth issues are still very topical, the NWG workshop
has to be maintained. The steering committee has deci-
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ded that it should continue with a similar format (num-
ber of participants limited to about 150 people, about 2
days duration) in 2010. The topics of NWG2010 should
keep highly focused on nanowire growth in order to
avoid overlapping with other conferences (ICON, MRS
meetings, MBE or MOCVD conferences ...), where the
applications of nanowires can be presented and discus-
sed in more details.
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Potential applications of nanowires

Semiconductor families, applications and industrial actors

Popularity of semiconductor families in nanowire

research

3% ZnO

28 % Si, SiGe, SiC

17 % I11-Vs (excluding nitrides)
2% [I-VI (excluding ZnO)

10 % GaN and other nitride
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Fields of nanowire applications

The potential applications which are the most investi-
gated today are:

* Nano-electronics (transistors, spintronics)

e Light emitting devices (LEDs lasers), photodetector
* Photovoltaics

* Field emission

¢ Biological and chemical sensors

* NEMS and MEMS

Main industrial companies involved in the development
of nanowire-based products:

* Samsung

* Hewlett Packard

* Nanosys Inc

* Philips
*IBM

e Sharp
*Qunano AB
Annex |1

I. NODE project objectives and main achieve-
ments

Overview of the general project objectives

Materials growth and processing technologies of semi-
conductor nanowire devices were developed and eva-
luated for their possible impact as key add-on
technologies to standard semiconductor fabrication. The
goal was also to reach a deepened understanding of the
physics of one-dimensional semiconductor materials and
nanowire-based devices, and to develop new functiona-
lities not found in traditional higher-dimensional device
structures.

NODE studied in detail a set of key device families based
on semiconductor nanowires, such as tunneling devices,
and field-effect transistors, as well as explored unique
opportunities that may be offered by nanowires in areas
for storage applications. NODE also made a dedicated
effort to evaluate the potential for integration of nano-
wire-specific processing methods and to assess the com-
patibility with requirements from conventional
semiconductor processing, as well as evaluate novel ar-
chitectural device concepts and their implementation
scenarios. More specifically the main objectives of
NODE were:



« To build and evaluate electronic devices based on se-
miconductor nanowires:

> NW-based transistors with increased frequency
response and decreased power consumption

> Nanowire logic elements

> Explore potential for novel device designs using na-
nowires

« To assess nanowire growth and related nanostructu-
ring in terms of up-scalability and Si-integration po-
tential

Achievements

The research in NODE in many cases represented the
state-of-the art in its field. The NODE partners are cu-
rrently in the research forefront in areas such as (i) un-
derstanding of nanowire growth mechanisms, (ii)
control of nanowire growth and nanowire doping (iii)
characterization of the structural properties of nanowi-
res (iv) processing of vertical nanowires structures (v)
device research and development along the two tracks:
InAs nanowire wrap-gate FETs and Si nanowire tunnel
FETs, using both etched (fully-CMOS compatible) and
bottom-up grown nanowires.

Since the project included partners with strong back-
ground in research related to CMOS-integration, NODE
had a strong focus on finding CMOS-compatible growth
methods and processing conditions. Important sub-pro-
jects have therefore been to develop growth methods
where gold is not required, and catalyst-free techniques
have been developed for both InAs- and Si-nanowires,
and Al, Pd, Ag seeding of Si nanowires has been de-
monstrated. A particular effort was also made on in-
vestigating the effect of gold on Si nanowires during
growth and processing.

Design, fabrication and characterization of the first re-
ported vertical RF-compatible nanowire transistors
were carried out, demonstrated with InAs wrap-gate
nanowires. Steep slope devices based on Si-nanowires
were implemented, where also the first functional Si na-
nowire tunnel-FETs processed on 200mm wafers on a
CMOS platform were demonstrated. Finally, multi-gated
Si nanowire Schottky barrier FETs were realized, where
an inverter function was demonstrated.
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The NODE project has had a very high output in publi-
cations, and in total over 100 articles has been published
at the end of the project. This clearly shows that consi-
derable progress was made in the project and that the
research was competitive on an international level. The
NODE partners have applied for at least 48 patents re-
lated to nanowire research and development, not in-
cluding patent applications submitted within the last 18
months that are not yet publicly posted.

2. NODE papers published in refereed journals

Publications 1-94 are already published, 95-96 are ac-
cepted for publication, and 97-103 are submitted to re-
fereed journals.

1. “Structural properties of <111> B-oriented IlI-V na-
nowires” J. Johansson et al., NATURE MATERIALS 5,
574 (2006)

2. “On the formation of Si nanowires by molecular
beam epitaxy” P. Werner et al., INT. J. MAT. RES. 97,
1008 (2006)

3. “Supercurrent reversal in quantum dots” J. A. van
Dam et al., NATURE 442, 667 (2006)

4. “Electronic and optical properties of InAs/GaAs na-
nowire superlattices” Y.M. Niquet, PHYS. REV. B 74,
155304 (2006)

5. “Nanowire-based one dimensional electronics” C.
Thelander et al., MATERIALS TODAY 9, 28 (2006)

6. “Position-controlled interconnected InAs nanowire
networks” Dick KA, Deppert K, Karlsson LS, et al.
NANO LETTERS 6, 2842 (2006)

7. “Optimization of Au-assisted InAs nanowires grown
by MOVPE” Dick KA, Deppert K, Samuelson L, et al.
JOURNAL OF CRYSTAL GROWTH 297, 326 (2006)

8. “Phase segregation in AllnP shells on GaAs nanowi-
res” Skold N, Wagner JB, Karlsson G, et al. NANO
LETTERS 6, 2743 (2006)

9. “Nanowire-based multiple quantum dot memory”

Nilsson HA, Thelander C, Froberg LE, et al. APPLIED
PHYSICS LETTERS 89, 163101 (2006)
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10. “Improved subthreshold slope in an InAs nanowire  21. “Single Quantum Dot Nanowire LEDs” Minot ED,

heterostructure field-effect transistor” Lind E, Persson Kelkensberg F, van Kouwen M, et al. NANO LETTERS
Al, Samuelson L, et al. NANO LETTERS 6, 1842 (2006) 5 3¢ (2007)

1. “Surface diffusion effects on growth of nanowires by o _

chemical beam epitaxy”Persson Al, Fréberg LE, Jeppe- 22. “Growth of Si whiskers by MBE: Mechanism and pe-
sen S, et al. JOURNAL OF APPLIED PHYSICS 101, 1 culiarities” Zakharov N, Werner P, Sokolov L, et al.
(2007) PHYSICA E 37, 148 (2007)

12. “The morphology of axial and branched nanowire
heterostructures” Dick KA, Kodambaka S, Reuter MC,
et al. NANO LETTERS 7, 1817 (2007)

23. “Elastic strain relaxation in axial Si/Ge whisker he-
terostructures” Hanke M, Eisenschmidt C, Werner P, et
al. PHYSICAL REVIEW B 75, 161303 (2007)

13. “Sulfur passivation for ohmic contact formation to

InAs nanowires” Suyatin DB, Thelander C, Bjork MT, 24. “Diameter dependence of the growth velocity of si-

et al. NANOTECHNOLOGY 18, 105307 (2007) licon nanowires synthesized via the vapor-liquid-solid
mechanism” Schmidt V, Senz S, and Gésele U. PHYSI-

14. “The structure of <111> B oriented GaP nanowires”  CAL REVIEW B 75, 045335 (2007)

Johansson J, Karlsson LS, Svensson CPT, et al. JOUR-

NAL OF CRYSTAL GROWTH 298, 635 (2007) 25. “Fully depleted nanowire field-effect transistor in in-
version mode” Hayden O, Bjork MT, Schmid H, et al.

15. “Strain mapping in free-standing heterostructured  SMALL 3, 230 (2007)

wurtzite InAs/InP nanowires” Larsson MW, Wagner

JB, Wallin M, et al. NANOTECHNOLOGY 18, 015504

(2007)

26. “Vertical surround-gated silicon nanowire impact io-
nization field-effect transistors” Bjork MT, Hayden O,
Schmid H, et al. APPLIED PHYSICS LETTERS 90,

16. “Height-controlled nanowire branches on nanotrees 142110 (2007)

using a polymer mask” Dick KA, Deppert K, Larsson

MW, et al. NANOTECHNOLOGY 18, 035601 (2007)

27. “Alternative Catalysts For Si-Technology Compati-
17. “Directed growth of branched nanowire structures” ble Growth Of Si Nanowires” lacopi F, Vereecken PM,
Dick KA, Deppert K, Karlsson LS et al. MRS BULLETIN  >chaekers M, et al. MATER. RES. SOC. SYMP. PROC.

32, 127 (2007) 1017 (2007)
18. “Electrospraying of colloidal nanoparticles for see- 28. “Axial and radial growth of Ni-induced GaN nano-
ding of nanostructure growth” Béttger PHM, Bi ZX, D.  WIres L. Geelhaar, C. Cheze, W.M. Weber, et al.
Adolph D, et al. NANOTECHNOLOGY 18, 105304 APPL. PHYS. LETT. 91, 093113 (2007)

(2007)
29. “Effects of a shell on the electronic properties of na-

19. “Epitaxial Growth of lll-V Nanowires on Group IV nowire superlattices”Niquet YM. NANO LETTERS 7,

Substrates” Bakkers EPAM, Borgstrém MT, and Verhei- 105 (2007)

jen MA. MRS BULLETIN 32, 117 (2007)
30. “lonization energy of donor and acceptor impurities

20. “Remote p-Doping of InAs Nanowires” Li HY, in semiconductor nanowires: Importance of dielectric

Waunnicke O, Borgstrom MT, et al. NANO LETTERS 7,
1144 (2007)

confinement” Diarra M, Niquet YM, Delerue C, et al.
PHYS. REV. B 75, 045301 (2007)
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31. “Electronic and optical properties of InAs/GaAs na-
nowire superlattices” Niquet YM. PHYS. REV. B 74,
155304 (2006)

32. “Electronic properties of InAs/GaAs nanowire su-
perlattices” Niquet YM. PHYSICA E 37, 204 (2007)

33. “Breakdown Enhancement in Silicon Nanowire p-n
Junctions” Agarwal P, Vijayaraghavan MN, Neuilly F, et
al. NANO LETTERS 7, 896 (2007)

34. "Time resolved microphotoluminescence studies of
single InP nanowires grown by low pressure metal or-
ganic chemical vapor deposition" S. Reitzenstein, S.
Miinch, C. Hofmann, et al. APPL. PHYS. LETT. 91,
091103 (2007)

35. “Epitaxial growth of indium arsenide nanowires on
silicon using nucleation templates formed by self-assem-
bled organic coatings” Martensson T, Wagner JB, Hilner
E, et al. ADVANCED MATERIALS 19, 1801 (2007)

36. “Plasma-enhanced chemical vapour deposition
growth of Si nanowires with low melting point metal ca-
talysts: an effective alternative to Au-mediated growth”,
lacopi F, Vereecken PM, Schaekers M, et al. NANO-
TECHNOLOGY 18, 505307 (2007)

37. “Gold-enhanced oxidation of silicon nanowires”,
Werner P, Buttner C, Schubert L, et al. INTERNATIO-
NAL JOURNAL OF MATERIALS RESEARCH 98, 1066
(2007)

38. “Height-controlled nanowire branches on nanotrees
using polymer masks”, Dick KA, Deppert K, Seifert W,
et al. NANOTECHNOLOGY 18, 035601 (2007)

39. “Locating nanowire heterostructures by electron
beam induced current” Gustafsson A, Bjork MT, Sa-
muelson L, NANOTECHNOLOGY 18, 205306 (2007)

40. “Synergetic nanowire growth”, Borgstrom MT, Im-
mink G, Ketelaars B, et al. NATURE NANOTECHNO-
LOGY 2, 541 (2007)

41. “Scanned probe imaging of quantum dots inside
InAs nanowires”, Bleszynski AC, Zwanenburg FA, Wes-
tervelt RM, et al. NANO LETTERS 7, 2559 (2007)
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42. “Silicon to nickel-silicide axial nanowire heteros-
tructures for high performance electronics”, Weber,
WM, Geelhaar, L, Unger, E, et al. PHYSICA STATUS
SOLIDI B-BASIC SOLID STATE PHYSICS 244, 4170
(2007)

43. “Strain and shape of epitaxial InAs/InP nanowire
superlattice measured by grazing incidence x-ray tech-
niques”, Eymery J, Rieutord F, Favre-Nicolin V, et al.
NANO LETTERS 7, 2596 (2007)

44, “Quantum-confinement effects in InAs-InP core-
shell nanowires”, Zanolli Z, Pistol M-E, Froberg LE, et
al. JOURNAL OF PHYSICS : CONDENSED MATTER
19, 295219 (2007)

45. “Optical properties of rotationally twinned InP na-
nowire heterostructures”, Bao JM, Bell DC, Capasso F,
et al. NANO LETTERS 8, 836 (2008)

46. “A radio frequency single-electron transistor based
on an InAs/InP heterostructure nanowire”, Nilsson HA,
Duty T, Abay S, et al. NANO LETTERS 8, 872 (2008)

47. “Electrical properties of self-assembled branched
InAs nanowire junctions”, Suatin DB, Sun J, Fuhrer A,
et al. NANO LETTERS 8, 1100 (2008)

48. “High-quality InAs/InSb nanowire heterostructures
grown by metal-organic vapor-phase epitaxy”, Caroff P,
Wagner JB, Dick KA, et al. SMALL 4, 878 (2008)

49. “GaAs/GaSb nanowire heterostructures grown by
MOVPE”, Jeppsson M, Dick KA, Wagner JB, et al.
JOURNAL OF CRYSTAL GROWTH 310, 4115 (2008)

50. “Drive current and threshold voltage control in ver-
tical InAs wrap-gate transistors”, Rehnstedt C, Thelan-
der C, Froberg LE, et al. ELECTRONIC LETTERS 44,
236 (2008)

51. “Vertical Enhancement-Mode InAs Nanowire Field-
Effect Transistor With 50-nm Wrap Gate”, Thelander
C, Fréberg LE, Rehnstedt C, et al. IEEE ELECTRON DE-
VICE LETTERS 29, 206 (2008)
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52. “Heterostructure Barriers in Wrap Gated Nanowire
FETs”, Froberg LE, Rehnstedt C, Thelander C, et al. IEEE
ELECTRON DEVICE LETTERS 29, 981 (2008)

53. “InAs nanowire metal-oxide-semiconductor capaci-
tors”, Roddaro S, Nilsson K, Astromskas G, et al. AP-
PLIED PHYSICS LETTERS 92, 253509 (2008)

54. “Controlled in situ boron doping of short silicon na-
nowires grown by molecular beam epitaxy”, Das Ka-
nungo P, Zakharov N, Bauer J, et al. APPLIED PHYSICS
LETTERS 92, 263107 (2008)

55. “Gold-enhanced oxidation of MBE-grown silicon na-
nowires”, Buttner CC, Zakharov ND, Pippel E, et al.
SEMICONDUCTOR SCIENCE AND TECHNOLOGY
23, 075040 (2008)

56. “Point Defect Configurations of Supersaturated Au
Atoms Inside Si Nanowires”, Oh SH, van Benthem K,
Molina SI, et al. NANO LETTERS 8, 1016 (2008)

57. “Quantum dots and tunnel barriers in InAs/InP na-
nowire heterostructures: Electronic and optical proper-
ties”, Niquet Y-N, Mojica DM, PHYSICAL REVIEW B,
77, 115316 (2008)

58. “Screening and polaronic effects induced by a me-
tallic gate and a surrounding oxide on donor and ac-
ceptor impurities in silicon nanowires”, Diarra M,
Delerue C, Niquet YM, et al. JOURNAL OF APPLIED
PHYSICS 103, 073703 (2008)

59. “Quantum transport length scales in silicon-based
semiconducting nanowires: Surface roughness effects”
Lherbier A, Persson MP, Niquet YM, et al. PHYSICAL
REVIEW B 77, 085301 (2008)

60. “Control of GaP and GaAs Nanowire Morphology
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Annex Il

List of European Nanowire-engaged groups

Lund University,
Lund, Sweden

Lars Samuelson

lars.samuelson@ftf.Ith.se

Knut Deppert

knut.deppert@ftflth.se

Lars-Erik Wernersson

lars-erik.wernersson@ftf.lth.se

www.nano.lth.se

IMEC, Leuven, Belgium

Philippe Vereecken

vereeck@imec.be

www.imec.be

Anne Verhulst averhuls@imec.be
Namlab, Dresden, Walter Weber walterweber@namlab.com www.namlab.com
Germany
University of Franz-Josef Tegude franz.tegude@uni-due.de

Duisburg-Essen,
Duisburg, Germany

Werner Prost

werner.prost@uni-due.de

www.hlt.uni-duisburg-essen.de

MPI for Microstructure
Physics, Halle, Germany

Ulrich Goesele

goesele@mpi-hallempg.de

Stephan Senz

senz@mpi-halle.de

www.mpi-halle.mpg.de

Universitdt Leipzig,
Leipzig, Germany

Marius Grundmann

grundmann@physik.uni-leipzig.de

www.zv.uni-leipzig.de

Forschungszentrum
Jdlich, Jdlich, Germany

Hilde Hardtdegen

h.hardtdegen@fz-juelich.de

Detlev Griitzmacher

d.gruetzmacher@fz-juelich.de

www.fz-juelich.de

EPFL, Lausanne,
Switzerland

Anna Fontcuberta i Morral

annafontcuberta-morral@epfl.ch

www.epfl.ch

ETH Zurich, Zirich,
Switzerland

Klaus Ensslin

ensslin@phys.ethz.ch

Atac Imamoglu

imamoglu@phys.ethz.ch

www.ethz.ch

IBM, Zirich Research
Laboratory, Zurich,
Switzerland

Walter Riess

wri@zurich.ibm.com

Heike Riel

hei@zurich.ibm.com

www.zurich.ibm.com

Scuola Normale
Superior, Pisa, Italy

Alessandro Tredicucci

atredicucci@sns.it

Stefano Roddaro

s.roddaro@sns.it

WWW.SNs.it

University of Salento,
Lecce, ltaly
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List of European Nanowire-engaged groups

Laboratorio Nazionale TASC
INFM-CNR, Trieste, Italy

Faustino Martelli

martelli@tasc.infm.it

www.tasc.infm.it

Univ. Politécnica de Ma-
drid, Madrid, Spain

Enrique Calleja Pardo

calleja@die.upm.es

www.upm.es

PDI, Berlin,
Germany

Henning Riechert

riechert@pdi-berlin.de

Lutz Geelhaar

geelhaar@pdi-berlin.de

www.pdi-berlin.de

Osram, Regensburg,
Germany

Klaus Streubel

klaus.streubel@osram-os.com

WWW.0sram-0s.com

Braunschweig, Germany

Andreas Waag

a.waag@tu-bs.de

www.iht.tu-bs.de

Johannes Kepler
Univ. Linz, Linz, Austria

Guinther Bauer

guentherbauer@jku.at

www.jku.at

Technische Univ. Wien,

Wien Austria Erich Gornik erich.gornik@tuwien.ac.at wwwuwien.at
CEA/LEFTanC;enObIe' Joel Eymery jeymery@cealfr www-leti.ceafr
CNRS Jean-Christophe Harmand  jean-christophe.harmand@lpn.cnrs.fr
. ' .cnrsfi
Paris, France Frank Glas frank.glas@lpn.cnrs.fr WwWw.enrse
CNRS, Lille, France Philippe Caroff philippe.caroff@iemn.univ-lille L.fr www.cnrs.fr

Philips Research
Laboratories, Eindhoven,
The Netherlands

Erik Bakkers

erik.bakkers@philips.com

Lou-Fé Feiner

| ffeiner@philips.com

www.research.philips.com

Delft University
of Technology,
Delft, The Netherlands

Leo Kouwenhoven

leo@qt2.tn.tudelft.nl

Valery Zwiller

vzwiller@tudelft.nl

www.tudelft.nl

University of Copenha-

Jesper Nygard nygard@nbi.dk www.nbi.ku.dk
gen, Copenhagen,
loffe Physical Technical ~ Vladimir Dubrovskii dubrovskii@mail.ioffe.ru off
) wwwi.ioffe.ru
Institute, St Petersburg,  George Cirlin cirflin@beam.ioffe.ru

Russia
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List of European Nanowire-engaged groups

Helsinki Institute
of Technology,
Helsinki, Finland

Harri Lipsanen

harri.lipsanen@tkk.fi

www.micronova.fi

Cambridge University,
United Kingdom

Paul Warburton

p.warburton@ee.ucl.ac.uk

www.london-nano.com

University College,
London,
United Kingdom

Andrew Horsfield

a.horsfield@imperialac.uk

www.imperial.ac.uk

Technische Universitat
Dormund, Germany

Joachim Knoch

joachim knoch@udo.edu

www-be.e-technik.uni-dortmund.de

Norwegian University of
Science and Technology,
Trondheim, Norway

Helge Weman

helge.weman@iet.ntnu.no

www.ntnu.no

g FUNDING OPPORTUNITIES from the

FUTURE & EMERGING TECHNOLOGIES scheme

http://cordis.europa.eulfp7/ict/fetproactivel/calls_en.html
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£} PhD Position (Chalmers University of Tech-
nology, Sweden): "Graphene in quantum metrology and
molecular electronics"

Graphene grown on SiC by thermal decomposition is at
present the most promising candidate for large scale in-
dustrial applications requiring high mobility and wafer-
scale production. The project involves fabrication of
electronic devices from this material and charachteriza-
tion of graphene on SiC providing a feedback for opti-
mization of the growth material and improving its
mobility. The first device application of this project is a
Quantum Hall Resistance Standard. Our recent result
(Nature Nanotechnology 5, 186, (2010)), obtained in
the European collaboration, shows that the Resistance
Standard is so far the only practical device where gra-
phene is performing better than conventional semicon-
ductors, taking advantage of large spacing between
Landau levels in graphene, in comparison with materials
like GaAs. We plan to further develop the first success
and produce even better devices by improving the gra-
phene quality and optimizing the device geometry.

The deadline for submitting applications is May
20, 2010

For further information about the position, please con-
tact: Sergey Kubatkin (kubatkin@chalmers.se)

£ PhD Position (Chalmers University of Tech-
nology, Sweden): "New effects and phenomena in com-
plex metal oxides at the nanoscale"

Complex metal oxides, based on a perovskite structure,
are a particularly interesting group of materials exhibiting
a broad spectrum of intrinsic functionalities such as fe-
rroelectricity, high-Tc superconductivity (HTS), colossal
magnetoresistance, and multiferroics behavior. Not sur-
prisingly, these compounds are being explored for a va-
riety of new applications. Oxides and strongly correlated
electron materials are often considered to be synonyms.
Nowadays one has a good understanding of conventio-
nal, free electron like materials but, despite several re-
cent breakthroughs, only a rudimentary knowledge
exists of the physics behind strongly correlated materials,
with their complex ordering phenomena, metal-insula-
tor phase transitions, quantum criticality, relatively low
charge carrier density and low dimensionality. Most stu-
dies on complex metal oxides have been conducted on
thin films or bulk single crystals. However for collective
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phenomena such as superconductivity, ferromagnetism
and ferroelectricity a different degree of ordering is ex-
pected to occur near surfaces and interfaces, leading to
an intrinsic dependence on the sample size.

The deadline for submitting applications is May
20, 2010

For further information about the position, please con-
tact: Floriana Lombardi (floriana.lombardi@
chalmers.se)

£} Research Faculty Position (Level A/B) (Uni-
versity of Newcastle, Australia): "MIEMS-based na-
nopositioning systems, power harvesting MEMS devices and
MEMS bio-sensors"

A fixed term Research Faculty position is available within
the Laboratory for Dynamics & Control of NanoS-
ystems at the University of Newcastle, Australia. We
are seeking a talented and committed individual with
the ability to work well in a multi-disciplinary research
environment. The areas of interest include: applications
of estimation and control in MEMS-based nanopositio-
ning systems, power harvesting MEMS devices and
MEMS bio-sensors.

The position is available immediately. The applicants
must have a Ph.D. (or be close to completion) in MEMS,
Electrical Engineering or a relevant field of engineering
or applied physics. They are expected to have a sound
analytical background and be able to work in a labora-
tory environment and on projects that combine high-
level theoretical research with experimental
investigations. Familiarity with design, prototyping and
characterization of MEMS is essential. Knowledge of fe-
edback control systems is highly desirable.

The deadline for submitting applications is May
22,2010

For further information about the position, please con-
tact: Reza Moheimani (Reza.Moheimani@new-
castle.edu.au)

£ Job openings (Delft University of Technology,
Netherlands): "Biophysics research on nanopores, chro-

matin and bacteria"

We are looking for outstanding experimentalists that
are eager to participate in our research. Experience in
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fields such as biophysics, single-molecule techniques, op-
tical imaging, nanosciences, and molecular or cellular
biology, is welcomed. The group aims at research at the
highest international level.

The deadline for submitting applications is May
24, 2010

For further information about the position, please con-
tact: Cees Dekker (c.dekker@tudelft.nl)

£} PostDoctoral Position (Graphenea, Spain):
"Chemistry, Physics, and/or Materials Science"

Graphenea, which is based at the nanoGUNE facilities
in San Sebastian, Basque Country (Spain), has been cre-
ated with the mission of developing graphene-based
process and product technology, as well as conducting
related research activities. Graphenea will utilize nano-
GUNEFE’s state-of-the-art characterization and nanofa-
brication research infrastructure. The position holder,
working closely with Graphenea’s scientific director and
a technician, will conduct research activities related to
graphene synthesis and graphene-based technologies.
The position may be renewed annually for up to three
years, contingent upon performance. The position re-
quires a PhD in Chemistry, Physics, and/or Materials
Science. Candidates should have experience in the pre-
paration of graphene or related materials, with a prefe-
rred expertise in the operation of Chemical Vapour
Deposition equipment and other deposition techniques.
Proficiency in spoken and written English is compulsory;
knowledge of Spanish is not a requirement.

The deadline for submitting applications is May
31, 2010

For further information about the position, please con-
tact: Amaia Zurutuza (a.zurutuza@graphe-
nea.eu)

£ PhD Position (Centre Investigacions Nano-
ciencia Nanotecnologia (CSIC-ICN) (CIN2),
Spain): "Quantum Transport in Carbon Nanotubes"

We are looking for a PhD student with a degree in
physics who is eager to do leading edge research in
Quantum Transport in Carbon Nanotubes. The rese-
arch will be focused on the electrical and mechanical
properties of structures with dimensions of a few na-
nometers, such as carbon nanotubes or graphene.
These structures are so tiny that quantum effects start
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to play a dominant role. For e.g. the energy levels are
quantized, just like in atoms and molecules. Interestingly,
these structures are large and robust enough to be im-
plemented in a variety of different microfabricated de-
vices, which allow the tuning of their quantum
properties. This work will be carried within the Quan-
tum Nano-Electronics group, which is part of the Cen-
tre Investigacions Nanociencia Nanotecnologia
(CSIC-ICN). The group is located at the Campus Uni-
versitat Autonoma de Barcelona. The funding for the
salaries comes from an EURY| award.

The deadline for submitting applications is
June 08, 2010

For further information about the position, please con-
tact: Adrian Bachtold (adrian.bachtold@
cin2.es)

£ PhD Position (Instituto de Microelectronica
de Madrid IMM-CNM-CSIC, Spain): "Nano-engi-
neered high performance Thermoelectric Energy Conversion
devices"

A four year position is available for Graduate Students
to work towards a PhD Thesis on projects related to
the fabrication and characterization of thermoelectric
nanowire arrays obtain inside alumina and polymers.
The job is funded by a European ERC Starting grant
from the European Union. More specifically, the work
to be developed by the successful candidate will be re-
lated to anodization of aluminium, electrodeposition of
thermoelectrics, diblock copolymers, and characteriza-
tion by raman spectroscopy, electrical, thermal measu-
rements, atomic force microscopy, electron microscopy,
x-ray diffraction, etc. The work will be developed at
IMM, a consolidate research center for nanoscience. Lo-
cated at Tres Cantos (Madrid) connected with the city
center by public transport.

IMM offers an excellent research environment, with a
close interaction with top-level groups working in seve-
ral areas of Nanoscience

The deadline for submitting applications is
June 3I, 2010

For further information about the position, please con-
tact: Marisol Martin Gonzalez (marisol@imm.
cnm.csic.es)
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L e“ce . Graphene 2011

mo\ I y @ nanoBio&Med 2011

© NanoSpain 2011 - NanoSudoe
(Spain, Portugal & France)

© TNA Energy 2011
Trends in NanoApplications

PPM 2011
Photonics/Plasmonics/Magneto-Optics




a0 Optical Profilometry

New confocal technology...

Interferometry (PSI/VS)...

And also...

Mechanical profilometry, nano-indentation...
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91940 LES ULIS 28250 Madrid - ESPANA
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