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Vertical nanowire array-based field effect transistors for
ultimate scaling†

G. Larrieu*a and X.-L. Hanb

Nanowire-based field-effect transistors are among the most promising means of overcoming the limits of

today's planar silicon electronic devices, in part because of their suitability for gate-all-around architectures,

which provide perfect electrostatic control and facilitate further reductions in “ultimate” transistor size

while maintaining low leakage currents. However, an architecture combining a scalable and

reproducible structure with good electrical performance has yet to be demonstrated. Here, we report a

high performance field-effect transistor implemented on massively parallel dense vertical nanowire

arrays with silicided source/drain contacts and scaled metallic gate length fabricated using a simple

process. The proposed architecture offers several advantages including better immunity to short channel

effects, reduction of device-to-device variability, and nanometer gate length patterning without the

need for high-resolution lithography. These benefits are important in the large-scale manufacture of

low-power transistors and memory devices.
Introduction

The development of electronics and the continuous improve-
ment in circuit performance have historically been driven by the
“simple” downscaling of the basic circuit building block: the
MOS transistor. Today, the physical limitations of nanoscale
transistor operation (in particular the increasing power
consumption per chip) have led to the development of innovative
MOS architectures, such as multi-gate devices (FinFET and tri-
gate approaches) to improve electrostatic control of the channel.
The natural evolution of these architectures is the gate-all-around
(GAA) transistor1,2 fabricated on a semiconductor nanowire (NW).
These devices represent an ideal design for electrostatic control
of charge inversion and permit further reductions in transistor
size. However, the current owing through such devices in the
“on” state (current drive) remains low due to the small cross-
sectional area of the NW. It is therefore essential to implement
these transistors on nanowire arrays rather than on single NWs
in order to combine excellent electrostatic control with increased
current capability and an improved signal/noise ratio.

The numerous methods for fabricating NWs may be grouped
into bottom-up (B-U) and top-down (T-D) approaches. In B-U
methods, the NWs are grown on a substrate using chemical
deposition techniques, whereas nanostructure formation in T-D
fabrication is based on the selective etching of a patterned planar
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material. Each method has its own advantages and drawbacks:
the B-U route enables NWs to be grown using a large variety of
materials, while the T-D approachmay be quickly integrated into
standard CMOS processes with a very good reproducibility and
NW control (position, diameter, and pitch). From an integration
point of view, NWs may be processed horizontally (planar) or
vertically. Horizontal NW approaches are limited in terms of NW
density. NWs fabricated using etching processes (T-D) have, in
the best case, a density slightly higher than those fabricated
using conventional planar technology,3 while high-density arrays
are very difficult to achieve using horizontal growth techniques
(B-U). In order to obtain a planar orientation, horizontal growth
must be guided in cavities4 or the NWs must be grown separate
from the substrate and then relocated5,6 in a complex, contami-
nation-prone, and poorly reproducible process. Multi-layer hori-
zontally stacked NWs7 require extremely complex processes, and
achieving the desired device miniaturization is fraught with
difficulty. On the other hand, vertical integration is a particularly
attractive approach because its 3-D character is directly compat-
ible with both T-D and B-U growth methods and the process
results in extremely high integration densities8 (70% surface
shrink compared to planar architecture3), opening the way to new
integration approaches. Despite this promising potential, a
vertical approach has not yet been used to demonstrate an
outstanding scaled architecture because of challenges such as
contact formation at the bottom of the wires,9 and perfect control
of the thickness and atness of spacer layers.10–13 In this work, we
realize a FET device implemented on a vertical NW array with a
sub-14 nm gate length (Lg) that demonstrates excellent electro-
static behavior and promising scaling properties in view of
reaching sub-5 nm architecture.
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The proposed architecture was implemented on dense Si NW
arrays obtained using a top-down approach that couples e-beam
lithography with plasma etching and sacricial self-limited
oxidation.14 The process is based on the stress retarded oxida-
tion phenomenon15 and enables fabrication of very reproduc-
ible NWs with perfectly controlled diameter and position and
much lower dimensional variability than other top-down
approaches. Free standing NWs with diameters as small as 16
nm14 have been patterned starting from a (100) bulk wafer with
a p-type doping level of 8 � 1018 at. cm�3. The diameter
dimension is taken at the middle part of the nanowire. Fig. 1a is
a schematic view of the device in which terminals embedded in
a dielectric matrix are positioned at the bottom, center, and top
of the NW for use as the source, gate and drain contacts.
Fabrication begins with formation of a thin gate oxide (5 nm)
using dry oxidation followed by an anisotropic plasma etch to
remove the oxide layer at each nanowire termination. A 15 nm
platinum layer is anisotropically deposited using e-beam evap-
oration, and temperature activation (RTP N2H2, 500 �C/3 min) is
used to create silicided contacts at the bottom and the top of
each NW (the source and drain contacts). The greatest techno-
logical challenge in fabricating competitive 3D vertical devices
is obtaining nanometer-scale control of the layer engineering
Fig. 1 Representation of a vertical nanowire array-based field effect transistor.
(a) An artist view and (b) a SEM aerial view of a vertical FET device implemented
on a dense nanowire array with extrinsic access connecting different levels (top,
bottom and gate contacts). In the inset of (a), a zoom of a nanowire with a cross-
section view in the top part shows the gate stack composed of the gate oxide and
the metal gate surrounding the NW. Each termination is silicided symmetrically
compared with the gate.
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using conventional methods rather than high-resolution
lithography. A key step is the construction of the insulating layer
between the contact electrodes (source, gate, and drain, Fig. 1a)
in order to achieve symmetrical ultra-small scale devices.
Previous attempts11–13 exhibited sloping layers (up- or down-
slope depending on the process conditions). The corresponding
gate layers, which necessarily reproduce the shape of the
underlying insulator, therefore induced high parasitic capaci-
tances and prevented successful downscaling. By employing a
spin-on glass lling step followed by a chemical etch-back, we
achieved perfect control of the insulator layer planarization to
obtain a at topology as well as nanometer-scale thickness
control. An inorganic owable resist with a chemical structure
(hydrogen silsesquioxane) similar to silicon dioxide was spin-
coated on the nanowire array to embed the entire network in a
dielectric matrix. The material ow ability provided excellent
layer atness, particularly over the wire networks, where
differences in topology were less than one nanometer as
measured using atomic force microscopy (S1, ESI†). Using a
highly dilute solution of hydrouoric acid in deionized water
(1 : 1000), we obtained very precise control of the etching rate
(approximately 1 nm s�1). This in turn provided excellent
control of the surface position and resulted in very low surface
roughness (similar to the roughness of the dielectric surface
before etching). The dielectric structure of the spacer is less
dense than the thermal SiO2 gate dielectric, leading to a large
etching selectivity (>1 : 5000) and preserving the gate insulator
during wet etching. Planarization was used to position the top
surface of the dielectric spacer at the desired height, and an
anisotropic metal deposition (e.g. Cr with a work function of
4.5 eV) was subsequently performed to dene gate structures
surrounding the NWs. This is particularly interesting for
Fig. 2 Transmission electron micrographs of the vertical nanowire array tran-
sistor. (a) TEM crosssection in tilted view with false color of the device with a gate
surrounding each nanowire, a symmetrical silicided S/D (PtSi) contacts and 60 nm
low k (2.7) dielectric spacers separating the S/D contacts to the gate, (b) a zoom of
the TEM crosssection with a nice planarity of the stacked layers and (c) a zoom of
the GAA region with the 5 nm SiO2 gate oxide and the 14 nm gate length.

This journal is ª The Royal Society of Chemistry 2013



Paper Nanoscale
nano-transistor realization because the gate length is simply
dened by the thickness of the deposited gate material. As
indicated in red in the schematic provided in Fig. 1a and the
tilted SEM image in Fig. 1b, the metal layer includes an exten-
sion to receive the connection to the gate contact. This exten-
sion is rotated by 90� compared to the source extension (yellow)
to minimize gate–source overlap and associated parasitic
capacitances. A second planarization is used to create the gate–
drain spacer and dene the top contact (drain). The fabrication
ends with a conventional back-end process including vias and
metallization. Fig. 2 is a TEM crosssection of the nal device
where the possibility of integrating massively parallel dense NW
arrays with symmetrically silicided S/D and scaled metallic gate-
all-around (Lg � 14 nm) architecture is demonstrated. Vertical
NW array-based transistors are much easier to manufacture
than conventional FET architectures (as well as being lower in
cost) because the gate length is dened without high-resolution
lithography. Furthermore, no highly doped S/D junctions with
high thermal budgets and complex processing are needed. In
Fig. 3 Static current–voltage characteristics. Static characteristics of a pFET with
a gate length of 14 nm on a 225 NW array with 30 nm diameter. (a) ID–VG curves
for VD from �0.1 V to �0.7 V with �0.15 V steps, that demonstrate a very good
immunity against short channel effects with sub-threshold swing below 100 mV
dec�1, DIBL of 7 mV V�1, off current in the pA range and the on/off current ratio
for voltages between VG ¼ 0 V/VG ¼ �0.8 V and VD ¼ �0.8 V larger than 5
decades and (b) ID–VD curves for VG from �0.1 V to �1 V with �0.1 V steps.

Fig. 4 Immunity against short channel effects and threshold voltage variability of the
(a) sub-threshold swing and drain induced barrier lowering as a function of nanowire d
The 4 parameters are following the same trend, where nice behavior is obtained with
channel, which quickly degrades the electrical performance. (c) Threshold voltage varia
The VT extraction method used is the extrapolation in the linear region method (ELR)

This journal is ª The Royal Society of Chemistry 2013
this work, the structures were implemented on dense vertical
NW arrays obtained using top-down technology, but the design
is also suitable for bottom-up approaches where, for example,
well-ordered vertical InAs16 NW arrays have been reported.

Competitive electrical performance

Fig. 3a and b are examples of the transfer and output charac-
teristics of such a device (Lg ¼ 14 nm, NW diameter ¼ 30 nm,
tox ¼ 5 nm, and 225 NWs in parallel) in which behavior
remarkably close to ideal is observed. The off current is 5.2 �
10�10 A and the Ion/Ioff ratio is greater than ve decades at a
power supply voltage VDD ¼ VG ¼ VD ¼ �0.8 V. This device also
exhibits very good immunity to short channel effects (SCEs)
considering the scaled gate length achievable thanks to the
gate-all-around conguration, which offers excellent electro-
static performance. The sub-threshold slope is below 100 mV
dec�1 at 300 K and the drain induced barrier lowering (DIBL) is
7 mV V�1. SCE parameters generally tend to worsen when the
gate length is scaled and therefore affect transistor performance
(switching speed) as the supply voltage is reduced. The output
characteristics saturate very well at low VD (�0.4 V) and the
bowing trend of the linear regime indicates that the transport is
not limited by the access resistance. However, the current drive
is limited by a relatively low hole mobility value in the (100)
direction, which collapses in a very short gate length device.17 In
modern Si transistors, the current drive increase is no longer
obtained by the conventional scaling of the transistor but in the
largest proportion by the introduction of process boosters as
strain-induced mobility enhancement.18 High mobility chan-
nels can be introduced in our vertical NW array architecture by
using a process induced stress19 (oxidation, silicidation) or by
implementing NWs with high intrinsic mobility (III–V, Ge).

It is important to stress that the proposed architecture is
different from the conventional MOSFET conguration based
on highly doped S/D regions, which are difficult to fabricate at
the nanoscale, especially in 3D congurations. It consists of a
metallic S/D MOSFET approach,20 (PtSi silicide contacts) that
are connected to uniformly doped NWs (8 � 1018 at. cm�3). The
vertical nanowire array transistor. Based on 14 nmGAA architecture, the evolution of
iameter and (b) the on/off current ratio and off current as a function of NWdiameter.
NW diameters below 40 nm. Larger diameters induce a loss of gate control over the
bility for a 30 nm diameter NW transistor for several numbers of NWs in each device.
.27 In the 3 graphs, the solid lines are given to guide the eye.
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carrier injection properties such as thermionic injection are
improved due to the high doping level of the semiconductor,
which greatly enhances the tunneling contribution.21 A plat-
inum silicide-based contact is known to offer an intrinsic low
Schottky barrier height for holes, which is particularly inter-
esting for achieving low contact resistances in p-type applica-
tions. In addition, it also provides low resistivity n-type
contacts22 when a substantial concentration of a donor-like
dopant is present at the interface. This leads to a drastic process
simplication while preserving a low metal/Si contact resis-
tivity. Finally, the gate-all-around conguration can deplete the
small volume of semiconductor when the device is turned off, in
a manner similar to junctionless devices.23 In Fig. 4a and b the
immunity against short channel effect (DIBL and sub-threshold
swing) and the evolution of off-state current and the Ion/Ioff ratio
are presented as functions of the NW diameter. For large
nanowires (F > 40 nm) gate control over the channel is weak,
resulting in high leakage current and static characteristic
degradation (increase in short channel effect parameters).
Devices constructed using nanowires smaller than 40 nm in
diameter maintain good electrostatic integrity and efficiency in
suppressing SCEs. This offers a substantial relaxation of the
requirements for nanowire diameter, which is benecial for
gate length scaling.
Ultimately scaled, SCE immunity, and
variability

The observed good immunity against short channel effect with
such NW diameters can at rst sight appear surprising. Indeed,
according to the scaling theory24 for cylindrical GAA MOSFETs
(i.e. nanowire MOSFETs) efficient control of SCE for a given
transistor can be achieved only if the ratio Leff/2l is greater than
2, where Leff is the effective channel length and l is the natural
length of the transistors dened as:24

l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 3nwFnw

2ln

�
1þ 2 tox

Fnw

�
þ 3nwFnw

2

16 3ox

vuuut
(1)

with 3nw and 3ox being the dielectric constants of silicon and
silicon oxide, Fnw the diameter of the nanowire, and tox the
thickness of the gate dielectric. Considering a conventional GAA
architecture with doped p–n junctions, a diameter of approxi-
mately 10 nm is predicted by eqn (1) to ensure SCE control with
a 14 nm gate length device. In contrast, the absence of highly
doped junctions in our conguration results in an increase in
the effective channel length induced by fringing capacitances at
the edge of the physical metallic gate,25 whereas the conven-
tional highly doped S/D regions geometrically demarcate the
electrical channel length without any degree of freedom. On the
other hand, because of the accumulationmode regime of highly
doped NWs the increase in electrical channel length is unaf-
fected when the device is turned on.

Another concern in scaling is variability, which is a major
challenge for the design of nanoscale MOSFETs. Imperfections
in the Si/SiO2 interface or the silicide/semiconductor contacts,
2440 | Nanoscale, 2013, 5, 2437–2441
irregularity in location, and dopant concentration have become
very important in nanometer-scale devices.26 The particular
conguration of nanowires with large surface/volume ratios
exacerbates device-to-device uctuations in the current–voltage
characteristics, particularly the threshold voltage. Fig. 4c illus-
trates the variation of threshold voltage as a function of the
number of nanowires addressed in one device. The interest in
addressing a large assembly of nanostructures in parallel stems
from the fact that it mitigates the effects of the previously
described uctuations and imperfections, which have a strong
impact on the behavior of a single nanostructure if addressed
separately but are averaged when a large number of nanowires
are considered together.28
Conclusion

We demonstrated the possibility of integrating massively
parallel dense NW arrays with silicided S/D contacts and scaled
metallic gate length in a process readily amenable to
manufacturing. The proposed architecture is efficient for ulti-
mate gate length transistor scaling because of its very good
immunity to short channel effects even when the semi-
conductor body is not as thin as required in conventional
structures and its potential for minimizing device-to-device
electrical variability. The structure opens the way for integration
of new materials such as high mobility III–V channels and new
device concepts such as the band-to-band tunneling FET,29

which will greatly benet vertical NW architecture.
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