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A vertical MOS architecture implemented on Si nanowire (NW) array with a scaled Gate-All-Around
(14 nm) and symmetrical diffusive S/D contacts is presented with noteworthy demonstrations in both
processing (layer engineering at nanoscale), and in electrical properties (high electrostatic control, low
defect level, multi-Vt platform). Furthermore, the versatility and reliability of this technology is evi-
denced with a CMOS inverter, providing bright perspectives for ultimate scaling.
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1. Introduction

Nanowires-based (NWs) devices have been identified as a
potential candidate for sub-7 nm technology era [1] because of
their suitability for gate-all-around (GAA) architecture which rep-
resents the ideal case for the electrostatic control and can ensure
further reduction of ‘‘ultimate” transistor size [2]. Nevertheless,
the current that flows through the device when it is turned on (cur-
rent drive) remains low, as it is limited by the small section of the
NWs. It is therefore essential not to implement a transistor on a
single wire but on nanowire arrays so as to combine the excellent
electrostatic control with a high current level. In that context, ver-
tical integration is a particularly attractive approach because of its
3-D character, which is more favorable to scale both the gate
length and contact area (contacted gate pitch) [3]. The vertical
NW array based transistor is much easier to fabricate, because
the gate length is simply defined by the thickness of the deposited
gate material [4]. Based on its potential for down scaling shown in
Ref. [5], we discuss here in details the advantage of this architec-
ture in both processing (layer engineering at nanoscale, vertical
integration of a short gate length), and in electrical properties (high
electrostatic control, low defect level, multi-Vt platform). Further,
we demonstrate a CMOS inverter and discuss the perspectives for
ultimate scaling with this technology.
2. Architecture processing

The proposed architecture, schematically represented in Fig. 1a,
is a Vertical Field Effect Transistor (VFET) implemented on a Si NW
array with three contacts vertically stacked connected to extrinsic
access thanks to vias and metallization. A common gate-all-around
surrounds each conductive NW to get parallel channels within a
single transistor. Symmetrical metallic S/D contacts connect the
uniformly highly doped nanowires.

Fig. 2 shows schematic representations of the fabrication pro-
cess of such a vertical FET device: (1) Circular nanopillars have
been patterned in a negative-tone resist (HSQ) by electron beam
lithography and (2) are subsequently transferred to the p-doped
Si (7 � 1018 at/cm�3) substrate by anisotropic Reactive Ion Etching
(RIE) based on chlorine chemistry. Then, using the stress retarded
oxidation phenomenon, Si NWs are shrunk and the formed oxide
is stripped [6]. (3) A 5-nm-thick gate dioxide is grown by dry oxi-
dation at 725 �C and an anisotropic RIE etching step is performed
to remove the oxide layer at the top and bottom of the NWs with-
out altering the gate oxide. (4) A 15-nm-thick platinum (Pt) layer is
anisotropically deposited to cover the top and the bottom of NWs
and the silicidation is activated by RTA at 500 �C/3 min for forming
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Fig. 1. (a) Schematic aerial view of a vertical FET device implemented on a dense nanowire array with extrinsic access connecting different levels and (b) TEM cross section 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 dielectric spacers separating the
S/D contacts to the gate, with a zoom of the GAA region.
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Fig. 2. Schematic representation of process fabrication of vertical Si NW array FET device.
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the metallic (PtSi) S/D contacts. (5) Then, one key step of the pro-
cess is the perfect mastering of the insulating layer [7] between the
contact electrodes (source, gate, drain) in order to achieve sym-
metrical and ultra-scaled devices: a 350-nm-thick HSQ layer is
spin-coated to embed the entire network in a dielectric matrix.
The material flowability provided excellent layer flatness, particu-
larly over the wire networks, where differences in topology were
less than 1.5 nm (Fig. 3). Then the dielectric layer is thinned down
to the middle of the NW height by wet etching in a diluted HF solu-
tion (0.1% in deionized water), which ensures a very tight control
of etching rate (�1 nm/s). This in turn provided excellent control
of the surface position and resulted in very low surface roughness
(Fig. 3). (6) A thin metal layer (Cr or Ni) is anisotropically deposited
to form the surrounded gate in the middle part of Si NWs. The gate
length of the transistor is simply defined by the thickness of the
deposited metal. No high resolution lithography techniques are
required to create the narrow gate length. (7) A second spacer is
etched down to the top part of the NWs (PtSi terminations). Two
via-holes through the dielectric layer to connect the bottom con-
tact (PtSi layer) and the gate contact (Cr layer) are fabricated. (8)
Finally, a 400-nm thick aluminium layer is patterned to form the
contact pads. Fig. 1b is a TEM cross section of the final device that
integrates parallel dense silicon NW arrays with a scaled metallic
Fig. 4. Static characteristics of a pFET with a gate length of 14 nm on a 81 NW array wit
from �0.1 V to �1 V with �0.1 V steps.
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Fig. 3. (Spin on glass planarisation) Schematic representation of vertical Si NW arrays em
covering the vertical Si NW arrays (10 � 10) 40 nm diameter, 240 nm height, 180 nm
Schematic representation and SEM tilted view of dielectric spacer thinned down to the
roughness is very low (RMS 1.7 nm) ensuring a perfectly layer flatness.
GAA (Lg � 14 nm). The metallic S/D contacts are symmetrically
positioned with respect to the gate.

3. Results and discussion

Fig. 4 shows an example of static characteristics with both Id-Vg

and Id-Vd of a transistor implemented on 81 NWwith 30 nm diam-
eter. The device exhibits very good immunity to short channel
effects (SCEs) thanks to the gate-all-around configuration, which
can deplete the doped channel when the device is turned off. It is
characterized by a small DIBL (10 mV/V), a substhreshold swing
(SS) of 88 mV/dec, resulting in a low off current (Ioff = 4.2 nA).
The good electrostatic control of the channel by the gate results
in more than 5 orders of magnitude ratio between Ion and Ioff.
The output characteristics saturate very well at low VD. Further-
more, we investigated the electronic transport mechanism of such
a scaled Gate-All-Around transistor by using low-frequency noise
analysis to assess informations on both silicon crystal and gate
oxide quality [8]. From the normalized current noise power spec-
tral density as a function of frequency (an example is shown in
Fig. 5a), we extracted a very small Hooge’s constant
(�2.5 � 10�5), in the range of that found for high quality epitaxial
layers. It is a signature of non-degradation of the single Si crystal
h 30 nm diameter. (a) ID-VG curves for VD �0.1 V and �0.7 V (b) ID-VD curves for VG
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interspacing and an example of cross line profile (RMS = 0.4 nm). (Wet etch-back)
middle part of the NWs and the 3D AFM image associated. The measured dielectric
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Fig. 5. (a) Normalized power spectral density of the current noise as a function of frequency at VG = �100 mV/Vd = �50 mV for 900 SiNWs based transistor. (b) Normalized
power spectral density of the current noise as a function of N at VG = 0 V. (c) Drain current fluctuation as a function of time for a 9 NW array at VG = �0.6 V. (d) Normalized
power spectral density of the current noise as a function of N at VG = �0.8 V. (b) and (d) are adapted with permission from Ref. [13].

Fig. 6. Evolution of (a) sub-threshold swing (b) drain induced barrier lowering as a function of nanowire diameter measured on a 14 nm GAA architecture showing the impact
of the gate oxide thickness and the post forming gas annealing.
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during process, but also of the absence of active oxide traps for
most wires as confirmed by the absence of Random Telegraph Sig-
nal (RTS) in the subthreshold regime. As a result, the normalized
noise simply follows a 1/N dependence with a small dispersion,
N being the number of parallel wires (Fig. 5b). At large |VG|, a sig-
nature for contact noise is however observed in a RTS when study-
ing a single or few NWs. It corresponds to a noise amplitude as
large as 25% of the current level, in the limit of acceptable noise
level for transistor operation in logic circuits [9]. This noise could
be related to the exponential dependence of the fluctuation at
Schottky contacts [10] in particular in the case of trap-assisted tun-
neling [11–13]. Nevertheless, the increase of NW number in paral-
lel tends to suppress this noise contribution, as statistically few
NWs suffer from this contact noise (Fig. 5d). An RTS with large
amplitude, attributed to a defect at contact interface, was some-
times observed in individual or few NWs arrays (an example is
shown in Fig. 5c).

In Fig. 6, the immunity against SCEs (DIBL and subthreshold
swing) are presented as function of the NW diameters (dNW),
including several process optimizations. Gate oxide scaling has
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an impact on the SS, improving the switch quality to nanowires
with larger diameters. On the other hand, forming gas annealing
(annealing under hydrogen atmosphere) is known to passivate
defects at the gate oxide/Si interface but also at the platinum sili-
cide/silicon contact interface. Indeed, hydrogen can passivate elec-
trically active defects in the bandgap situated in silicon close to the
silicide-Si interface [14]. A modulation of the Schottky barrier to
holes in the PtSi junctions depending on the annealing atmosphere
is observed. Fig. 6b shows that the defect passivation step has a
strong impact on DIBL. When combining both improvements, SCE
effects are nicely controlled for dNW up to 40 nm, resulting in low
off currents. Based on this result, it exists a geometrical window
based on NW dimension to get different transistor widths at a fixed
gate length.

Device to device variability have become very important in
nanometer-scale devices. The particular configuration of nano-
wires with large surface/volume ratios exacerbates device-to-
device fluctuations in the current–voltage characteristics, particu-
larly the threshold voltage. As shown in Fig. 7 with the VT variation,
the interest of addressing an assembly of nanostructures in parallel
is to mitigate the effects of fluctuations and imperfections that
have been observed at the nanoscale [15]. Moreover, for a defined
architecture configuration (channel doping, gate length, gate mate-
rial. . .), various values of threshold voltage are obtained depending
of the NW diameter implemented. Multiple VT transistor technol-
ogy is essential for power versus performance optimization by cir-
VT1

VT2

VT3
dx

Fig. 7. Threshold voltage variation for a 30 nm and 39 nm diameter NW transistor
as function of the numbers of NWs in each device.
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Fig. 8. (a) Schematic representation of a CMOS inverter using GAA NW VFET starting fro
NW VFET inverters at VDD = 1 V with in inset n-FET characteristic with Vd from 0.1 V to
cuit designers [16], where a platform to integrate both low VT

transistors for high performance devices and high VT transistors
where low power consumption is targeted. Multiple threshold
voltage (VT) is achieved in planar technology by various patterned
implant steps, which is unavailable for 3D NW architecture tech-
nology as the NW is homogenously doped. Here, we can suggest
a multi-VT technology platform by simply addressing several NW
diameters. New design opportunities can be considered by imple-
menting together multi-VT, NW diameter and drive current.

Based on this NW VFET architecture, we demonstrated func-
tional elementary inverters, schematically represented in Fig. 8a,
with the co-integration of n-FET and p-FET. Compared to the VFET
process described in Fig. 2, the first fabrication step for the inverter
process is the formation of two highly doped wells (n-type and p-
type) with a flat doping profile (�1019 at/cm3) where the NW
arrays of each transistor are patterned, as shown in step1 of
Fig. 2. Fig. 8b shows the transfer characteristics of the inverter,
which exhibits high and low states. A non-ideal switching
(�0.91 V for VDD = 1V) is due to the non-optimized n-FET counter-
part. Indeed, a platinum silicide-based contact is known to offer an
intrinsic low Schottky barrier height (SBH) for holes, which is par-
ticularly interesting for achieving low contact resistances in p-type
applications. As a consequence, the complementary barrier height
for electrons is high, even if the doping level at the interface
induces a SBH thinning, resulting in a large ambipolar characteris-
tic. SBH engineering on such contacts can provide low resistivity n-
type contacts [17]. However, this proof of concept shows the pos-
sibility of straightforward fabrication of CMOS inverters integrat-
ing scaled VFET NW architecture.

Finally, we investigate the scaling potentiality of the architec-
ture with a particular focus on the critical increase in intrinsic par-
asitic capacitances and their negative effects on device speed. Their
magnitude becomes of paramount importance when compared to
the gate capacitance, especially in 3D scaled devices, as they
already represent more than 60% of the total capacitance in today’s
sub-32 nm devices [18]. As depicted in Fig. 9a, the total gate capac-
itance at the device level is composed of the intrinsic gate-channel
capacitance (Cgc) and two parasitic components: (i) the distributed
fringing capacitance (Cfrin) between the gate and the nanowires
and (ii) the parasitic gate-S/D underlap capacitance (Cund) associ-
ated with the two coplanar metallic layers adjacent to the active
surface of the device and representing by far the predominant con-
tribution to the total parasitic capacitance, Cparasitic. It is therefore
important to optimize the transistor design in order to maximize
the ratio Cgc/Cparasitic = Cgc/(Cfrin + Cund). Several paths exist to
reduce the underlap capacitance Cund. The first involves increasing
the spacer width WG-S/D (cf. Fig. 9a), but this is not possible in
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Fig. 9. (a) A three dimensional schematic side view of vertical NW array transistor with the associated intrinsic components of the capacitance. WS/G and WG/D are the spacer
widths, CGC is the gate oxide capacitance, Cfringing is the parasitic gate–wire capacitance, and Cunderlap is the parasitic gate - drain/- source capacitances. (b) Gate
capacitance/parasitic capacitance ratio as a function of the gate length. The array is composed by 100 NWs (10 ⁄ 10), the gate oxide thickness is 4 nm, the spacer width is 60
nm, and the NW diameter is 30 nm. The inset is a TEM cross section of our demonstration with 100 nm NW spacing (SNW), where a corresponding CGC/Cparasitic ratio of 1.1 is
reported on the graph.

14 G. Larrieu et al. / Solid-State Electronics 130 (2017) 9–14
conventional metallic S/D MOSFETs where the spacer width must
be as thin as possible in order to minimize the potential drop
due to gate-S/D underlap. In contrast, the uniformly highly-
doped NWs in the configuration proposed in this work result in a
low resistive contribution under the spacer, thereby relaxing the
scaling requirement for the spacer thickness. A second solution is
to decrease the spacer dielectric constant. Finally, Cund may be
minimized by reducing the underlap surface by decreasing the
NW separation distance SNW (cf. Fig. 9b, inset), which in turn
results in a beneficial increase in the NW density. The intrinsic
gate-channel capacitance (Cgc), may be increased through the use
of high-k gate dielectric materials. In Fig. 9b the Cgc/Cparasitic ratio
is plotted as a function of the device gate length for several possi-
ble NW array configurations (all with a constant gate insulator
thickness of 3 nm). For the device structure illustrated in the inset
(SNW = 100 nm, Lg = 15 nm), the parasitic capacitance represents
only 47% of the intrinsic capacitance. This promising result was
obtained thanks to the use of a low-j spacer material (e � 2.7)
and a spacer widthWG-S/D of approximately 60 nm, which can even
be further improved. Fig. 9b also predicts that improvements may
be achieved in Cgc/Cparasitic by replacing SiO2 with high-j gate insu-
lators and/or reducing SNW from 100 to 50 nm. Based on these
results, a Cgc/Cparasitic ratio several times unity may be reached even
with sub-5 nm gate length NWFETs, demonstrating the very
promising downscaling potential of this technology.

4. Conclusions

We have presented a 3D MOSFET architecture based on vertical
transistors implemented on Si NW array with a scaled gate-all-
around and silicided S/D contacts. We discussed the technological
issues associated to the creation of vertical transistors with a short
gate length (Lg � 15 nm) by mastering thin layers (conductive and
insulating) engineered at the nanoscale. The device demonstrates
excellent electrostatic behavior with very good immunity against
short channel effects. LFN measurements have shown a non-
degradation of the single Si crystal during process, but also of the
absence of active oxide traps. Finally, we have reported the first
complementary vertical NW-MOSFETs integrated in CMOS invert-
ers. This architecture showed very promising properties to be a
potential solution for sub-7 nm technological node.
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