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The gate-all-around (GAA) silicon nanowire transistor (SNWT) is considered one of the best candi-
dates for ultimately scaled CMOS devices at the end of the technology roadmap. This paper reviews
our recent work on the key issues regarding SNWTs from the top-down approach including process
integration, carrier transport, and fluctuation and variability in these unique one-dimensional strongly-
confined nanowire devices. A new process integration scheme for SNWTs is discussed, which features
a fully-Si-bulk substrate, an epi-free process, a self-aligned structure and a large source/drain fan-out.
The physical characteristics of the fabricated devices with 10-nm-diameter nanowires are further in-
vestigated. The carrier transport performance in SNWTs is experimentally estimated, with a modified
extraction methodology which takes into account the impact of temperature dependence of parasitic
source resistance. SNWTs with sub-40-nm gate lengths exhibit high ballistic efficiency at room tem-
perature, indicating great potential for SNWTs as an alternative device structure for near-ballistic
transport. For heat transfer in SNWTs, the self-heating effect is also characterized. However, due to
the one-dimensional (1-D) nature of nanowires and increased phonon-boundary scattering in the GAA
structure, the self-heating effect in SNWT's based on the bulk substrate is comparable or even a little bit
worse than SOI devices, which may limit the ultimate performance of SNWT-based circuits and thus,
special design consideration is expected. On the other hand, random variation has become a practical
problem at nano-scale. The characteristic variability of SNWTs is experimentally studied in detail.
The results of extracted variation sources indicate that, with suppressed random dopant fluctuations
in the intrinsic channel, variations in radius and metal-gate work function of SNWTs dominate both
the threshold voltage and on-current fluctuations. Comparing with conventional planar MOS devices,
SNWT based SRAM cells exhibit better stability due to the superior electrostatic control in SNWTs.
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Si MOSFETSs has become increasingly difficult through
traditional scaling. It is predicted by I'TRS that the tran-
sistor gate length will ultimately reach about 6 nm at
14 nm technology node which is now considered as the
end of the technology roadmap [1]. Many critical issues
such as complex process integration, increased leakage
current, short-channel effects, high-field effects, reliabil-
ity, variability, noise, and parasitic effects may pose more
obstructions for ultimately scaled devices. Therefore, a
paradigm shift has been occurring in the industry and
academe, where device structure and material innova-
tion is becoming the primary enabler for performance
enhancement in CMOS technology.

The gate-all-around (GAA) silicon nanowire transis-
tor (SNWT) with the top-down approach has been at-
tracting more and more attention as one of the most
promising structures for the ultimately scaled device at
the end of roadmap, due to its excellent gate control
capability, improved transport property and feasible de-
vice design [2-8]. As shown in Fig. 1, this kind of de-
vice has a unique structural nature: for the nanowire
channel, it is (quasi-) one-dimensional (1-D) and strongly
confined; while within the surrounding gate-stack, it is
three-dimensional and has multiple crystallographic in-
terface orientations; for the source/drain region, there
exists a sharp transition from a large source/drain to the
nanowire. Therefore, the above mentioned critical issues
may be even more complicated, which would give rise to
new challenges in the device engineering of SNWTs. On
the other hand, these nanowire devices provide a unique
opportunity to investigate the device physics in quasi-one
dimensions. We have investigated the parasitic effects
[9], reliability [10, 11] and noise characteristics [12-14]
in SNWTs. This paper will focus on experimental inves-
tigations of some other key issues of SNWTs, including
process integration, carrier transport and variability.
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Fig. 1 Schematic view of a gate-all-around silicon nanowire tran-
sistor.

2 Process integration of GAA SNWT based
on a fully-Si-bulk substrate

Although bottom-up methods using CVD, MBE and
other processes to grow semiconductor nanowires have
been extensively studied, there still exist some problems
such as orientation control, process repeatability and ef-
fective nanowire integration. Recently, the SNWTs fab-
ricated by the top—down process have been given more
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attention due to the CMOS technology compatibility [2—
7]. Some methods were put forward based on the bulk
Si substrate with a selective epitaxial process and sacrifi-
cial SiGe layers for nanowire structure release [4, 5]. The
SOI substrate is another choice with Si/SiGe multi-layer
stack structure fabricated for final nanowire channel for-
mation [3, 6].

We have proposed a new process integration method
based on fully-Si-bulk substrate for the fabrication of
GAA SNWTs with both deep S/D regions and large fan-
out through epi-free fully compatible CMOS technology
[8]. As shown in Fig. 2, without the SiGe layers in the
S/D region, the device can be immune to the degraded
strain in NMOSFET, as well as to the low heat conduc-
tivity of SiGe. Also, the device can also avoid high para-
sitic source/drain (S/D) resistance resulting from ultra-
thin films and worse heat dissipation capability of the
SOI substrate.

Fig. 2 Schematic view of the proposed SNWT in this work from
bird’s eye.

Figure 3 gives the main fabrication process flow. After
the isolation process, the nitride was patterned as the fin
hard mask, followed by the oxide spacer formation and
S/D implantation. After gate trench etching, the grooves
were formed and the wide fan-out S/D regions were de-
fined. Then, the nitride spacer was formed to protect the
fin channel. ICP etching was used to expose the region
beneath the channel and the silicon under the channel
was removed by the subsequent isotropic silicon etching.
The bridge-like channel was thus formed. Then the high
dose of substrate implantation was performed to suppress
the bottom parasitic transistor (BPT) and achieve a bet-
ter isolation of the bottom gate. After the nitride hard
mask removal, the sacrificial oxidation was used to thin
the silicon channel. It can be seen from SEM images that
the shape of the nanowire can change from triangular to
cylindrical with the diameter decreasing (the figures are
not given here). Then the gate oxide was grown and
the gate trench was filled by poly-silicon in a self-aligned
manner. Finally, back-end steps including contact-hole
etching, metal deposition, and metal patterning steps
were performed to complete the process.
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Nitride fin patterning & S/D implantation
Gate trench etching

Silicon fin etching

Nitride spacer formation

Silicon etching surrounding fin channel
Silicon etching under fin channel

Nitride hard mask removal

Cylinder shape channel formation

Gate oxidation and Poly-Si gate formation

Fig. 3 Fabrication process flow without epitaxy technology.

Figure 4 shows the cross-sectional and tilted top view
SEM images of the fabricated SNWT with a 10 nm diam-
eter after poly-Si deposition without the sacrificial oxide
removal. Multi-wire SNWTs for high performance appli-
cations can also be achieved in this work [8].

Fig. 4 SEM micrographs of the SNWT with 10 nm diameter
after poly-Si deposition without sacrificial oxide removal.

The obtained large fan-out and deep junction of the
source/drain region can decrease the parasitic resistance.
Since the source/drain regions connect with the bulk sub-
strate, the heat can be spread quickly throughout the
substrate and self-heating effects can be effectively sup-
pressed. Figure 5 and Fig. 6 show measured I3V, and
I4-V4 characteristics of the fabricated SNWT with a sin-
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Fig. 5 Measured Iq—V; characteristics of fabricated bulk SNWT
with single wire.
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Fig. 6 Measured I4—Vy characteristics of fabricated SNWT with
single wire.

gle wire. Despite the 5 nm gate oxide, 1.04 mA /pum driv-
ing currents and 12 pA/um leakage current of n-SNWT
are achieved. The record I,y /Iog ratio of 2.6 x 108 is ob-
tained, mainly resulting from better control of the silicon
wire interface, better heat dissipation and low S/D resis-
tance in this structure. Further measured results of the
SNWT with 4 nanowires shows a driving current about 4
times larger compared with the device with a single wire,
which shows the feasibility and potentials of SNWTs for
high performance applications.

3 Experimental studies on carrier transport
and self-heating effect in SNWTs

3.1 Carrier transport behavior of short-channel

SNWTs

The gate-all-around silicon nanowire transistors with
quasi-1-D channel structures may exhibit some new
transport features. The simulation results have shown
that SNWTs may approach ballistic transport [15], and
Coulomb oscillations at ultra-low temperature have also
been experimentally reported [16]. However, the quasi-
ballistic transport in SNWTs has rarely been character-
ized and experimentally discussed.

Based on the Lundstrom theory [17], a kind of tem-
perature dependent -V technique was developed to ex-
tract the channel backscattering factor rg,t and ballistic
efficiency Bsat [18]. This extraction method makes an
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assumption that the temperature dependence of the de-
vice’s source resistance Rg is negligible, which is appro-
priate for planar devices with channel and source/drain
(S/D) regions in similar dimensions. However, for the
quasi-1-D nanowire structures, which are connected to
3-D S/D regions in an abrupt way, the temperature de-
pendence of Rg cannot be ignored. This is due to the
fact that the quantum contact resistance Rq, which is
a part of Rg and originates from the interface between
the 3-D S/D regions and quasi-1-D quantum-wire of the
S/D-extension regions, is sensitive to temperature [19]
and may be further enhanced by some parasitic effects.
Moreover, the collection efficiency of the channel has
exponential dependence on the carrier mean free path
which is also temperature dependent. A modified exper-
imental extraction methodology for SNWTs is proposed
[20], as shown in Fig. 7, and the temperature depen-
dence of source resistance has been included through the
3 factor.
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Fig. 7 Flow chart of the methodology used to extract backscat-
tering parameters for SNWTs.

The SNWTs used in this section are Twin Silicon
Nanowire MOSFETs with a gate-all-around structure
whose channel consists of two nanowires. The fabrica-
tion details were given in early work [4]. The tempera-
ture dependence of Rg in the SNWT is measured around
300 K and found to be § = 41 Q/K. This value is rel-
atively large compared to planar devices (8 of planar
double-gate MOSFETs with W = 10 wm is 0.02 Q/K,
which can be ignored).

Figure 8 compares the extracted rg,; for SNWTs with
or without the correction. It can be explicitly seen that
severe overestimation occurs if the temperature depen-
dence of Rg is neglected. Figure 9 further plots the
extracted Bgay of the SNWTs compared with conven-
tional planar bulk MOSFETs [21] as functions of the
gate length. The ballistic efficiency exhibits remarkable
increase especially when SNWTs enter the sub-40-nm
region, which is earlier than bulk MOSFETSs, due to
the larger low-filed mean-free-path in SNWTs. The ex-
tracted carrier injection velocity vinj at the source is al-
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most unchanged due to the thermal injection limit, which
indicates the possibility of further performance enhance-
ment with some strain engineering.
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Fig. 8 The extracted rsat in n-channel SNWTs with and without
the temperature dependence of Rg.
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Fig. 9 Extracted Bsat of the fabricated SNWTs and bulk MOS-
FETs.

Figure 10 shows the ballistic limit, the Shur’s model
predictions as well as experimental data of n-channel
and p-channel SNWTs. The apparent mobility in short-
channel SNWTs is extracted using the Y-function tech-
nique [22, 23]. It is clearly seen that GAA SNWTs app-
roach the ballistic limit as the gate length shrinks. Due
to the combination of 1-D nanowires and gate-all-around
structures, the nano-scaled GAA NWFET can be one of
the promising structures that provide the possibility of
near-ballistic MOSFET from the top-down approach.

3.2 Self-heating effects in SNWTs

With the device size scaling and circuit density increas-
ing, self-heating effect (SHE) attracts growing concerns.
In order to avoid the additional influence of SOI or SiGe
on self-heating, the SNWTs for self-heating effect inves-
tigation are fabricated on fully-Si-bulk substrate, with
the process details discussed in Section 2 [8]. A multi-
finger structure is used, with the G-S-G test structure
for high-frequency measurements [24]. The AC conduc-
tance technique [25] is adopted to characterize SHE and
to extract the thermal resistance (R¢n) of SNWTSs, with
gds measured at high frequencies.
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Fig. 10 Comparison among the ballistic limit, model predictions and the experimental data of (a) n-channel SNWTs and

(b) p-channel SNWTs.

Figure 11 plots measured AC and DC output charac-
teristics of the fabricated SNWTs. It can be observed
that the DC current of SNWTs is evidently reduced at
high drain biases, exhibiting severe SHE. Figure 12 com-
pares the extracted thermal resistance (Ry,) of SNWTs,
SOI devices [26-29] and bulk MOSFETs [26]. It can be
seen that the thermal conductivity of SNWTs is compa-
rable or even a little bit worse than SOI devices, although
the SNWTs are fabricated on fully-Si-bulk substrates.
The heat transport in the nanowire channel is in quasi-
one dimension, and there are limited modes for heat dis-
sipation in SNWTs resulting from the strong-confined
nanowire. Moreover, additional contact thermal resis-
tance can occur in the SNWTs at the abrupt interface
between the 1-D-nanowire channel and the 3-D S/D re-
gion, which does not exist in the planar devices. Also,
the GAA architecture of SNWTs with a high surface to
volume ratio may induce additional phonon-boundary
scattering, which is worse than double-gate or tri-gate
structures.
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Fig. 11 Measured DC and AC output characteristics of the
SNWT.

Taking into account the influence of the self-heating
effect, the temperature of the drain side will be higher
than the source side, which can lead to increased nega-
tive current flux from the drain according to the Lund-
strom theory [17]. Thus, the ultimate performance of
SNWT-based circuits may be intrinsically limited by self-

heating effects, and special design considerations are ex-

pected, such as new thermal-aware design methodology
for SNWT circuits.
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Fig. 12 Comparison of thermal resistance of the SNWT, SOI
and bulk devices.

4 Experimental study on characteristic vari-

ability in SNWTs

One of the potential bottlenecks for the future ap-
plication of SNWT-based circuits is variability due to
the ultra-scaled dimension of nanowires. The variation
sources and their impacts in SNWTs may be quite differ-
ent from conventional planar devices due to the unique
device structure and electrical properties. We have ex-
perimentally investigated this issue [30]. The characteri-
zation is performed on GAA twin Si nanowire transistors
with gate lengths varying from 37 nm to 427 nm.
Variation sources in SNWTs are schematically shown
in Fig. 13 and experimentally extracted, including ef-
fective channel length (L) variation, metal-gate work-
function (WF) variation, nanowire radius (R) variation,
apparent mobility variation (1) under the quasi-ballistic
framework, variation of mobility attenuation factors (6;
and 62), and line-edge-roughness (LER). It is worth
noticing that as illustrated in the figure, the L variation
consists of two parts, one being the variation of the gate
line pattern due to lithography and etching fluctuations,
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and the other can be ascribed to the variation of dopant
diffusion in the source/drain extension regions [30].

Effective channel length AL:
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Ballistic effect and
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Fig. 13 Schematic view of 3-D SNWT and various fluctuation
sources in SNWTs.

The Vi, and I, variations were measured in SNWTs
with different L,, as shown Fig. 14 and Fig. 15, which
illustrate that the agreement of measured and simulated
data in terms of both V4, and ON current variations are
simultaneous. Figure 16 further presents the contribu-
tions of different variation sources in SNWTs as a func-
tion of the gate length L,. For oy, , with the absence of
random dopant fluctuation (RDF), R variation is domi-
nant due to the impact of strong quantum confinement
in ultra-scaled nanowire channels. Gate WF variation
is another main contributor especially with Ly scaling.
This can be attributed to the variation of crystal orien-
tation and grain size of the metal-gate, especially when
the area of the gate region is comparable to the grain
size [31, 32], especially with L, scaling. For oy,,, R also
variation dominates due to the modification of effective
gate capacitance and Vi, by quantum effects. Consider-
ing the remarkable impacts of R variation on both Vg,
and ON current variation, suppression of R variation is
of primary importance for SNWTs. Besides, transport-
related variation (ug, 61 and 62) also contribute to the
ON current variation.
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Fig. 14 Measured gate length dependence of oy, and the results
by Monte Carlo calculation of SNWTs.

We also evaluated the SRAM noise margin variations
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for a SNWT based circuit, compared with conventional
planar bulk MOSFETs, as shown in Fig. 17 as an exam-
ple. The SNWT based SRAM cell is more stable than the
planar MOSFET based SRAM cell due to the superior
electrostatic control and thus better immunity of surface
potential variations in SNWTs. Consequently, SNWTs
are good candidates for future SRAM cell applications
from the perspective of variation suppression.
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Fig. 15 Measured and calculated gate length dependence of I
variation at Vgs = Vgs =1.2 Vand Vgt =09V, V3o =12 V.
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Fig. 17 SRAM butterfly curves based on planar MOSFETs (a)
and SNWTs (b) with Lg = 32 nm.
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5 Conclusion

This paper discusses some critical issues in GAA SNWTs
for ultimate CMOS applications, with focuses on the
compatible process integration scheme and physical char-
acterization. With a kind of epi-free new top-down pro-
cess approach, SNWTs with a 10-nm diameter, large
S/D fanout, and a self-aligned structure have been suc-
cessfully fabricated, featuring record high on-off current
The transport behavior of the SNWTs is ex-
perimentally investigated, with an improved extraction
methodology of the typical transport parameters pro-
posed. Short-channel SNWTs exhibit great potential
for near-ballistic transport. However, due to the 1-D
nature of the nanowire and increased phonon-boundary
scattering in the GAA structure, the experimentally ex-
tracted SHE parameters in the SNWTs based on bulk
substrate are comparable or even a little bit worse than
SOI devices. Special design consideration for the self-
heating effect is expected to enhance the performance
of SNWT-based circuits. The characteristic variability
in GAA SNWTs is also experimentally studied. The
measured results show that with suppressed random
dopant fluctuations (RDF) in the intrinsic channel, vari-
ations in radius (R) and metal-gate work function (WF)
of SNWTs dominate both the threshold voltage and
on-current fluctuations. The influence of the SNWT
variation sources on SRAM performance is estimated

ratio.

and compared with planar devices, which indicates that
the SNWT based SRAM cell is more stable than planar
MOSFET based SRAMs due to better electrostatic con-
trol.
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