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Abstract— To continue transistor downscaling beyond
lateral 7nm devices, gate-all-around (GAA) junction-less
vertical nanowire field effect transistors (VNWFET) represent
a promising option. This invited paper presents the circuit
design flow based on a vertical junctionless transistor
technology. On the basis of state-of-the-art junctionless
nanowire transistors (JLNT), DC characterization, compact
modelling, EM simulation and parameter extraction are
described in details. Using this circuit design flow, a set of
innovative 3D circuit architectures are explored.

Keywords— Compact modelling, DC characterization,
parasitics extraction, EM simulation, VNWFET, 3D logic circuit
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I. INTRODUCTION

Nanowire transistors are being considered as crucial
building blocks for the ultimate scaling of MOS transistors,
capable of sustaining extreme miniaturization and complex
architectures compatible for 3D vertical integration, owing to
their physical and geometrical properties. In particular,
nanowires’ suitability for forming a gate-all-around (GAA)
configuration offers an optimum electrostatic control of the
gate over the conduction channel and a better immunity
against the short channel effects (SCE). Junction-less
nanowire transistors (JLNT) [1-5] have been proposed to
further circumvent the problems due to SCE. JLNTs are
accumulation mode transistors that are fully depleted below
threshold. Above threshold the current flows through the bulk
while an accumulation channel forms for sufficiently large
gate voltages [1-2, 4]. However, many issues still remain
unaddressed regarding:

- The impact of the transition from 1D scaling to
transistors scaled in all dimensions.

- The development of dedicated test structures to
support the compact model parameter extraction that
might use electromagnetic (EM) simulation to ensure
parasitic extraction.

- The development of compact models and full design
kit (PDK) to support the circuit design process.

- Thedesign, build and test of 3D logic blocks based on
stacked regular fabrics of vertical NWFETS and prove
enhanced logic functionality and logic circuit
operation.
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Hence, if the gate-all-around (GAA) junction-less vertical
nanowire field effect transistors (WVNWFET) technology could
be considered as the prime candidate for demonstrating new
concepts at transistor and circuit level which bring the
potential of highly improved performance for generic
applications, today, the acceptability of new logic paradigms
based on emerging technologies is hindered by the lack of
proof that such approaches actually work.

This invited paper provides consistent elements of a circuit
design flow dedicated to 3D vertical nanowire FET and
demonstrates its implementation to set-up an innovative 3D
logic circuit design.

First, section Il briefly describes the state-of-the-art
Vertical GAA JLNTSs. Then, section IV gives its compact
model main features while section section Il is dedicated to
the extraction of the associated test structure allowing robust
parameter value procedure to feed the compact model. Finally,
section V leverages the developed compact model to assess
the performance metrics of a conventional inverter Boolean
logic cell implemented in the VNWFET technology.

Il. VERTICAL GAA JLNTS

Vertical JLNTs with nanoscale metallic GAA (~14nm)
have been demonstrated [6] including symmetrical silicided
source and drain contacts (Fig. 1). These scaled device [7]
shows very good immunity against short channel effect with
NW diameter up to 40 nm and lon/loff ratio up to 5 decades.
Multi-VT technology platform by varying NW diameters can
be simply achieved with this vertical architecture [8], offering
opportunities at the design level.

Fig. 1. Vertical JLTs with 14nm GAA and S/D silicided contacts (adapted
from [LAR13] [8]).).


mailto:first_name.last_name@ims-bordeaux.fr
mailto:z.stanojevic@globaltcad.com
mailto:o.baumgartner@globaltcad.com
mailto:guilhem.larrieu@laas.fr
mailto:first_name.last_name@ec-lyon.fr

I11. EM SIMULATION AND PARAMETER EXTRACTION

On-wafer test structures (fig. 2) of the devices contain
parasitic elements introduced by the RF pads and
interconnects that are necessary to probe the devices under test
(DUT). The standard procedure to characterize the parasitic
effects of a device at high frequencies can be divided into two
parts. Firstly, the measurement system needs to be calibrated
so that the reference plane is at the probe tips. This can be done
using standard calibration techniques such as SOLT (Short-
Open-Load-Thru). At this point, all the parasitic elements
associated with the pads and interconnects are still included in
the measurements. In the second step, S-parameters of the
open and short structures are measured which are then used to
remove the parasitic elements external to the DUT, through a
subtraction process known as de-embedding [9].

Fig. 2. VNWFET test structures (a) Open structure for S-parameters
measurements, (b) a 3-D view of the open structure created using ADS
MOMENTUM and (c) the drawing of the VNWFETs showing the
nanowires. (adapted from [10]).

Although the process of parasitic extraction is widely used
in technologies targeted for high frequency applications, this
process can also be applied for technologies such as the
VNWFET that are mainly designed for computing
applications to improve the modelling accuracy, which
normally just relies on DC measurements [11]. Moreover, an
accurate modelling of the parasitic elements allows the
designer to optimize the 3D layout of the logic circuits and
interconnects, thereby improving performance metrics such as
compactness and energy-delay product of the technology.

We have elaborate a dedicated methodology for extracting
the extrinsic interconnect parasitic network associated with
the unconventional vertical and inherently 3D test structures
of the VNWFETSs. This methodology is detailed in [10] and
the results are summarized in Figure 3, 4 and 5. These results
from the RF measurements and electro-magnetic (EM)
simulations are used for the extraction of parasitic elements of
the electrical equivalent circuit of an open test structure.

Fig. 3. 3D view of the distributed model
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Fig. 4. Electrical equivalent circuit representing the parasitic elements
obtained from the open test structure that is used for the de-embedding of

VNWEFET.
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Fig. 5. Small signal capacitances as a function of frequency for the de-
embedded transistor at a VGS = -1V and VDS=-0.1V.

IV. COMPACT MODELING

The model formulation is based on the unified charge-based
control model (UCCM) elaborated in [12] for long-channel
devices, which furthers the physical basis of the JLNT model
presented in [13]. To overcome the limitations of the latter
model, specifically in terms of the piece-wise continuous drain
current model that requires additional smoothing functions
and fitting parameters to bridge the depletion and
accumulation modes of operation, the explicit and non-piece-
wise solution in [12] treats the mobile charge (Qm) as
decoupled between the depletion (Qoe) and complementary
(Qc) components. In the depletion mode the UCCM
expression has been formulated as [12],

Qpp = Qe LW { Qe exp [M_,_%j} ()]

Qu né Q.

With the depletion charge, Qqep=qNbR/2, the effective charge
during  depleteion, Qe =  Qsc/7Coxp1/(Qsct17Coxpr),
Qsc=2¢sip7/R, R being the nanowire diameter, # being an
interface trap parameter, ¢t being the thermal voltage and V is
the potential along the channel. Lambert W functions, LW,
have been used in both [12] and [13] for developing the
solution for total mobile charge in the JLNT. While the
expression for Qpe in (1) predicts the depletion contribution
correctly (for Vg<Vw), it underestimates the value of the drain
current above the flat-band condition. So in accumulation
mode, especially in high accumulation, with Qc>Quep, the
charge Qc has been derived to act complementary to Qpe,
considering that the threshold voltage is pinned at Vgg in the
accumulation region, in order to avoid using additional
smoothing functions and improve simulation time. Under high
accumulation Qc>Qqep and Qc is simplified using another
Lambert function as following [12],

Qsc VQ _VFB _77V (2)
. =7C 4 LW
o S

With corrected electrostatic control through Cc=Cox-Cef,
Ceff: 1/C0x+ R/ZSSi.

Having evaluated both the depletion and complementary
parts of the mobile charge, one can formulate the non-pice-




wise continuous model of the total drain current in terms of
the Qop and Qpcat the source and the drain end, Qppo, Qco and
QorL, Qc, respectively,

2 2 Qco
loso = Her 27R & |: Qor +Qpp + 2 +2Q; (3)
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Here, # is an interface trap parameter with “corrected
electrostatic control in accumulation through Cc=Cox-Cef,
Ceii=1/Cox+R/2¢si. The expression of drain current is free of
any fitting parameters and can be evaluated based on the
physical device parameters such as that of geometry and
doping. Additionally, short channel effects were also taken
into account considering velocity saturation, an effective
mobility, e, and incorporating an effective gate length,
Le=L-AL, where L is the physical device gate length and AL
is calculated following [14],
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With, vsa being the saturation velocity and S being a parameter
ensuring that AL tends to zero below the threshold, defined as
[14],

1

1+B QDPO + QCO
Ceff¢r (5)
Where Qppo+Qcois the total mobile charge at the source, given
by the long channel expression and B is a smoothing
parameter. Furthermore, the short channel corrections
incorporates an effective drain voltage, Vaetr, through (4) that
reaches its maximum at Vsar, the saturation voltage [14],

In [1+ exp ( A2 [1— V\:ZTD] (6)

In(L+exp(A2))

Here, A2 is another smoothing parameter for the transition of
the drain voltage to Vsar. Considering that the source and drain
access region resistances degrade the drain current above
threshold, the final expression of the drain current can be
written as a function of the long channel current (Ips), using
(3), taking into account the corrections due to short-channel
effects described by equations (4)-(6), as follows [14],

S=1

Vdeff _VSAT ~ Vsar

ls oNF
1+2n§ NF 41 (Rs + Ro)| (Qopo +Qeo) ~72 (Qoma + Qo = (Qpyoun +Qewoer )) | (7)
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Here, Rs and Rp are the source and drain series access
resistances, respectively; NF is the number of nanowires in
parallel, #: is a fine tuning parameter to take into account the
drain-voltage dependence of the series access resistances and
Qor.vaeirtQc,vaet 1S the total mobile charge at the drain end
(pinch-off) of the channel.

Additionally, considering formation of Schottky contacts
at the source and drain access regions, the subthreshold
leakage currents are also taken into account. Consequently,
thermionic (lw), tunneling (lwn) and band-to-band tunneling
(BTBT) contributions through gate-induced drain leakage
(GIDL) are added as separate branch currents [15] to the total

drain current, in order to model the subthreshold behavior of
the drain current. The expression used in the compact model
for the BTBT current at the drain end reads [15],

| =27RL NF V. .E._ 2 —@ ®
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With Laceess being the lengths of the source and drain access
regions outside the channel, BgipL is a physics based parameter
with a theoretical value of 21.3 MV/cm [15] and Esegq is the
electric field in the drain overlap region, given as,
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Here, Vsega IS the gate-drain voltages across the oxide and
AcipL, CoioL are two GIDL fitting parameters.

E
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V. INNOVATIVE 3D CIRCUIT ARCHITECTURES

The circuit under study is a CMOS inverter based on the
VNWEFET technology (schematic in Fig 5a.). The inverter is
designed using an NFET and 3 PFETs each with a 14nm
nanowire (NW) channel of 22nm diameter (Fig 5b.).
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Fig. 5. Schematic and 3D layout with parasitic network of the inverter.

We used a 3 times higher mobility for the NFET compared
to the PFETS. This leads to a natural gate switching symmetry.
Furthermore, parasitic elements due to the interconnects are
also considered since they can limit the switching delays
dedicated to non-optimized 3D cell layouts. These parasitic
elements have been extracted (PEX) using the GTS DTCO
flow for this technology [11]. Fig 5b. illustrates the equivalent
electrical network of these parasitic capacitances and
resistances, located between the transistors and metal vias.
The capacitances between the NWs are neglected since they
have little influence on the circuit behaviour due to their
electrodes being at the same potential.

The circuit analysis methodology used in this work relies
on coupling SPICE compact model with automatically
generated netlist of the parasitic interconnect network for 3D
logic circuit simulation. To do so, the SPICE compact model
has been validated against measurements and TCAD
simulation of the 3D transistor (Fig 6). Then, the test structure
3D cell design using the TCAD model has been used to
generate the SPICE netlist of the intra-cell parasitic network
to be coupled with the compact model in the Advanced Design
System (ADS) circuit simulation environment.



= Measurement

o Measurement = Compact Model

Compact Model
oosf  ——TCAD

Ve = 0020 in 025 ¥ stoos b

Iy (A

%0 02 04 06 08 10 12 14 04 02 00 02 04 06 08 2 14 16 18 20

Vos¥) Ve (V)
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for a VNWFET with 16 NWs of 22nm of diameter.

At this stage, the work flow combines TCAD simulation
and compact model on ADS to perform transient simulations
of inverter logic cells following standard design rules. As a
reference, an ideal inverter is first simulated (without PEX)
using the Verilog-A compact model. Then, the complete
schematic including the transistor compact model and the
parasitic netlist was analysed via transient simulation.

Both simulations were performed for a duration of 20us
(with a 5ps resolution) for a 1V input signal with 10ns of
rise/fall time. To analyse the inverter performance metrics, the
following parameters are extracted: the output transition
times, the transition energies, and the average power.

Figs. 7a and 7b show the evolution of the inverter output
during both rising and falling input transitions while Table 1
summarizes the performance parameters values. The results
for the ideal scenario (without parasitic network) show that the
inverter is correctly balanced since t.~=ts. The inverter output
waveform shows an overshoot voltage before each transition
due to the charging of the intrinsic gate overlap capacitances.

Output transitions exhibit different overshoots between
8ns and 12ns (Fig. 7), indicating the presence of distributed
overlap capacitances intrinsic to the NW transistors.
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Fig. 7. Voltage output with and without PEX as a function of time for

(a) rising (b) falling input.
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The simulation results including PEX present additional
transition delay times with subsequent increases in average
power and energy, compared to the ideal inverter. Due to these
parasitic contributions, the rising input energy consumption is
higher than the falling input transition for the non-ideal
inverter.

TABLE I: Transition and Delay time, Transition Energy,
Average Power

Ideal Inverter Inverter with PEX
tr (ns) 9.62 10.78
tr (ns) 9.22 10.06
tmid’ (NS) 4.06 4.86
tmia’ (NS) 3.84 452
E: (F) 1.2178 2.2768
Pave'™e (pW) 663 1214
Pava™! (pW) 300 467

Hence, the figures of merit of a CMOS inverter logic cell
based on the 3D VNWET technology were analysed using
SPICE circuit simulation. Transistor compact model and
TCAD simulations were calibrated against experimental data.
Compared to intrinsic overlap parasitic capacitances, intra-cell
parasitic interconnects were shown to not influence the
transition delay significantly while mainly influencing power
consumption due to increased resistances.

VI. CONCLUSION

Through consistent elements of a circuit design flow
dedicated to 3D vertical nanowire FET, this paper has
demonstrated the virtual implementation of an innovative 3D
logic circuit design. The extraction of the overlap gate
capacitances has been demonstrated to influence the inverter
circuit performance. This is crucial for accurate performance
estimation of real computational logic circuits dedicated to
emerging computing paradigms.
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