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Abstract— In this paper we present a 3D coupled mode space
NEGF study of the quantum features of a nanoscale Gate-All-
Around (GAA) silicon transistor. The bottom oxide of the
structure is parameterized in order to progressively transform
the nanowire in a tri-gate FinFET and the electron transport
studied for several Fin widths, back-biases voltages and electron
effective masses. Moreover, we address in detail the treatment of
the boundary conditions at the channel interface to model the
wave function penetration into the gate oxide. We report
quantitative results of the charge density obtained by a simplified
and a complete discretization approach.

Keywords—Nanowire, FinFET, Quantum Transport,
Schrodinger, Poisson, Non Equilibrium Green Functions.

I. INTRODUCTION

The performance gain of conventional bulk MOSFETSs has
become increasingly difficult through traditional scaling.
Intel’s shift from planar to tri-gate architectures has marked a
milestone in CMOS technology history at the 22nm scaling
node. Short channel effects, high leakage current, variability
associated with the high channel doping, reliability associated
with the high-field effects have been the main driving forces
for this technological paradigm shift [1]. Nanowire transistors
have been gaining increasing momentum as one of the most
promising device architectures for the ultimate scaling of
CMOS transistors [2]. In fact, the gate-all-around solution
allows excellent channel control so that nanowires tolerate very
low channel doping maintaining good electrostatic integrity,
enabling the continuation of increases in performance gain
until the end of the ITRS roadmap. Silicon nanowires are
quasi-one-dimensional structures in which carriers are strongly
confined in the 2D space perpendicular to the transport
direction along which carriers exhibit their sole degree of
freedom. In order to accurately study the electrical behaviour
of these structures, a 2D Poisson-Schrodinger (2D-PS) solver
can be coupled with a Non-Equilibrium Greens Functions
(NEGFs) approach, as in [3]. In this paper we present a
detailed description of the coupled Poisson-Schrodinger-
NEGF solver as employed to compute the electron charge
density and charge transport in nanowire FET, considering
variations in the device geometry and transport electron
masses. Furthermore, we put emphasis on the treatment of the
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Fig. 1. Structure of the simulated devices. Thickness of the top, left
and right SiO, and the channel width are constant. Bottom oxide and
channel height change from device A to D.

boundary conditions at the channel interface to model the wave
function penetration into the gate oxide. We show how different
discretization approaches to the boundary condition problem
lead to different charge density profiles over all the channel
cross-section.

II. SIMULATION METHODOLOGY

Simulations are carried out using the quantum transport
module of the GSS TCAD simulator GARAND [4]. Accurate
modelling of nanoscale GAA transistors can be tackled by
coupled mode space (CMS) Non-Equilibrium Green’s
Function (NEGF) quantum transport approach [5,6], if a
sufficient number of modes is included in simulation [7]. In our
work we neglect all sources of incoherent scattering, such as
phonon interaction, as they have a marginal impact on our
results [8]. An effective-mass Hamiltonian is used in the
discretized form of the NEGF equations so that the full crystal
interactions are described by the parameters m.;; which are
derived from tight binding calculations of silicon band
structure. Please note that the tight binding approach allows us
to take into account the dependence of the electron band
structure on the nanowire cross-section. The CMS method
splits the quantum problem into the transversal and



Fig. 2. Device A with bulk effective masses for Si: Electron density
in a cut along the channel length (I) and on a cross-section
perpendicular to the transport direction (II), and electrostatic potential
(III). V=0V (top), V= 1.6V (bottom).

Device B j

Electrons
QDl

I'IO

lectrons

i
1
'w

),

8

18

Device C
Fig. 3. The same as Fig.2, but for devices B and C.

longitudinal spaces. The transversal space provides the cross-
sectional wave functions and sub-band energies by solving the
2D Schrodinger equation on each cross-section. The transport
is solved in the product space of the longitudinal space with the
mode space, allowing a considerable savings of computational
resources with respect to a full 3D real-space approach [7].
Boundary conditions of the Green’s function equations at the
contacts, which are given throughout the contact self-energies,
were defined by using the algorithm described in [9], while the
boundary conditions at the silicon/oxide interface will be
discussed in section IV. The electron density is used to
calculate, self-consistently, the electrostatic potential through
the Poisson’s equation. The obtained solutions of the NEGF
and Poisson equations are iterated in a Gummel-like loop until
density and current converge [10-12].

III. IMPACT OF GEOMETRY AND ELECTRON MASSES

All calculations are performed at Vg=0.8V and Vp=50mV.
Fig.1 shows a schematic view of the nanowire progressively
transforming into a FinFET. In Fig.2 we report the electron
density and the potential along the length section for device A,
for two values of applied back bias. When V=0, the electron

Device D

Fig. 4. Electron density (top) and potential (bottom) along the length
of the channel for device D.

Fig. 5. Cross-section cut in the middle of the channel for device D
showing the five wavefunctions with the lowest energy. The effective
masses correspond to usual bulk effective masses — m,*= 0.916m,
and m,*= 0.191m,.
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Fig.6. Electron density in the cut along the cross-section for device
D: a) with bulk effective masses — m.*= 0.916m, and m,*= 0.191my;
b) m.*= 1.03m, and m,*= 0.30m; c) m.*= 2.03m, and m,*= 0.10m,.




density has a centroid close to the top interface, as the lateral
gates are leveled at the same height of the Si wire, preventing a
good electrostatic control of the channel bottom. More uniform
charge distribution in the channel is obtained by applying a
positive back-bias. In this case the structure is nearly
equivalent to a GAA nanowire. In Fig. 3 — Fig.4 we show
results for the devices B-D featuring different bottom oxide
thickness and/or channel height. In Fig.5 we offer an insight of
the first five wave-functions (squared) with lowest eigenvalues
for device D. The electron density of these tri-gate structures is
more uniform along the channel height than the one observed
in Fig.2a because the lateral gates in devices B-D penetrate
deeper in the bottom oxide allowing the electric field
streamlines to better embrace the channel. Moreover,
increasing the ratio between channel height and channel width,
the channel is majorly controlled by the lateral gates so that the
inversion layer is dominant at the Fin sidewalls (see cross-
section perpendicular to transport direction in each devices).
However, Fig. 6 shows that this electron distribution can
significantly be modified adopting different electron effective
masses in our simulation. Increasing the ratio between m, and
m,, the charge density redistribute from the Fin sidewalls to the
Fin top, offering a results similar to the ones obtained from
conventional TCAD simulations [13].

IV. IMPACT OF WAVE PENETRATION INTO GATE OXIDE

In this section we address the problem of wave penetration
into the gate oxide. A Silicon nanowire transistor featuring a
2x2nm’ cross-section, a 0.8nm gate oxide and a 6nm channel
length is used as template structures. We compare two
discretization approaches: the first is where the wave function
vanishes at the first mesh point into the oxide and the second is
where the wave-function penetrates into the whole oxide. Fig.
7 presents the corresponding wave-functions for both cases,
considering isotropic electron masses in the silicon
(m,=m,=0.33m,). Please note how the wave peaks in the silicon
body and the wave derivatives at the interface are lowered
when the eigenvectors are allowed to fully penetrate into the
oxide. Moreover, we investigate the effect of anisotropic
effective masses on the wave-function and density distribution.
The results are presented in Fig. 8 for m,=0.919m. and
m,=0.19m,. Please note the change in eigenvectors shape due to
the breaking of symmetry with respect to the case reported in
Fig.7. Fig. 9 shows 1D cuts of the electron density along the y
direction for isotropic masses. It is evident that the simulations
with full wave penetration give rise to higher (lower) charge
density at the channel interface (centre) with respect to the
simulations in which the waves vanish at the first oxide mesh
node.
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Fig.7 First four wave-functions of the nanowire. The top row is the case where the wave function vanishes at the first mesh node inside the
oxide. The bottom row is the scenario with wave function penetration into the whole oxide. In this case isotropic effective masses for Si = 0.33m,

and Si0,=0.22m, have been used.

Fig.8 First four wave-functions of the nanowire. The top row is the case where the wave function vanishes at the first mesh node inside the
oxide. The bottom row is the scenario with wave function penetration into the whole oxide. In this case anisotropic effective masses for Si —
m,=0.919m, and m,=0.19m, have been used. The SiO, has effective mass equal to 0.22m.,..
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Fig. 9 1D electron density plot along the y-direction of the
nanowire in the case of isotropic effective masses for the Si.
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Fig. 10 1D electron density plot along the y-direction of the
nanowire in the case with anisotropic effective masses for the Si.
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Introducing  anisotropic  masses, exacerbate these
differences in the charge density, as shown in Fig.10. From
differentiating the charge density with respect the applied gate
voltage it is possible to derive Capacitance-Voltage (CV)
characteristics and, for example, the shift on these due to
charge trapping at the channel interface. In such a way the
impact of the different boundary conditions can be studied on
practical problems such the oxide reliability evaluation in
nanowire transistors. These applications will be reported in
future publications.

V. CONCLUSION

We have reported a thorough 3-D simulation study of
quantum transport in multi-gate nanoscale devices showing
how the electron wave features change in response to
geometry, effective masses and applied back-biases variations.
We have also addressed how different boundary conditions in
the Schrodinger-Poisson problem lead to important changes in
the charge distribution in the nanowire channel.
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