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Abstract—Ballistic device performance of monolayer
silicene nanoribbon (SiNR) field-effect transistors (FETs) is
investigated in this paper. The electronic band structure of SINR
is calculated within the nearest neighbour tight-binding
approximation. The top of the barrier ballistic transistor model
is employed to compute the current-voltage characteristics of
SiNR FETs. This theoretical model shows that the SINR FET
can achieve on-to-off current ratio up to 105, subthreshold swing
of 65.12 mV/dec, and drain-induced barrier lowering of
44.44mV/V. The relationship between the drain current and the
oxide thickness is also discussed. The findings show that silicene
is suitable for future nanoelectronic applications.

Keywords— device modelling, silicene, ballistic transport,
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I. INTRODUCTION

Two-dimensional materials have become an emerging
“More than Moore” research topic as Moore’s Law is
approaching the fundamental limits [1]. Silicene is a
monolayer of silicon (Si) atoms arranged in graphene-like
(commonly known as honeycomb) lattice structure [2, 3].
Unlike other 2D materials, silicene is envisaged to be
compatible with the Si fabrication technology in the
semiconductor industry [4]. Moreover, silicene is one of the
emerging research material for miniaturisation of transistors
in the International Roadmap for Devices and Systems (IRDS)
[5]. These suggest that investigation on silicene-based devices
is important to certain extent in the nanoelectronic
applications.

Although the fabrication of free-standing silicene has yet
to be discovered [6], researchers have confirmed its existence
through various theoretical calculations such as density
functional theory (DFT) [7] and first-principles calculations
[8]. Similar to electronic properties of graphene nanoribbons,
the armchair SiNRs (ASiNRs) has larger finite bandgap than
the zigzag SiNRs [9]. Hence, ASiNR is chosen as the channel
material for the field-effect transistor in this paper. ASiNR
with the nanoribbon width of 6 (denoted as 6-ASiNR
hereafter) is chosen in this work to benchmark the results with
published results from Ref. [10]. In Section II, the model of
electronic band structure and transistor is described. The
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ballistic performance of SINR FET is shown and discussed in
Section III. Finally the conclusion is drawn in Section IV.

II. MODEL IMPLEMENTATION

A. Electronic band structure of silicene nanoribbons

The electronic band structure of 6-ASiNR is computed
using the nearest neighbour tight-binding approach with the
hopping integral between Si atoms, tg;_g; of —1.03 eV [11]
and Fermi energy level, Er of 0 eV. In this work, 6-ASiNR is
assumed to be in perfect planar honeycomb lattice structure.
The Hamiltonian matrix of 6-ASiNR is computed based on
[12]:

h(k) = B'e” ™ + a + ek, 0))

which is derived from the time-independent Schrodinger
equation where a-matrix describes the interactions of atoms
within the unit cells as shown in blue dotted box in Fig. 1(a)
and the [-matrix describes the interactions among the unit
cells. B is the transverse matrix of B and a is the lattice
constant of silicene where a = 0.382 nm [13]. The solution
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Fig. 1. (a) Schematic diagram of the 6-ASiNR. (b) Band structure of 6-
ASINR.
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Fig. 2. (a) Structural model of the SINR FET where t,y is the oxide
thickness. (b) Schematic diagram of the ballistic transistor model where
Cp, Cs and C;; are the drain, source and gate capacitances respectively,
Vs 1s the gate voltage, V) is the drain voltage, E(x) is the conduction
band and Ugp is self-consistent potential at the top of the barrier .

for eigenvalue problem [14]: detl [h(z)] - EI| =0 is
employed to obtain energy eigenstates in order to plot the band
structure of 6-ASiNR as depicted in Fig. 1(b).

B. Device structure and model of transistor

Fig. 2(a) illustrates the structure of the SiINR FET. Silicon
dioxide (SiO») with tyy of 3 nm is used as the gate oxide. The
current-voltage characteristics is evaluated by employing the
10 nm ballistic top-of-the barrier (ToB) transistor model [15]
as depicted in Fig. 2(b). The ToB transistor model has been
widely used to predict the theoretical upper limit performance
of various nanotransistors [16], while ignoring the scattering
effects and off-state tunnelling leakage current [10].

The drain current is calculated numerically using the
Landauer-Biittiker ballistic current transport equation [15]:
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where fs(Es;) and fp(Ep) are source and drain Fermi
functions respectively, q is the electric charge constant, v(E)
is the average carrier velocity and D(E) is the density of
states. The default values of capacitive couplings (C;/Cy =
0.870 and Cp/Cy = 0.033) [15] is used in the present work,
where Cy is the parallel combination of Cp, Cs and C;. Fig. 3
shows the numerical simulation flow chart for the ToB
transistor model. In present work, MATLAB is used to
perform calculations (by running modified Fettoy source code
[17] from nanohub.org) and plot graphs.

III. RESULTS AND DISCUSSIONS

The drain voltage, Vps and gate voltage, Vs are both
swept from 0 V to 1 V. The transfer (Ips-Vs) characteristics
curve as plotted in Fig. 4(a) is obtained by sweeping Vs at a
few fixed Vps. On the other hand, the output (Ips-Vps)
characteristics curve as plotted in Fig. 4(b) is obtained by
sweeping Vs at a few fixed V5. From the output and transfer
characteristics curves, the device performance metrics of the
6-ASINR FET are extracted, namely on-to-off current ratio
(Ion/Iorr), subthreshold swing (SS), threshold voltage (Vr),
and drain-induced barrier lowering (DIBL). lyn/lppr and Vi
are extracted from the characteristics curves, whereas SS [18]
and DIBL [19] are calculated using:

55 = Alog Ips’ 3)

DIBL = AV
" Vpp — 0.1’ )

where Vpp is the maximum Vpg. The computed device
performance metrics are and tabulated in TABLE 1. .
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Fig. 3. Flow chart for the ToB transistor model simulation [20].
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(b) Ips-Vps in linear scale

Fig. 4. 1-V characteristics of SINR FET with gate oxide (SiO,) of tyx =
3 nm and 6-ASiNR as the conducting channel at room temperature.
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Fig. 5. Benchmark of the I,)s-V;¢ characteristic curves (in linear scale)
for 6-ASIiNR FET with gate oxide (SiO,) of tyx = 3 nm at room
temperature between the present work (solid line) and published results
from Ref. [10] (dotted line).
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Fig. 6. Comparisons of the Ips - V;s characteristic curves (in
semilogarithmic scale) of 6-ASiNR FET with gate oxide (SiO,)
thickness of 3.0 nm at Vg = 0.5V for T = 250 K, T = 300 K (room
temperature) and T = 350 K.

TABLE L. DEVICE PERFORMANCE METRICS OF 6-ASINR FET UNDER
BALLISTIC TRANSPORT AT ROOM TEMPERATURE

Device Metrics Value
Oxide thickness (SiO5), tox 3nm
On-to-off current ratio (Ioy /Iogr) ~10°
Threshold voltage, V; (V) 0.25
Subthreshold swing, SS (mV/dec) 65.12
Drain-induced barrier lowering, DIBL (mV/V) 4444

Within the ballistic transport regime, the presented 6-
ASINR FET model has achieved close to ideal SS value
(60 mV /dec) and DIBL of 44.44 mV /V using the default
capacitive coupling values. Fig. 5 compares the Ips- Vs
characteristic curves of 6-ASiNR FET from published results
by Kaneko et al. [10] and present work. Both curves are
computed within the ballistic transport region with SiO,
(tox = 3nm) as the gate oxide at room temperature (T =
300 K). It is found that the slope of Ig-V;s characteristic
curve of present work is lower than that obtained by Kaneko
et al.. This difference is possibly caused by the zero capacitive
coupling assumptions in their work, while the present work
uses the default non-zero capacitive coupling values set by
Rahman et al. [15]. In addition to this difference, Kaneko et
al. used effective mass assumption method where we use the
NNTB to compute the electronic properties of 6-ASiNR.
Despite the slight difference, similar trends of V- and Ip5-Vjs
characteristic curve are successfully computed in the present
work, with lower on-current by benchmarking with the
published result.

To gain more insights from the 6-ASiNR FET, I-V
characteristic simulation is done at a lower temperature (T =
250 K) and a higher temperature (T = 350 K) as depicted in
Fig. 6. The SS of the FET increases as the temperature of the
6-ASINR channel increases. This phenomenon is also
observed in conventional silicon FETs [21]. The relationship
between oxide thicknesses and the transfer characteristic of 6-
ASINR FET is also investigated and plotted in Fig. 7. The
transistor can achieve higher current with lower gate voltage
when the oxide thickness is reduced. As the gate oxide is
thinner, the FET can achieve higher I,y at the same applied
Vis- This clearly shows that reduction in oxide thickness can
improve the performance of the transistor. This finding is also
observed in the published silicene FET simulation work using
the non-equilibrium Green’s function formalism [22].
However, the leakage current and oxide breakdown are
neglected in this model. Hence, a more detailed model is
required to cover the effects of non-ideal factors to the
performance of the FETs.
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Fig. 7. Comparisons of the Ijg-V;s characteristic curves (in linear
scale) of 6-ASINR FET for gate oxide (SiO,) thicknesses of 0.5 nm,
1.5 nm and 3.0 nm at Vg = 0.5 V and room temperature.
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IV. CONCLUSION

This work presents the modelling and simulation of 6-
ASINR FETs within the ballistic transport regime. NNTB
model is used to compute the band structure while the ToB
model is used to simulate the I-V characteristics of the 6-
ASINR FETs. The theoretical transfer and output
characteristics of 6-ASiNR FET shows that ASiNRs is
suitable for future nanoelectronic applications. The trend of
the relationship between temperature and SS of the 6-ASiNR
FET model is verified with conventional FET. Moreover, it is
also that oxide thickness is an important device parameter in
the design of transistors. This work can be further extended by
replacing the pristine ASINR channel with bandgap
engineered silicene nanosheets such as doped or defected
silicene.
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