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1. Introduction

Silicon nanowire (SNW) and graphene nanoribbon
(GNR) transistors have much attention due to high injection
velocity in [110]-oriented silicon nanowire [1] and ultra-
high electron mobility in bulk graphene [2]. In this paper,
we investigate performance potentials of SNW and semi-
conducting GNR MOSFETs, by using the first-principles
bandstructures and ballistic current estimation based on the
“top-of-the-barrier” model [3]. As a result, we found that
the [110]-oriented SNW transistors (SNWT) provide
smaller intrinsic device delays than the Si ultrathin-body
(UTB) MOSFETs, and furthermore the GNR transistors
(GNRT) outperform both the Si-UTB MOSFETs and the
[110] SNWTs, if a few nanometer ribbon widths can be
achieved.

2. Bandstructures

Fig. 1 shows the atomic models used in the simulation,
where we also considered Si-UTB structure shown in Fig. 1
(a), which gives an upper limit performance of the conven-
tional planar Si-MOSFETs under unstrained condition. The
square-shaped SNWs with two different orientations, [110]
and [100], are investigated as shown in Figs. 1 (b) and (c),
since they exhibit better performance than other orienta-
tions [1]. For GNR, we focus only on armchair-edged GNR
shown in Fig. 1 (d), which is known to become semicon-
ducting under certain condition and therefore appears to be
promising for FET applications [4]. Fig. 2 shows the band-
structures computed by using a first principles simulation
package based on the density-functional theory, VASP [5],
where the electron-electron exchange and correlation inter-
actions were treated within the generalized gradient ap-
proximation (GGA). It is found that all the bandstructures
have direct bandgap [1,4,6]. Note that the length of the
first-Brillouin zone is different among the four structures,
because of different unit cell size in the orientations con-
sidered. In Fig. 2 (d), the dispersion curves for W=2.1nm
(N=18) and W=4.3nm (N=36) are simultaneously plotted,
which tell us that effective mass both of electron and hole
reduces with increasing W, though the bandgap energy sig-
nificantly decreases [4].

Next, Fig. 3 shows the wire width and UTB thickness
dependences of the electron effective mass for Si-UTB and
SNWs. It is found that the Si-UTB structure has almost the
same effective mass as the bulk m, down to the sub-1nm
thickness. On the other hand, the [110] SNW has smaller
effective mass as ~0.13m, [1,6], while the mass of the [100]
SNW increases drastically with downsizing [1]. The above
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effective mass variations in the SNWs will influence a de-
vice performance as discussed later. The electron effective
mass of the GNR also increases with decreasing W as
shown in Fig. 4 (a) for both N=3m and 3m+1, where m is an
integer. For armchair-edged GNRs, the bandstructure is
known to be metallic when N=3m-1 [4]. Based on the re-
sults of Fig. 4 (a), GNRs with larger ribbon widths will
help to increase electron velocity due to smaller effective
mass, but the GNR width should become below a few na-
nometers to make the bandgap energy acceptable for the
FET operation [4], as found in Fig. 4 (b).

3. Electrical Properties

By using the first-principles bandstructures, we com-
puted electrical properties of SNWTs and GNRTs as shown
in Figs. 5 and 6, which were computed based on the ballis-
tic “top-of-the-barrier” model [3]. The simulations are per-
formed at the same OFF-current (/,;=0.1nA). It is found
from Fig. 5 (a) that the [110] SNWTs have larger drain cur-
rent than the [100] ones, which is due to the smaller
effective masses as reported in Fig. 3. As a result, faster
switching operation, even faster than the Si-UTB devices,
is expected in the [110] SNWTs as shown in Fig. 5 (b). In-
terestingly, the [110] SNWT with W=1.55nm (m) exhibits
the fastest operation. Furthermore, from Fig. 6 the GNR
with W=43nm (>) is found to outperform such [110]
SNWTs. This is due to an appearance of the steeply linear
dispersion curve in the case of W=4.3nm as shown in Fig. 7,
which provides higher velocity than the [110] SNWTs,
even though the effective masses at the conduction band
minimum are comparable.

4. Conclusions

We have investigated the device performances of SNW
and GNR MOSFETs by using the first-principles band-
structures and the ballistic current model. As a result, we
found that the [110]-oriented SNW and the GNR transistors
are promising candidates as digital switches, if a few
nanometer wire and ribbon widths can be well achieved.
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Fig. 1 Atomic models used in the simulations for (a) Si-UTB, (b) [110] SNW, (c) [100] SNW, and (d) armchair-edged GNR. Hydrogen
atoms are assumed to eliminate surface dangling bonds. The dashed rectangles in (a) and (d) denote each unit cell.
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Fig. 2 Bandstructures computed for (a) Si-UTB, (b) [110] SNW, (c) [100] SNW, and (d) GNR. Sizes are indicated in each figure.
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Fig. 3 Size dependences of electron effective mass
for Si-UTB, [110] SNW and [100] SNW.
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Fig.5 Comparisons of (a) Ip-V characteristics
and (b) intrinsic device delays computed for
[110]- and [100] SNWTs. In (b), the results for
Si-UTB devices are also plotted. The symbols
for SNWs in (b) coincide with those in (a).
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Fig. 4 Ribbon width dependences of (a) electron effective mass and (b) band-
gap energy for GNR. As is well-known, the bandgap energy is underestimated
in the present calculations based on the density-functional theory.
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Fig. 7 Comparison of conduction band

dispersion

curves at [ point for

Si-UTB, [110] SNW and GNRs with
W=2.1nm and 4.3nm. The conduction
band minimum energy was set at zero

for all cases.

Fig. 6 Comparisons of (a) Ip-V; characteristics and (b) intrinsic device delays com-
puted for [110] SNWTs and GNRTSs. In (b), the results for [100] SNWTs are also plot-
ted. The symbols for SNWs coincide with those in Fig. 5.



