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Abstract—Atomistic hole transport simulation based on a
nonequilibrium Green’s function method and tight-binding approximation has been performed for Si and Ge p-type nanowire
FETs with the diameter ranging from 1.6 nm to 3 nm. Simulation results show that the drain current density increases with
increasing the nanowire diameter and the difference in drain
current between Ge and Si nanowire FETs becomes smaller with
reducing the nanowire diameter.
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Fig. 1. (a) Schematic diagram of a gate-all-around NW FET structure and
(b) the cross sectional view.

I. I NTRODUCTION
Si or Ge with the diameter d ranging from 1.6 nm to 3 nm. The
NW axis (x-direction) is along a 100 crystalline orientation.
The doping concentration in the source and drain regions,
each of which is 7.9 nm long, is 5 × 1019 cm−3 . To compare
the device performance originated in channel materials, we
assume that the gate consists of a fictitious metal whose Fermi
energy coincides with the lowest subband level of the NW and
the insulator consists of SiO2 for both Si and Ge NWs.
We take into account the full-band structure within an
empirical sp3 s∗ nearest-neighbor TBA [8], [9] including five
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Nanowire (NW) field-effect-transistors (FETs) are considered to be one of the most promising device structures that
provide effective gate-control even at the nanoscale. It is wellknown that germanium (Ge) has lighter hole effective mass and
higher hole mobility compared to those of silicon (Si). Ge ptype MOSFETs are considered to be an attractive candidate
for high performance devices. For p-type NW FETs, however, confinement-induced mixing of heavy-hole and light-hole
states [1] makes the subband dispersion quite nonparabolic [2].
It is, therefore, not clear from the bulk energy-band structure
which channel materials exhibit superior device characteristics for p-type NW FETs. To address this issue, quantummechanical computations including full-band structures are
required. Nonequilibrium Green’s function (NEGF) method
[3]–[6] allows one to perform quantum transport simulation in
ultra-small MOSFETs. By combining the NEGF method with
an empirical tight-binding approximation (TBA), quantummechanical computations including full-band structures can
be achieved [5], [7]. In the present study, we have simulated
device characteristics of Si and Ge p-type NW FETs within
a framework of three-dimensional NEGF formalism and an
empirical TBA to obtain quantitative understanding energyband structure effects on drain current of p-type NW FETs.
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II. S IMULATION M ETHOD
We consider p-type gate-all-around NW FETs with a gatelength of 3.4 nm and insulator-thickness of 1 nm, whose
schematic diagram is given in Fig. 1. The channel materials are
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Fig. 2. Subband energies of (a) Si NWs and (b) Ge NWs with a diameter
of d = 3 nm (solid line) and d = 1.6 nm (dashed line).
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orbitals without the spin-orbit coupling. We treated the semiconductor/insulator interfaces with the H termination model
[10], [11] to eliminate the artificial surface states in the energy
region of interest. Figure 2 shows the subband dispersion of
Si and Ge NWs with a diameter of d = 3 nm and d = 1.6 nm.
The nonparabolicity of the subband is tremendous due to the
strong confinement-induced mixing of heavy-hole and lighthole states. The energy minimum of the lowest subband locates
at k = 0, while those of some higher subbands locate at
off k = 0 (we call those subbands “off-valley subband”
hereinafter). The effective mass of the lowest subband of Ge
NW is significantly smaller than that of Si NW.
We calculate hole current using the NEGF method [3]–[6].
In the present study, we neglect scattering and assume ballistic
transport. The potential profiles are obtained through a selfconsistent solution of three-dimensional Poisson and NEGF
equations.
III. R ESULTS AND D ISCUSSION
Figure 3(a) shows the potential profiles of Si NW FET with
d = 3.0 nm at VD = 0.1 V and T = 300 K for VG = 0.15 V
and 0.05 V. Figures 3(b) and 3(c) show the corresponding
two-dimensional hole density profiles for VG = 0.15 V and
VG = 0.05 V, respectively. Black dots represents the Si
atomic positions. We considered 5,891 atoms in the calculation
domain. Figure 4 shows transfer characteristics of Si and Ge
NW FETs with d = 1.6 nm. The subthreshold swings of
Si and Ge NW FETs are 62.4 mV/dec and 61.6 mV/dec,
respectively, showing that both devices maintain a good gate
control with an almost ideal subthreshold swing.
Figures 5 and 6 show the hole density spectra, current
spectra, and potential profiles of Si and Ge NWs, respectively,
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Fig. 3. (a) Potential profiles of Si NW FET with d = 3.0 nm at VD = 0.1 V and T = 300 K for VG = 0.15 V (solid line) and VG = 0.05 V (dashed
line). Corresponding two-dimensional hole density profiles for (b) VG = 0.15 V and (c) VG = 0.05 V. Black dots represent the Si atomic positions.
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Fig. 4. Drain-current–gate-voltage characteristics of Si NW FET (solid line)
and Ge NW FET (dashed line) with d = 1.6 nm at VD = 0.1 V.

with d = 3.0 nm at VD = 0.1 V, VG = 0.1 V, and T = 300 K.
Since Ge NW has lighter effective mass, the hole density
distribution is wider in energy space (see Fig. 2).
Figure 7 shows the NW diameter dependence of (a) drain
current ID (b) and drain current density JD from d = 1.6 nm
to 3 nm. The drain current density JD increases with increasing the NW diameter. This is because thicker NWs have lighter
effective masses (see Fig 2). However, for Si NW FET with
d = 1.6 nm, the drain current density is larger than that with
d = 1.9 nm. Figures 8 and 9 show the hole density spectra
and subband structures of the devices with d = 1.6 nm and
d = 1.9 nm, respectively. Since the off-valley subband level
locates higher energies for d = 1.6 nm, the drain current
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Fig. 8. (a) The same as Fig. 5 but for d = 1.6 nm. (b) Subband structure
at the drain contact.
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Fig. 7. (a) Drain current ID and (b) drain current density JD versus NW
diameter d for Si NW FETs (solid line) and Ge NW FETs (dashed line) at
VD = 0.1 V and VG = 0.1 V. ID is normalized by an effective gate width
d.
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Fig. 5. Local hole density spectrum (density plot) of Si NW FET with
d = 3 nm at VD = 0.1 V and VG = 0.1 V. Solid line shows potential
profile, dotted line current spectrum, and dashed lines the Fermi levels in the
source (µS ) and drain (µD ) regions.
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density of Si NW with d = 1.6 nm is determined mainly by
the lowest subband. On the other hand, for d = 1.9 nm, the
off-valley subband level becomes lower and contributes to the
drain current. The effective mass of the off-valley subband is
quite large resulting in the drain current density reduction in
Si NW with d = 1.9 nm compared to that in Si NW with
d = 1.6 nm.
Figure 10 shows the drain current ratio between Si and Ge
NW FETs as a function of the NW diameter from d = 1.6 nm
to 3 nm. For d = 3.0 nm, the drain current of Ge NW FET
is 58 percent larger than that of Si NW FET. This can be
attributed to the smaller effective mass of Ge NW. However,
for d = 1.6 nm, the drain current of Ge NW FET is only 19
percent larger than that of the Si NW FET. This is because the
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The same as Fig. 8 but for d = 1.9 nm.
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Fig. 10. Drain-current ratio between Ge and Si NW FETs as a function of
the NW diameter d. VD = 0.1 V and VG = 0.1 V.

difference in effective masses of the lowest subband between
Ge and Si NWs becomes smaller with reducing the NW
diameter.

IV. C ONCLUSION
Hole transport simulation based on the NEGF and TBA
methods has been performed for Si and Ge NW FETs. We
found that the drain current density increases with increasing
the NW diameter and the difference in drain current between
Ge and Si NWs becomes smaller with reducing the NW
diameter.
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