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Abstract—We investigate the impact of structure relaxation on
the upper performance of a silicon nanowire metal-oxide-semicon-
ductor field-effect-transistor (MOSFET) with small diameter em-
ploying a semiclassical transport model to calculate its ballistic I-V
characteristics. For wires along the 110 axis and 1 nm diameter,
structure relaxation induces large changes in the bond length of
silicon atoms at the surface ( 33%). Despite these bond length
variations, the effect of reconstruction on the ballistic ON-current
of Si-NW MOSFETs turns out negligible in the case considered,
which can be attributed to an only slight variation of the electron
effective mass after reconstruction.

Index Terms—Bandstructure, field-effect transistor (FET),
geometry optimization, nanowire, quantum confinement, tight
binding.

I. INTRODUCTION

SILICON nanowires (NWs) have attracted much attention
by the device and circuit engineering community due

to their potential applications as metal-oxide-semiconductor
field-effect-transistors (MOSFETs) [1] and nanosensors [2]. To
explore the ultimate performance limit of NW MOSFETs as
well as the physics of nanosensors, the study of the transport
properties of Si-NWs is a first important step, for which their
electronic bandstructure is a key ingredient. To calculate their

- dispersion, empirical tight-binding (TB) methods such
as orbital TB have been used recently to calculate
their electronic structure [3]. As long as the atomic structure
remains undistorted, an orthogonal TB model is a
good starting point to understand the NW-electronic structure
of unrelaxed nanowires. It is well-known, however, that the
surface of a semiconducting material such as Si reconstructs
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Fig. 1. Schematic diagram of a simulated Si nanowire MOSFET. (a) Cross
section of a h100i oriented cylindrical Si nanowire. (b) Unit cell of the NW
shown in (a). (c) Schematic diagram of the nanowire MOSFET.

due to rebonding of the surface dangling bonds and causes
the geometry to reconstruct within the first few layers of the
wire. To what extent these structural relaxations affect the
performance of nanodevices is still an open question.

To approach this problem one needs an electronic structure
method which can deal with structurally deformed systems and
can handle bulk and surface properties simultaneously. Among
the class of semi-empirical approaches, Extended Hückel
Theory (EHT) stands out due to its transferability and flexi-
bility to handle bulk and defect geometry as well [4]. The EHT
approach has been widely used in the chemistry community to
understand the electronic structure of molecules [5], and has
been recently extended to describe the bandstructure of bulk
solids [6], [7]. Due to the transferability of EHT-parameters,
the respective bulk-parameters can be applied to free surfaces
as well as to determine the surface electronic structure of
reconstructed Si(100)-(2 1) [7], [8].

In this work, we use EHT to explore the electronic structure
of a Si nanowire along and direction with circular
cross section. Fig. 1(a) and (b) shows the schematic diagram
of the wire geometry, whose structure is used to be optimized
by ab initio calculations. The impact of the structural relax-
ation on the - characteristics of n-type Si-NW MOSFETs,
cf. Fig. 1(c), is studied using a semiclassical top-of-the-barrier
model for transport in the ballistic limit [9]. For a small diameter
cylindrical Si-NW (1 nm), the initial result shows that relaxation
plays an important role in the NW geometry causing 33% struc-
tural change. However, the ballistic ON-current of a -channel
Si-NW MOSFET is reduced only slightly due to a small change
in the conduction band (CB)-effective mass after relaxation.
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II. APPROACH

To investigate how structure relaxation affects the ultimate
device performance of a Si-NW MOSFET, cf. Fig. 1(c), we
first optimize the bulk-like structure of a cylindrical Si-NW
without H passivation, cf. Fig. 1(a) and (b), using density
functional theory (DFT) within the local density approximation
(LDA) [10]. After geometry optimization, the SiNW surface is
H-passivated to saturate dangling bonds. This structure is then
used to calculate within EHT the electronic - dispersion
using -orbitals for each Si-atom. Finally, the - disper-
sion is used to obtain the self-consistent - characteristics
of the Si-NW FETs using a semiclassical “top-of-the-barrier”
MOSFET model for ballistic transport.

A. Geometry Optimization

For the initial geometry, we use the structure of a bulk
terminated nanowire without H passivation with the min-
imum periodic unit along a specific direction such as
in this study. These initial atomic positions are relaxed using
first-principles total energy calculations based on DFT-LDA
and use the Vienna Ab Initio Simulation Package (VASP) for
this purpose [11]–[14]. Core electrons are implicitly treated
by ultra-soft Vanderbilt type pseudopotentials [14] as supplied
by Kresse and Hafner [15]. This ab initio method uses a
supercell approach with periodic boundary conditions along
the three Cartesian axes. The wires from the initial geometry
are rotated so that their axes are along the direction of the
supercell. To separate a single wire from its images we use a
sufficiently large vacuum domain along the and axes to
render interaction negligible. Systematic tests show that a 24 Å
vacuum region along both and axes is adequate. For each
calculation, irreducible -points are generated according to the
Monkhorst–Pack scheme [16]. The single-particle wave func-
tions are expanded in a plane-wave basis using a 240 eV kinetic
energy cutoff. Tests using a higher plane-wave cutoff and a
larger -point sampling indicate that a numerical convergence
better than is achieved for relative energies. All
atoms are allowed to relax until a force tolerance of 0.008 eV/Å
is reached for each atom. Convergence is achieved when the
change in total energy of the system between two ionic iter-
ations is below 1.0 meV. After convergence the positions of
the relaxed atoms are used for bandstructure calculations, as
described in the next section.

B. Electronic Bandstructure Calculations

To calculate the electronic structure of nanosystems such as
Si-NWs, we employ Extended Hückel Theory (EHT) which also
allows us to passivate surfaces by physically attaching chem-
ical species such as hydrogen atoms to the Si-surface atoms
to remove dangling bonds. The surface boundary conditions
are, therefore, fully controlled by the Si-H bonding chemistry
and the environment at the interface. Fig. 2 demonstrates how
the dangling bond states within the bandgap [Fig. 2(a)] are
completely removed after H passivation [Fig. 2(b)]. In EHT,
the Hamiltonian of a Si nanowire is constructed—based on
its atomic structure—from the basis-function overlap between

Fig. 2. 1-D bandstructure of a Si-NW with cylindrical cross section and h100i
orientation. (a) Without hydrogen passivation of the wire surface, cf. Fig. 1(a),
the entire bandgap is filled with surface states due to dangling bonds. (b) After
H passivation, the DB-states are removed from the gap region and the original
bandgap is recovered.

Si-atoms. Since the basis functions for each Si-atom are known
explicitly [6], the overlap matrix between any two basis
functions, and , can be calculated

(1)

The Hamiltonian is determined by employing the EHT
principle [5]

(2)

where is the on-site energy of atom , , and is
an additional parameter usually set to 2.3 for silicon atoms and
1.75 for hydrogen atoms. Once the transport direction is speci-
fied, the diameter of the nanowire, its shape, and unit cell can
be defined, cf. Fig. 1(b). The overlap matrix and Hamiltonian of
atoms within the unit cell and atoms within neighbor unit cells
are obtained from (1) and (2). We denote these two terms as
and , respectively, where is the unit cell index with
for the center unit cell and for the th nearest-neighbor
cell. The overlap matrix and Hamiltonian in 1-D -space is cal-
culated by taking the Fourier transform

(3)

where is the wave vector within the first Brillouin
zone and is the periodicity of the 1-D lattice. and
refers to the unit cell position. Due to the nonorthogonality of
the EHT basis sets, a generalized eigenvalue problem,

, has to be solved for each within the first Bril-
louin zone. Fig. 2 shows the electronic structure of a cylindrical
Si-NW with axis and : (a) without and (b)
with H passivation. As shown in Fig. 2(a), the entire region in-
side the bandgap is covered by surface states due to unsaturated
dangling bonds. These states are eliminated after H passivation,
as shown in Fig. 2(b).

C. Transport Calculation

To explore bandstructure effects on the ultimate performance
of Si-NW MOSFETs, we employ a semiclassical top-of-the-
barrier model for transport to calculate its - characteristics
within the ballistic limit [9]. A key quantity of this model is the
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Fig. 3. Cross section of an (a) unrelaxed and (b) relaxed Si-NW unit cell with
1 nm diameter along the h110i axis and H-passivated surface to remove dan-
gling bonds. After relaxation the pair of surface Si-atoms at the top and bottom,
cf. Fig. 3(b), become connected. (c) Y-X plot of the atomic positions of the
Si-atoms for the (a) unrelaxed (square) and (b) reconstructed geometry (circles).
The maximum change in the bond length is � 33% after structure relaxation.

number of mobile carriers at the top-of-the-barrier ( ), which
is directly computed from the previously determined -

(4)

where is the Fermi function and is the chemical
potential in the source region. Equation (4) is self-consistently
coupled to Poisson’s and Laplace’s equation to obtain the
effective potential at the top-of-the-barrier.
The Laplace potential is determined from a simplified
capacitance model which incorporates the capacitance of the
gate insulator ( ), the drain ( ), and the source terminal
( ), respectively. For the Poisson part, we employ a simple
charging model with , where is the single
charging energy [9].

In this work, we assume for simplicity perfect gate control,
i.e., , and to focus on the impact of relaxation
effects. Once and are converged, the current is evaluated
using the semiclassical transport equation in the ballistic limit
[9]

(5)

III. RESULTS

Fig. 3(a) shows the bulk-like cylindrical silicon
nanowire with with H passivation to eliminate the
dangling bonds. Similarly, Fig. 3(b) shows the structure of the
reconstructed Si-NW with hydrogen attached to its surface, as
described in Section II. The effect of the structure relaxation is
evident through the rebonding of the silicon atoms at the top
and bottom of the wire surface, cf. Fig. 3(b). Fig. 3(c) compares
the - positions of the silicon atoms before (square) and after
relaxation (circle). As can be seen, atoms close to the center
of the unit cell shift slightly, while the maximum deviation

Fig. 4. E-k dispersion of the CBs for: (a) an unrelaxed and (b) relaxed Si-NW
along the h110i and geometry, as shown in Fig. 3(a) and (b). The CB effective
mass extracted by a parabolic fit, respectively, the bandgap at the �–point is in
case: (a) m = 0:11m , E = 2:4 eV, and (b) m = 0:12m , E = 2:0 eV.

Fig. 5. I-V characteristics of a h110i Si-NW MOSFETs with 1 nm diameter
and 0.75 nm oxide thickness within the ballistic limit at gate biasV = 0:4V.
The saturation current I for the relaxed wire (dashed) is slightly decreased
compared with the undistorted one (solid).

in bond length ( ) appears for the surface atoms after
surface reconstruction.

Fig. 4 shows the - relation for the CBs of: (a) an unre-
laxed and (b) a relaxed Si-NW for the geometries shown in
Fig. 3(a) and (b), respectively. For a better comparison, we have
aligned the - dispersions with respect to the middle of the
bandgap. We find that some material properties strongly depend
on these geometries. For example, the NW bandgap decreases
from 2.4 eV (unrelaxed) to 2.0 eV (relaxed). The electron effec-
tive mass at the -point, however, remains almost constant from

to after relaxation [17]. A qualitative reason
for the decrease in is that the surface atoms increase the
number of their bonding Si-atoms after relaxation. Hence, these
surface atoms are closer to bulk-like Si-atoms with a smaller,
more bulk-like Si bandgap (1.2 eV). To confirm this hypothesis,
our study of the electronic structure of Si-nanowires needs to be
extended further.

To compare the ultimate performance of a n-type
Si-NW MOSFET in its ON-state for the two different geome-
tries, we first assume that the gate has perfect control on the
electrostatic potential at the top-of-the-barrier along the entire
channel, as shown in Fig. 1(c). The equivalent oxide thickness
(EOT) is set to 0.75 nm. Afterwards, we fix the OFF-current
density to 0.11 according to the 40 nm node of the
2005 ITRS report [18] by tuning the gate work function in each
case. Using the semiclassical model, the calculated versus

characteristics at is shown in Fig. 5. We find
only a small reduction of the ON-current for an n-type Si-NW
MOSFET after surface reconstruction. However, if we assume
that the same type of metal for the gate is used in both cases
(work function of the gate is not allowed to change), we find
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Fig. 6. (a) Average carrier velocity versus V at V = 0:4 V for a h110i
Si-NW MOSFETs with D = 1 nm with relaxed (dashed line) and unrelaxed
(solid line) geometry. (b) Respective mobile charge in the wire channel versus
V for the same bias conditions as in (a).

that due to the smaller bandgap of the reconstructed wire, the
respective transistor has a smaller threshold voltage ( ), but
larger OFF-current which in turn degrades the ratio.

To gain further insight into the device performance of this
Si-NW MOSFET, we determine the electron average velocity
and the number of mobile carriers, as shown in Fig. 6(a) and (b)
as a function of the gate bias . At , the average
velocity for the unrelaxed Si-NW MOSFET with nm is
higher than for the relaxed one, cf. Fig. 6(a). This characteris-
tics can be qualitatively explained within an effective mass ap-
proximation of the conduction band where the carrier velocity

. Since the effective mass of the unrelaxed wire
is smaller than of the relaxed one, the respective velocity is
higher, as shown in Fig. 6(a). The mobile carrier density ( )
depends linearly on the effective device capacitance ( ), which
consist of a parallel combination of the geometric capacitance
( ) and the so-called quantum capacitance ( ) defined as

[9]. For “large” devices such as traditional
Si MOSFETs, , the device capacitance is dominated
by the geometric capacitance, so that the charge density should
depend on , and ( - ). For nanosize devices, however,
the quantum capacitance can become comparable to the geo-
metric capacitance, so that plays an increasingly important
role in controlling the density of mobile carriers. As shown in
Fig. 6(b) at , the carrier density of the re-
laxed and unrelaxed NW are now different due to the different
bandstructure effective masses for the two cases. This difference
implies that these two NW devices belong to the intermediate
regime where effects due to the quantum capacitance cannot be
ignored. As a result, the impact of the carrier velocity variation
on the ON-current ( ) of the Si-NW MOSFET would be
suppressed, cf. Fig. 5, and becomes independent on the effective
mass variation in the limit .

To gain a more detailed insight in the device degradation of
Si-NW MOSFETs, the model should be extended by incorpo-
rating 3-D electrostatics along with the real space charge dis-
tribution in the device, as well as scattering processes, such as
surface roughness scattering [19]. Our assumption that electron
transport is ballistic enables us to investigate the upper perfor-
mance of Si-NW MOSFETs. Surface roughness scattering in
small diameter Si-NW MOSFETs would only play a less im-
portant role in decreasing the ON-current and, thus, lowering
further the performance than in planar MOSFETs [19].

IV. CONCLUSION

We investigate for the first time relaxation effects on the
- characteristics of a small diameter, n-type Si-NW

MOSFET within the ballistic limit. Further study is needed to
investigate the influence of surface states and their passivation
chemistry on the threshold voltage of the channel. Although
significant variations in the structure with respect to bond
length are found ( ), the respective saturation current
shows only a small decrease due to a slight increase in the
CB-effective mass after structure relaxation. Studies to further
investigate the orientation, as well as the size dependence of
structure relaxation on the performance of ballistic p-type, as
well as n-type Si-NW FETs are in progress.
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