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S
ilicon nanowires (SiNWs) are among
the most promising fundamental
building blocks for the fabrication of

nanostructured functional devices.1 The
synthesis of Si and other semiconductor
nanowires can follow either a bottom-up
route, notably by means of chemical vapor
deposition techniques,2 or a top-down
route fully compatible with well-established
SOI and CMOS technologies.3 This makes
SiNWs ideally suited as conducting ele-
ments in field effect transistors (FET)4 or
highly sensitive sensors for the label-free
detection of biological molecules.3,5 In
either cases, the wires' functionality results
from their electronic conduction properties.
These in turn depend on the wire morphol-
ogy and the type and concentration of
dopants,6-8 as investigated in numerous
experimental studies of the SiNWs' ato-
mistic9,10 and electronic6,11,12 structures.
Depending on the synthesis route and

the application environment, the exposed
surfaces of SiNWs are either hydrogen-
terminated13 or passivated by an ultrathin
oxide layer.14 Ultrathin nanowires have
been grown successfully in different groups,
with a diameter as low as 13 Å in one of the
thinnest (embedded) SiNWs13 fabricated up
to now. This small size opens the possibility
to study the entire system by means of
detailed theoretical methods. However,
most atomistic simulations to date have
focused on the properties of undoped and
non-oxidized wires,15-21 mostly because of
the lack of realistic models for Si/SiOx core-
shell wire structures. In particular, theoreti-
cal studies dealing with the transport prop-
erties of pure and doped SiNWs have been
performed for model structures where the
dangling bonds at the wire surfaces are
saturated with hydrogen atoms.22-28

In this paper, we study the transport
properties of B- and P-doped ultrathin
SiNWs covered with a hydroxylated native

oxide layer, building upon previous simula-
tion studies of the oxidation,29 water
reaction,30 and dopant segregation31 of Si
surface slabs. The importance of consider-
ing the effect of surface oxidation on the
wire's properties is motivated by numerous
applications in which SiNWs are either ex-
posed to a wet environment, as in the case
of SiNW biosensors,3,5 or in contact with a
SiO2 insulation layer, such as in FinFETs.32

RESULTS AND DISCUSSION

Whilemany previous transport studies on
doped SiNWs focused on the [110] direc-
tion, a complete atomistic model for an
oxidized and hydrated surface is available
for the [100] direction only,29,30 which is the
starting point to construct our oxidized
[100] wire structure. Namely, we start from
a 2�2�2 64-atom primitive silicon unit cell
periodically repeated along the z direction
(thewire axis) and terminated in the(x and
(y directions by the oxidized and hydro-
xylated Si(001) surface model generated in
ref 30 for a 2 � 2 surface unit cell. To relax
the defects introduced in this way at the
wire's edges, we manually remove obvious
steric clashes, include terminal OH groups,
and perform classical MD simulations at 300
K with the force field developed in ref 33 for
Si/SiOx interfaces, applying a Nos�e-Hoover

* Address correspondence to
koleini.m@gmail.com.

Received for review December 7, 2010
and accepted March 4, 2011.

Published online
10.1021/nn103363y

ABSTRACT Silicon nanowires are widely used as active functional elements in advanced

electronic devices, most notably in biological sensors. While surface oxidation of the wires occurs

upon exposure to a wet environment, theoretical studies are often limited to ideally crystalline,

H-terminated wire models. We present an accurate computational study of the electronic and

transport properties of natively oxidized, ultrathin silicon nanowires including dopant elements.

Comparisons with perfectly ordered and distorted H-terminated structures reveal an unexpected

interplay of effects that oxidation-induced structural distortions and electronegative Si/SiOx
interfaces have on the conductance of B- or P-doped nanowires.
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thermostat and an integration time step of 1 fs. These
operations are repeated until we obtain a core-shell
structure free from under-coordination or over-coordi-
nation defects of all Si atoms. Finally, we perform an
accurate 0.5 ps ab initio MD annealing and geometry
relaxation at the full DFT level, until all force compo-
nents on all atoms are below 0.05 eV/Å.
The finally obtained structure contains 58 O atoms,

which either are in a bridge configuration between two
Si atoms or belong to terminal hydroxyl groups, and 63
Si atoms (one Si atomhaving been removed during the
construction of the oxide shell). The oxidized wire
presents a well-defined silicon core, although with
evident distortions from the ideal lattice structure, as
can be observed in Figure 1b. An analogous pristine
H-terminated wire is constructed simply by saturating
the dangling bonds of the 64-atom Si cell with 60
hydrogen atoms (Figure 1a). Neglecting the effect of
surface strains due to the different surface termina-
tions (which results in less than 1% difference in the
optimized axial lattice parameters), we use a repeating
unit cell along the wire direction of 10.91 Å in both
cases, while the wire diameters are about 13 and 16 Å
for the H-terminated and oxidized case, respectively.
Transport properties are computed for periodically
repeated lead/device/lead structures consisting of
three identical unit cells (Figure 1c). To our best

knowledge, this is the first transport study of such a
complex nanowire with full-scale DFT calculations,
whereas previous studies have provided useful in-
sights of simplified model systems, mostly using more
approximated approaches such as tight-binding.34,35

We begin our study with a comparison of the band
structures computed for the pristine and oxidized
wires. With respect to the H-terminated wire, the
oxidized wire band gap is reduced from 2.6 to 1.2 eV,
and the bands become less dispersive (Figure 2a,c).
This effect can partially be ascribed to the presence of
an oxide shell with a larger dielectric constant than Si,
leading to a reduced quantum confinement, as shown
by Niquet et al.36 Moreover, it has been shown in ref 37,
for the case of ideally crystalline SiNWs terminatedwith
-OH groups, that a combination of reduced quantum
confinement and hybridization of Si valence bandwith
the termination groups leads to a reduction of the
band gap. A further origin of quantum confinement
reduction in our oxidized wire is the structural distor-
tions of the crystalline lattice around and in the silicon
core, which will obviously reduce the dispersion of the
Si states along the wire axis. To highlight the contribu-
tion of structural disorder, we have computed the band
structure of a H-terminated wire with a distorted
structure, obtained after MD annealing of the pristine
wire constraining the atoms in the core to the same

Figure 1. [100]-Grown wires. (a) Cross-section of hydrogen-passivated pristine wire. (b) Cross-section of the oxidized wire.
(c) Lateral viewof the oxidizedwire. The left and right contacts used in the transport calculations are depicted aswatermarked
unit cells.
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positions as in the oxidized wire (see Figure S1 in the
Supporting Information). Notably, applying these dis-
tortions changes the band gap from 2.6 to
1.7 eV (Figure 2), proving that structural disorder
significantly contributes to reducing the band gap
and the band dispersion.
In Figure 2d,e, we show the electronic density plot

associated with states at the top of the valence band
and the bottomof the conduction band of the oxidized
wire. These states are localized at the interface be-
tween the Si core and the oxide shell of the wire, with
high densities located in Si-O bonds. This suggests
that the presence of a Si/SiOx interfacemay intrinsically
affect thewire's transport properties, which are studied
below.
Differently from the case of SiNWs exposing recon-

structed {100} surfaces,38 our wires are free from Si
dangling bonds and thus have no electronically con-
ducting states at the Fermi level. To analyze the wire

transmission in a realistic device, we thus introduce
p-type (boron) or n-type (phosphorus) dopant atoms,
in line with previous studies.22,23,26 Before computing
the transport properties, we investigate the possible
surface or interface segregation of dopants by means
of total-energy calculations.
In the case of the pristinewire, due to the symmetry of

the structure, there are two chemically different sites for
substitutional B and P impurities, namely, at the surface
and in the core of the wire. The energy difference, ΔE =
Esurface - Ecore, is 0.03 and 0.22 eV for B and P dopants,
respectively, showing that no surface segregation of the
dopants is expected. In the case of the oxidizedwire, the
Si atoms canbedistinguisheddependingon thenumber
of neighbor oxygenatoms. The total energyofwireswith
the dopant in all possible oxidized sites and in relevant
core positions are plotted in Figure 3. Consistently with
the results obtained for the case of oxidized Si(001)
surface slabs,31 both B and P dopants are more stable

Figure 2. Band structures of (a) pristine, (b) prisitine distorted, and (c) oxidized SiNWs. (d) Top of valence band (TVB) and
(e) bottom of conduction band (BCB) states in the oxidized SiNW pertaining to the marked bands shown in (c).
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in the siliconcore region,with the total energy increasing
roughly linearly with the number of O neighbors.
The band structure and partial density of states

(PDOS) of the pristine and oxidized wires doped with
B and P are shown in the Supporting Information
(Figure S2). In all cases, there is a band crossing the
Fermi level, making the wire potentially conducting.
For B-doping and P-doping, the band gap amounts to
2.51 and 2.56 eV for the pristine wires and 1.63 and
1.44 eV for the oxidized wires, respectively. The density
of states projected on the dopant atom and its four
nearest neighbors shows that states localized at and
around the dopant site are present at the Fermi level
and will thus influence the wires' electronic transport.
Our transport calculations are based on the non-

equilibrium Green's function method.39 We consider
here a regime of low bias and linear response and
calculate the transmission spectra from

Te(ε) ¼ Tr[ΓLG
aΓRG

r](ε) (1)

where the advanced (retarded) Green's function, Ga(r), is
calculated from the Hamiltonian and self-energies of the
device region, and ΓR(ε) =-2Im[

P
R(ε)], with R = L,R. As

mentioned, the system used in the transport calculations
consists of three unit cells repeated along the z direction,
serving as the left electrode, the device region, and the
right electrode (see Figure 1). To ensure that the length of
the device region is long enough to prevent the overlap
of orbitals of the electrodes with each other, a transmis-
sion spectrumcalculationwith twounit cells in thedevice
region has been performed, which showed no appreci-
able difference from the case of a single unit cell.
The transmission spectra calculated for the doped

pristine, pristine distorted, and oxidized wires are

shown in Figure 4, while the corresponding spectra
for the undoped case are reported in the Supporting
Information (Figure S3). The spectra of the doped
pristine wire show noninteger drops of transmission
at about -1.0 or þ0.6 eV for the case of B and P,
marked with arrows in Figure 4a,d. Similar signatures
were observed by Fern�andez-Serra et al.23 in doped
[110]-oriented SiNWs and attributed to backscattering
effect. In our case, however, they might originate also
from the less dispersed band structure along the [100]
direction. The gap visible in the spectrum of the
B-doped pristine wire below the Fermi level is clearly
due to the strong energy localization of the B-induced
electronic state above the valence bandmaximum (see
Figure S2a). Introducing structural disorder in the
pristine wire leads to decreased transmission probabil-
ity (Figure 4b,e), effectively suppressing the incoming
wave functions at all energy levels. In the oxidizedwire,
the transmission probability is reduced evenmore, and
the spectra exhibit a dense series of discrete transmis-
sion channels with energy widths of the order of
hundreds of millielectronvolts, which reflects the flat-
tening of the electronic bands in the near-gap region.
In some cases, these narrow channels overlap with
each other, causing broader and higher transmission
features. In both the B-doped and the P-doped cases,
there is exactly one channel conducting at the Fermi
level.
The electronic conductance G at the Fermi level at

room temperature can be computed using the Land-
auer formula:

G ¼ G0

Z ¥

-¥
dεTe(ε) -

Df (ε,μ)
Dε

� �
(2)

Figure 3. (a) Boron and (b) phosphorus dopant energetics.
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where G0 = 2e2/h is the quantum of conductance and
f(ε,μ) = 1/(exp[(ε - μ)/kBT] þ 1) is the Fermi-Dirac
distribution function at the chemical potential μ (the
Fermi level in our calculations). On the basis of this
formula, we have calculated the conductances of the
doped wires. The results are summarized in Table 1.
Because of symmetry, in the case of pristine wires, the
values of G are insensitive to the specific dopant site. In
the case of distorted and oxidized wires, the reported
values are the averages of eight different calculations
with the dopant in different sites inside the Si core.
Our calculations reveal that the conductance of

pristine wires is slightly higher for P-doping than for
B-doping. This is understandable from the higher
effective mass of holes along the [100] direction,25,40

which results from a smaller dispersion and thus in a
smaller mobility than in the case of electrons.23 Intro-
ducing structural distortions leads to a decrease of the
conductancewhich ismuch larger for B-doped than for
P-doped wires. To rationalize this observation, we look
at the spatially resolved scattering states of the trans-
mission eigenchannels at the Fermi level,41 as depicted
in Figure 5. These are roughly correspondent to the
electronic states at the valence band maximum (for B)
or conduction band minimum (for P), as shown in

Figure S4 of the Supporting Information. For doped
pristine wires, we observe that in the case of P-doping
the eigenchannel is localized in close proximity of the
dopant site, whereas it is evidently delocalized in the
case of B-doping (Figure 5a,c). This is consistent with
the fact that the strength of the hydrogenoid-type
potential for the electron induced by P is much larger
than the correspondent potential for the hole induced
by B, as shown by Fern�andez-Serra et al.23 We can thus
expect the conductance of small radius B-doped wires
to be strongly affected by structural distortions spread
across the whole wire core. Instead, in similar wires, the
more localized eigenchannel of the P-doped wire
should be less perturbed by the structural disorder,
as indeed reflected by the calculated values of G.
However, the oxidation of the wire's surface changes
this behavior. The shell provides electronegative sites
at the Si/SiOx interface, which attract the additional
electron introduced by the P dopant, as confirmed by
visual analysis of the state at the bottom of the con-
duction band for P-doped oxidized wires (Figure S4d).
This results in a delocalization of the transmission
eigenchannels over a large portion of the wire
(including the interface region) also in the case of
P-doping (Figure 5d) and to an associated strong
decrease of the conductance at the Fermi level to
values now very similar for either dopant element
(Table 1).
We stress that these results are in part a conse-

quence of the small size of our crystalline SiNW core. A
different behavior can be expected for larger crystal-
line cores, since the dopant-induced resonant back-
scattering is stronger for P-doped than for B-doped
wires due to the stronger nature of the impurity
potential.23 In this case, we expect that the resonant

Figure 4. Transmission spectra of B-doped (a) pristine, (b) pristine distorted, (c) oxidized and P-doped (d) pristine, (e) pristine
distorted, (f) oxidized wires.

TABLE 1. Electronic Conductance of Doped SiNWs at the

Fermi Level at Room Temperature, in Units of G0, along

with the Standard Deviation (σ) Obtained from Eight

Independent Calculations with the Dopant in Different

Core Sites

dopant pristine (σ) pristine distorted (σ) oxidized (σ)

B 0.74 (0.00) 0.43 (0.14) 0.43 (0.09)
P 0.95 (0.00) 0.89 (0.06) 0.41 (0.11)
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backscattering induced by P impurities could be re-
duced upon oxidation, thanks to the competing attrac-
tive potential for the electron induced by the oxide
shell. The same oxide shell will act as a stronger
confining potential for the holes provided by B impu-
rities. Which of the two options, namely, doping with B
or P, will result in larger conductance will depend on
the level of segregation of the dopant atoms toward
the core. If impurities are more stable in the core
region, as shown here for small radius wires, we expect
P-doping (n-type) to be more efficient. In addition,
we note that the strength of the impurity-induced
scattering potentials does depend on the size of the
unit cell along the wire's axis.42,43 Therefore, future
detailed thermodynamical and kinetic studies of the
distribution of impurities in larger oxidizedwireswill be
necessary to achieve more definitive conclusions, al-
lowing for the inclusion of realistically long-ranged
impurity potentials.
While our study is limited to the [100] wire growth

direction, we expect our conclusion about the effects
of an oxide shell and of a disordered Si lattice in the
near-oxide region to hold qualitatively also for other
directions. However, the inherent anisotropy of the Si

band structure is at the origin of different effective
masses and thus different mobilities for holes and
electrons along different directions, especially for small
wires subjected to quantum confinement effects.25,44

Persson et al. have estimated effective masses along
[100] to bem* = 0.30m0 andm* = 0.97m0 for electrons
and holes in pristine SiNWs, respectively, while the
corresponding values along [110] arem* = 0.14m0 and
m* = 0.18m0.

25 Therefore, at least for the case of
B-doping, transport in [100]-oriented SiNW devices
may be hindered by the low carrier mobility. Interest-
ingly, the presence of a native oxide layer results in a
considerable flattening of both the valence and the
conduction bands (see Figure 2), indicating that the
associated reduced mobility of the carriers could se-
verely limit the conductivity of thin wire devices. The
dependence of these effects on the crystallographic
direction is an issue that shall be investigated in further
studies, in which oxidized wire models grown along
the [110] direction should be constructed and their
transport properties evaluated and compared with the
results presented here.
Finally, it needs to bementioned that, before a direct

comparison to experimental observables can bemade,

Figure 5. First transmission eigenchannels of (a) pristine wire, B-doped; (b) oxidizedwire, B-doped; (c) pristine wire, P-doped;
(d) oxidized wire, P-doped. Green and yellow spheres depict boron and phosphorus, respectively; to show them clearly, their
sizes have been increased to half of their van der Waals radii. Two pristine wires (a,c) and two oxidized wires (b,d) each have
the same isosurface cutoff.
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further studies shall be devoted to contemplate issues
such as possible shortcomings of the DFT-GGA meth-
od, the effect of a bias electric field on the transmission,
or the occurrence of other scattering sources and
Anderson localization in real devices.

CONCLUSIONS

In summary, we have studied the electronic and
transport properties of ultrathin, natively oxidized and
doped SiNWs grown along the [100] direction.We have
shown that the surface oxidation of the wires induces
structural distortions of the wire core and changes its
quantum confinement,36 decreasing the band gap and
providing less dispersive states. Dopants have been
found to be stable in the wire's core, in the absence of

coordination defects at the Si/SiOx interface. The con-
ductance of the oxidized wires is decreased with
respect to the case of ideally crystalline, H-terminated
wires, due to the combined effect of the structural
distortions induced by the oxidation process and of
the presence of electronegative sites at the Si/SiOx

interface. The overall conductance decrease is very
similar for B and P dopants, despite the fact that the
transmission of P-doped wires is less influenced by
structural disorder in the absence of an oxide shell. The
use of either p- or n-type doping is thus not expected to
have a marked effect on the performance of oxidized
nanowire devices (at least for small diameter sizes), so
that the choice of the more suitable kind of dopant can
be taken on the basis of other fabrication considerations.

COMPUTATIONAL METHODS
In our calculations, we use density functional theory (DFT)

within a generalized gradient approximation to the exchange
and correlation functional45 as implemented in the SIESTA
code.46 The nuclei and core electrons are replaced by norm-
conserving pseudopotentials,47 and the Kohn-Sham electronic
states are expressed as linear combinations of strictly localized
numerical atomic orbitals. We use a double-ζ polarized basis set
with an energy shift of 0.02 Ry and a grid cutoff of 300 Ry. A 16 k-
point grid is used to sample the reciprocal space along the wire
axis. In dopant energetics calculations, in order to avoid basis
set superposition errors (BSSE) intrinsic in methods based on
finite basis sets, the dopants' energetics calculations have been
performed by plane-wave method implemented in ref 48 using
ultrasoft pseudopotentials with a 32 Ry (320 Ry) cutoff for the
wave functions (charge density).
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