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O
ne-dimensional (1-D) nanostruc-
tures, such as silicon nanowires
(SiNWs) andcarbonnanotubes, have

sustained intense interest because they exhi-
bit unique, technologically significant proper-
ties that are often substantially different from
their bulk counterparts as a result of various
nanoscale phenomena such as quantum con-
finement and enormous interfacial surface
areas. In particular, recent studies of SiNWs
have explored numerous effects on observa-
ble properties including orientation,1-6

passivation,2,7,8 diameter,1,3,9,10 cross section
(shape and aspect ratio),1,7,11 doping,12,13 sur-
face-to-volume ratio,1,11 strain,3,4,14 and sur-
face morphologies.12,15 The unrealized
technological potential of SiNWs is vast, espe-
cially in devices already dominated by Si
materials, and includes applications such as Si
process-compatible optical interconnects and
waveguides in complementary metal oxide
semiconductor (CMOS) integrated circuits,16

SiNW-based solar cell arrays with enhanced
broad-band optical absorption,17,18 and effi-
cient three-dimensional anode architectures in
Li-ion battery anodes.19

Techniques to fabricate SiNWs include
both bottom-up and top-down strategies.20

The bottom-up approach is essentially 1-D
crystal synthesis involving nucleation and
subsequent epitaxial growth; themost com-
monmethods are vapor-liquid-solid (VLS)
and oxide-assisted growth (OAG) mecha-
nisms.21 VLS-grown SiNWs typically suffer
from residual metal catalyst contamination,
like Au or Cu,21,22 that degrades electronic
properties. OAG SiNWs can be produced by
either thermal evaporation23-26 or laser
ablation10,25 of SiOx in a growth mechanism
involving phase separation into a recrystal-
lizing Si (c-Si) core and amorphous silicon
oxide (a-SiOx, 0 e x e 2) sheath that is
proposed10,25 to inhibit lateral growth. The
preferred orientations of OAG SiNWs are

Æ110æ and Æ112æ, where smaller diameters
favor Æ112æ.12,24 The top-down approach is a
subtractive process that relies on combina-
tions of high-resolution microfabrication
processes, such as photolithography and
etching, to delineate Si nanoscale columns
on a bulk Si substrate.
While the desirable electronic properties

of a-SiO2 are arguably the primary reason
for the immense proliferation of Si-based
devices, accurate atomistic modeling of a-
SiOxmaterials and their interfaces is surpris-
ingly limited. Tu and Tersoff27 investigated
improved models of the c-Si/a-SiO2 inter-
face using continuous random network
model-based Metropolis Monte Carlo
(CRN-MMC) simulations28 that apply the
bond switching moves of Wooten et al.29

within the context of a Keating-like model30

of force field energetics. Our recent effort
(unpublished data) extends the work of Tu
and Tersoff27 through parametrization of a
Keating-like potential optimized with the aid
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ABSTRACT Using a density functional theory approach, we examine the dielectric function

(ε(ω)) optical spectra and electronic structure of various silicon nanowire (SiNW) orientations

(Æ100æ, Æ110æ, Æ111æ, and Æ112æ) with amorphous oxide sheaths (-a-SiOx) and compare the results

against H-terminated reference SiNWs. We extend the same methods to investigate the effects of

surface passivation on Æ111æ SiNW properties using functional group termination (-H, -OH,

and-F) and three different thicknesses of oxide sheath passivation. Oxide layer growth is evidenced

in the spectra by concomitant appearance of tail oxide character with signatures of increased Si

disorder. Suboxide contributions and increased Si disorder from oxidation average out the band

structure dispersion observed in the reference SiNWs. Furthermore, we plot average Seraphin

coefficients for Æ111æ passivations that clearly distinguish functional group termination from surface

oxidation and discuss the suboxide and disorder contributions on the characteristic intersection of

these coefficients. The substantial difference in properties observed between Æ111æ-OH and

Æ111æ-a-SiOx SiNWs emphasizes the importance of using realistic oxidation models to improve

understanding of SiNW properties.

KEYWORDS: silicon nanowire . oxidation . disorder . first-principles . optical
property . electronic structure
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of density functional theory (DFT) calculations. We
further extended this structural model to the
Si(001)/a-SiO2 interface and revealed the sensitivity of
the interface structure to the relative rigidity of the para-
metrized potentials in each phase (unpublished data).
Despite this recent progress on the planar Si(001)/

a-SiO2 interface, nanostructure oxidation can be more
complex, especially in generation of physically realistic
structural models. Recent first-principles studies exam-
ining structural parameters,31 optical spectra,32 and
conductance33 in oxidized SiNWs have provided rea-
sonable consistency with experiment, but these SiNW
oxidation models are limited to specific O influences
from either hydroxyls (-OH) or bridge-bonded/back-
bonded O atoms on/near the NW surface. As evi-
denced by experimental studies of oxidation on
SiNWs34 and Si nanocrystals (SiNCs),35 nanoscale oxi-
dation is more strongly influenced by certain structural
parameters, including curvature and strain, than a
macroscopic substrate surface, so accurate atomistic
models are critical to improved understanding of
nanostructure properties.
In this article, we use DFT calculations to investigate

the dielectric function optical spectra and electronic
structure of various SiNW orientations (Æ100æ, Æ110æ,
Æ111æ, and Æ112æ) with-a-SiOx surface passivations and
compare the results to H-terminated reference SiNWs.
In addition, we extend our computational approach to
specifically examine both the chemical effects and
disorder imposed by the passivation layer on Æ111æ
SiNWsusing various functional groups (-H,-OH, and-F)
and three different thicknesses of oxide sheath passi-
vation. We also compute average Seraphin coefficients
for each Æ111æ SiNW passivation to identify optical
signatures for both functional group surface termina-
tion and surface oxidation.

RESULTS AND DISCUSSION

Guided by the results of previous theoretical
studies1,2,5,6 and reports of commonly synthesized
SiNWs,10,24,25 we focused our investigation on four
SiNW orientations: Æ100æ, Æ110æ, Æ111æ, and Æ112æ. Since
as-grown SiNWs are often sheathed in passivating
oxide layers, either from evolution of a native oxide,36

intentional growth via subsequent thermal oxidation,34

or remnant fromNW synthesis (OAG),10,23,25,26 wewere
motivated to apply our a-SiOx structural modeling
procedure (unpublished data) with DFT-parametrized
potential to commonly studied SiNWs to determine
the influence of oxidation on observable properties.
Reference SiNWs were first constructed by extract-

ing sections of bulk c-Si with a DFT-optimized lattice
constant of 5.460 Å followed by manual termination of
surface dangling bonds with various functional groups
(-H, -OH, and -F). Next, these configurations were
DFT-relaxed with ultrasoft pseudopotentials (US-PPs)
using planewave basis sets and Γ-point Brillouin zone

(BZ) sampling (see Computational Methods). In addi-
tion, each reference SiNW was then subjected to a
volume relaxation procedure that effectively opti-
mized the period along the wire axis (az). Table 1
provides key structural information about each SiNW
including total number of atoms (N), atomic composi-
tion (NSi, NO, NH, and NF), transverse period defining
both X and Y supercell dimensions, and minimum
vacuum spacing. Figures 1a-d and 2a,b illustrate all
reference SiNW cross sections generated with this
procedure while also introducing a SiNW nomencla-
ture used throughout this article of <hkl>-X, where
<hkl> designates the wire orientation and -X repre-
sents the nanowire sheath composition. Figure 2 in-
troduces a variety of surface passivations on Æ111æ
SiNWs for later discussion of passivation effects.
Four independent oxidized SiNWs for each orienta-

tion and/or oxide thickness of interest were generated
from the same c-Si cores as previously described.
Instead of Si dangling bond surface termination with
functional groups, -a-SiOx layers were generated on
lateral surface facets by strategically inserting O atoms
between surface Si-Si bonds. Then, amorphization of
the oxide sheath layers was implemented using a
procedure based on CRN-MMC simulations using our
a-SiOx potential (unpublished data). Our a-SiOx poten-
tial is based on ab initio parametrization of a valence
force field model that improves structural description
of partial phase separation and mechanical properties
that are experimentally observed near strained c-Si/a-
SiO2 interfaces. We determined the size (N) of each
oxidized SiNW (-a-SiOx) studied as a balance between
sufficient supercell sizeandadequatewire length (=Zn� az,
where Zn is number of periods along the Z axis) to allow
generation of a reasonably random amorphous layer
while still being sufficiently small to practically facilitate
DFT simulation. In addition, we also intended to pre-
serve some crystallinity in the SiNW cores, so this
objective limited the oxide thicknesses that could

TABLE 1. Structural Summary of SiNW Modelsa

SiNW N NSi NO NH/NF Zn az (Å) X,Y period (Å) min vacuum (Å)

Æ100æ-H 532 356 176 4 5.452 32 10.19
Æ110æ-H 432 320 112 4 3.868 36 10.41
Æ112æ-H 552 420 132 2 6.680 10 10.56
Æ111æ-H 472 340 132 2 9.437 33 10.72
Æ111æ-OH 580 340 108b 132 2 9.431 33 9.32
Æ111æ-F 472 340 132 2 9.445 31 8.81
Æ100æ-a-SiOx 652 356 296 4 5.256 15 10.92
Æ110æ-a-SiOx 664 320 344 4 3.869 40 10.46
Æ112æ-a-SiOx 800 420 330 2 6.579 42 8.44
Æ111æ-a-SiOx 622 340 282 2 9.105 35 9.24
Æ111æ-a-SiOx 694 340 354 2 9.547 35 8.89
Æ111æ-a-SiOx 766 340 426 2 9.509 37 10.70

a X,Y supercell dimensions were individually adjusted to ensure a minimum vacuum
separation >8 Å for all structures. b To avoid steric hindrance between some-OH
groups, 24 surface sites remained -H-passivated.
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be accommodated. Liu et al.34 reported self-limiting
oxidation in fabricated sub-5 nm SiNWs, so complete
surface-initiated oxidation is indeed impractical. As
shown in Figure 1, all SiNWs generated have diameters
of approximately 2-3 nm.
Following simulated amorphizations to generate the

-a-SiOx sheath layers, these intermediate configura-
tions were also DFT-relaxed with US-PPs and Γ-point
BZ sampling. From evaluation of the resultant DFT total
energies, we selected the lowest energy structure from
each four-sample set as the representative structure for

subsequent property calculations. These representa-
tive oxidized SiNWs are illustrated in Figures 1e-h and
2c,d. Table 2 provides a brief summary of the suboxide
distribution for each oxidized SiNW. The minimum
measured vacuum separation for any SiNW in this
study is 8.44 Å (Æ112æ-a-SiOx). Our preliminary calcula-
tions showed that SiNW total energies were well-
converged when vacuum separation wasg3 Å. Unlike
the reference SiNWs, we found that structure-specific
volume relaxation was not effective in lowering the
energy of oxidized SiNWs, so this step was omitted in
the generation of optimized structural configurations
for property calculations. Surrounded by an annular,
interconnected-a-SiOx sheath, the dimensions of the
crystalline SiNW core are highly constrained relative to
its reference SiNW counterpart in which surface passi-
vation with terminal (no interconnections) functional
groups should be more flexible. This result is not
surprising in the context of our parallel work
(unpublished data) which shows that the oxide model
produced by our DFT-parametrized a-SiOx potential
has a significant influence on the planar c-Si/a-SiO2

interface structure that is driven by respective strain
energies of the two phases and their relative rigidity.

Figure 1. DFT-relaxed configuration cross sections for each SiNW orientation in both H-passivated (a-d) and corresponding
oxidized (e-h) states. In all cases, the wire axis is aligned in the Z direction. Small white spheres represent H atoms. Gold
wireframe depicts all Si atoms in (a-d), while in (e-h) wireframe represents only c-Si core atoms in neutral, þ1, or þ2
oxidation states. In the -a-SiOx sheaths, gray spheres represent Si atoms in þ3 and þ4 oxidation states, while medium red
spheres represent O atoms. The measurement bar is scaled specifically for (a), but still provides approximate perspective for
all structures shown.

Figure 2. DFT-relaxed configuration cross sections for ad-
ditional surface passivations on Æ111æ SiNWs as viewed
along the Z axis. Small white spheres represent H, medium
red spheres represent O, and green spheres represent F.
Gold wireframe depicts all Si atoms in (a,b), while in (c,d)
wireframe represents only c-Si core atoms in neutral,þ1, or
þ2 oxidation states. In the -a-SiOx sheaths, gray spheres
represent Si atoms in þ3 and þ4 oxidation states. To
prevent steric hindrance between-OHgroups at 24 surface
sites between the six main {110} lateral facets in (a), these
sites remained-H-passivated, rather than-OH-passivated.

TABLE 2. Oxidized SiNW Suboxide Distributions

Si oxidation state

wire orientation N NSi 0 þ1 þ2 þ3 þ4

Æ100æ 652 356 0.46 0.10 0.05 0.11 0.29
Æ110æ 664 320 0.37 0.05 0.04 0.13 0.41
Æ112æ 800 420 0.45 0.06 0.06 0.10 0.34
Æ111æ 622 340 0.47 0.08 0.06 0.10 0.29
Æ111æ 694 340 0.37 0.07 0.04 0.14 0.38
Æ111æ 766 340 0.29 0.04 0.05 0.15 0.48
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Optical Absorption Spectra. For all optical calculations,
we utilized a four-step procedure (see Computational
Methods) to compute ε(ω) = ε1(ω) þ iε2(ω) with the
Vienna ab initio simulation package (VASP) following
the general theoretical framework described by
Adolph et al.37 Since this calculation method is based
on the independent particle approximation, quasi-
particle self-energy corrections, local field effects, and
excitonic contributions are neglected. The DFT ap-
proach in the generalized gradient approximation
(DFT-GGA) used throughout this article characteristi-
cally underestimates the band gap (Eg), but the result-
ing qualitative trends are considered reliable. More
discussion about this optical calculation procedure and
its limitations is provided in our previous work38,39 and
in the Computational Methods section.

The study of 1-D periodic systems naturally results
in the application of supercells with tetragonal sym-
metry where two independent components of ε2
exist.2 As a result, we will present both components
of ε2 for all optical spectra: (1) parallel to the wire axis,
the ε2 tensor reduces to εzz(ω) = ε2

)(ω); and (2)
perpendicular to the wire axis, ε2 reduces to two
identical components that will be represented as an
average, [εxx(ω) þ εyy(ω)]/2 = ε2

^(ω).
Figure 3 introduces both ε2

)(ω) and ε2
^(ω) spectral

components for all four SiNW orientations represent-
ing all structures depicted in Figure 1. Similar to the
results of Aradi et al.,2 we observe a blue shift in the
fundamental absorption edge (E0 transition in Si) of all
ε2

^(ω) components relative to ε2

)(ω) for all orientations

and surface passivations (-H and -a-SiOx). Since the
SiNWs we present have larger diameters than those of
Aradi et al., the degree of shift we observe is generally
smaller because the quantum confinement (QC) effect
on the ^ components is diminished.

On the basis of a previous report,40 the perceived
reduction in anisotropy with reduced QC is a mislead-
ing conclusion that arises from approximations made
in sampling optical transitions. Bruneval et al.40 made
the critical observation that the approximations in this
established optical calculation method,37 especially in
neglecting local field (LF) effects, do not allow accurate
description of anisotropy at this scale. Bruneval et al.
further show that first-principles calculations including
LF effects and classical estimations based on effective
medium theory indicate that optical anisotropy re-
mains even while QC effects are vanishing.

As anticipated, growth of the -a-SiOx surface layer
on all SiNW orientations has an appreciable and con-
sistent effect on ε2(ω). For all cases in Figure 3, the-a-
SiOx passivation diminishes the main absorption peak
(E2 transition in Si) near 4 eV relative to the -H
reference NWs and also washes out most characteristic
c-Si transition edges and peaks. Since the growth of the
-a-SiOx layer results in a two-phase nanostructure, the
optical spectra consequently represent a weighted
hybrid of both distorted c-Si and a-SiOx responses.
The growth of the a-SiOx surface layer creates strain in
the c-Si NW cores and disorder at the c-Si/a-SiOx inter-
face that can be viewed as incipient amorphization
of the c-Si core; despite this, the remnant E2 Si

Figure 3. Imaginary components of the complex dielectric function spectra computed from DFT-GGA calculations for all
SiNW configurations in Figure 1. Within each subfigure, the ε2 components are provided both parallel (ε2

)) and perpendicular
(ε2

^) to each wire axis.

A
RTIC

LE



BONDI ET AL. VOL. 5 ’ NO. 3 ’ 1713–1723 ’ 2011 1717

www.acsnano.org

peak remains. The other ε2(ω) contribution from the
oxide phase is represented by the long tails present for
all-a-SiOx SiNW orientations that gently rise to almost
imperceptible peaks near 10 eV, consistent with our
previous results for SiO2 optical response (see Figures 5
and 6 in ref 38). Despite significant residual crystallinity
visually apparent in the core of each-a-SiOx SiNW (see
Figure 1e-h), our optical spectra reinforce the acute
sensitivity of optical techniques in semiconductor
characterization.15,41,42

Electronic Structure. In Figure 4, we present the band
structure and total density of states (DOS) for all nano-
wires represented in Figure 1. We find that the band
structures exhibited by the -H SiNWs are qualitatively
consistent with results in the literature; however, the
relatively larger2,5-7-H reference SiNWs we investigate
(Eg scales down with increasing diameter) and the
various functionals2,3,7 and Eg corrections5,6 employed
in other studies understandably impart some quantita-
tive variations. We observe direct gaps for both Æ100æ-H
and Æ110æ-H, while Æ111æ-H and Æ112æ-H exhibit in-
direct gaps. Similar to the work of Scheel et al.,6 we also
observe that the direct nature, essential for photonic
applications, of Æ110æ-H is dampened by a low popula-
tion of states near the gap which effectively nullifies the
direct gap character for device operation.

The most interesting aspect of our band structure
results lies in comparison of each reference SiNW

(Figure 4a-d) with its corresponding oxidized SiNW
(Figure 4e-h). For all wire orientations, it is readily
apparent that the usual energy dispersions with re-
spect to k are averaged and flattened out with the
growth of the -a-SiOx layer relative to the reference
SiNWs. We attribute this result to the disorder imposed
on the SiNW cores as a result of their close proximity to
the c-Si/a-SiOx interface since the band structure we
observe on the oxidized SiNWs is similar to what might
be expected at the onset of amorphization. As the
configuration approaches complete amorphization, all
remnant band structure should disappear as k be-
comes undefined. For the case of Æ100æ-a-SiOx

(Figure 4e), the band structure has almost reduced to
an elaborate, but redundant, plot of band gap states as
a result of the flat nature and high density of bands
present. Note that this is also partially a function of the
Æ100æ-H band structure since the energy dispersions
along the bottom of the conduction band and top of
the valence band are inherently subtle in this orienta-
tion. In other cases, such as the Æ110æ and Æ111æ SiNWs,
the oxidized SiNWband structure ismore easily seen as
a k-averaged counterpart of the corresponding -H
SiNW band structure.

Another interesting consequence of the evolution
of SiNW disorder in the core is the effect on the direct/
indirect nature of the band gap. Previous studies3,4,14

have examined the effect of applied strain on both the

Figure 4. Band structure and total DOS computed fromDFT-GGA calculations for each SiNW configuration shown in Figure 1.
The top panels represent-H reference SiNWs, while the corresponding bottom panels represent the oxidized SiNW for each
orientation. Reference Fermi energies for band structures are computed during determination of the charge density
distribution. Some variation in energy referencing betweenband structure andDOS calculations is an inevitable consequence
of different k-point sampling schemes.
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magnitude and nature of the SiNW Eg, including
reports4 that specific strain conditions can change
the nature of the gap. Other studies31,32 have also
provided insight into the effect of O incorporation on
QC in SiNCs. As Ramos et al. report,32 the effect of O
incorporation is complicated by competing effects. On
one hand, oxidation of the surface increases the nano-
structure diameter, which reduces QC and Eg; however,
O incorporation via back-bond oxidation effectively
reduces the c-Si core, which increases QC and Eg. The
growth of amorphous oxide layers on SiNWs intro-
duces an additional structural influence that promotes
averaging of k in the band structure which can shift the
k-point coordinate of both conduction band minima
(CBM) and valence band maxima (VBM).

As a result of these competing oxidation effects, we
observe different band structure changes from SiNW
oxidation. In Figure 4, we observe the magnitude of Eg
to shrink for Æ100æ- and Æ111æ-oriented SiNWs, while Eg
increases for both the Æ110æ and Æ112æ cases. Analyzing
Figure 4 in terms of SiNW gap character, the k-aver-
aging effect of oxidation on the CBM around Γ almost
destroys the strongly direct appearance of the Æ110æ
SiNW Eg (Figure 4b,f). However, comparison of the
Æ112æ SiNWs (Figure 4d,h) indicates that oxidation of
the surface has changed the nature of the gap from
indirect to a weakly direct character since k-averaging
has moved the k-point coordinate of CBM to Γ.

Surface Passivation Effect on Optical Properties. To better
understand the effect of various surface passivations,
we chose the commonly synthesized Æ111æ wire orien-
tation for further examination. Figures 1c,g and 2
collectively illustrate three functional group (-H,
-OH, and -F) passivations to assess chemical effects
as well as three different thicknesses of oxide sheath
passivation (622, 694, and 766 atom Æ111æ-a-SiOx) to
study the expected effects of variable oxide thickness.
In particular, the functional groups provide a basis for
comparison of electronegativity (EN) influence. On the
Pauling scale, the EN values of the relevant elements
are 1.9, 2.2, 3.4, and 4.0 for Si, H, O, and F, respectively.43

For the -a-SiOx passivations, we expect to observe
variation in interface composition (suboxide
distribution) and degree of strain/disorder imparted
on the c-Si corewith oxide thickness. Revisiting Table 2,
we see that the suboxide (Si1þ, Si2þ, Si3þ) fraction of Si
atoms remains nearly constant at ∼0.25 for Æ111æ
SiNWs; however, the nature of the interface changes
with increasing oxide thickness because the Si3þ po-
pulation is increasing at the expense of the Si1þ

population.
Figure 5 extends our results shown in Figure 3c with

separate plots for ε2

) and ε2
^ that show the influence of

surface passivation on the optical spectra. Using
Æ111æ-H as the base reference, substitution of-Hwith
either -OH or -F has a similar effect on both compo-
nents of ε2. Substitution with-F reduces and red shifts

the E2 peak and also red shifts E0; substitution with
-OH further reduces the E2 peak intensity and shows a
similar red shift in both E2 and E0 as observed for the-F
case. The E1 peak (between E0 and E2) is particularly
apparent in ε2

) for the three cases of surface termina-
tion with functional groups. For Æ111æ-H, the E1

)
transition occurs at 3.22 eV; however, substitution with
either -F or -OH red shifts the E1

) peak to 2.97 and
3.03 eV, respectively. While the E1

^ peak is evident for
the -H case in ε2

^, the E1
^ peak is no longer apparent

for -OH and -F passivations. Furthermore, substitu-
tion of -H with either -OH or -F also increases the
high energy tail (>10 eV) in both ε2

) and ε2
^ spectra.

Aradi et al.2 observed similar red shifting of E0 on both
Æ110æ and Æ112æ SiNWs when -H passivation was
substituted with -OH passivation, which they attrib-
uted to reduced band gaps from the high EN (3.4) of O
in the -OH groups. Nolan et al.8 also show band gap
reduction on Æ100æ SiNWs passivated with -OH
groups.

For the Æ111æ-a-SiOx SiNWs, we observe the ex-
pected results in Figure 5 for both ε2 components of Si
E2 peak intensity reduction and broadening in correla-
tion with increased oxide thickness. This optical re-
sponse is not only characteristic of amorphization38,39

but also a signature of stoichiometric shift in bulk a-
SiOx (0 e x e 2) as x increases.38 If the oxide contribu-
tion in these SiNWs was increased following further

Figure 5. (a) Parallel and (b) perpendicular components of
the imaginary parts of the complex dielectric function
spectra computed from DFT-GGA calculations for all Æ111æ
SiNW passivations. The optical transitions annotated in (a)
for Æ111æ-H follow the nomenclature of Yu and Cardona.42

The tail spectra magnified in the inset in (b) have the same
trend for (a) and are therefore omitted in (a).
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oxidation, we expect that a blue shift in the E2 peak
would also become evident (see Figure 5 in ref 38). In
addition, closer inspection of Figure 5b via the inset
shows the main characteristic SiO2 ε2(ω) peak near 10
eV increasing as the oxide sheath thickness increases.

Surface Passivation Effect on Electronic Structure. Figure 6
extends our results in Figure 4 with a comparison of
Æ111æ SiNW band structures resulting from all six sur-
face passivations. Substitution of-Hwith-OH (Figure 6b)
has modest implications on the band structure; the
most obvious effect is simply an increase in band
density that is also reflected as a general rise in DOS.
Substitution of -OH with -F (Figure 6c) results in few
modifications in the electronic structure. In contrast,
the effects of increasing oxidation on the Æ111æ SiNW is
more interesting (see Figures 6d-f). We expected the
degree of disorder present for the N = 766 case to fully
average out any remaining dispersion in the band
structure, but this is not observed. Increased oxidation
among the three Æ111æ-a-SiOx cases (N = 622, 694, and
766 atoms) has the general effect of making the DOS
increasingly sparse andmorediscontinuouswith respect
to energy. The increasingly sparse nature of near-gap
states is a consequence of complete Si oxidation. While
Si0 and the suboxide states contribute to near-gap

electronic structure, the influence of Si4þ is farther
removed (Eg for SiO2 ∼9 eV (ref 44)).

Interestingly, the gap for N = 694 becomes weakly
direct after oxidation, although the sparse DOS in the CB
precludes applicability to photonic devices and nearly
flat CBs correspond to large electron effective masses.
Measurements on oxidized SiNWs in this size regime
support reduced mobility, which is a proposed conse-
quence of increased interfacial scattering.45 In addition,
reduced mobility is also an expected consequence of
increased disorder since carrier mobilities in a-Si are
typically orders of magnitude smaller than in c-Si. While
we observe that oxidation is capable of changing the
direct/indirect nature of the gap in Figure 6d-f, we can
speculate that a statistical sampling of oxidized SiNWs
would reveal that the random nature of -a-SiOx yields
mixed distributions of direct/indirect SiNWs for each
oxide thickness. We suspect that oxidation-induced dis-
order is responsible for changing the direct/indirect
nature of the gap; however, oxidation may not be a
reliable tool to augment gap character because the
random aspect of k-averaging will likely make the direc-
tion of change hard to control.

Carrier et al.44 studied Si/SiO2 superlattice interfaces
to reach the conclusion that the suboxide is

Figure 6. Band structure and total DOS computed from DFT-GGA calculations for all Æ111æ SiNW passivations. The top panels
represent SiNWspassivatedwith functional groups,while the bottompanels represent the effect of increasingoxidation from
left to right. Reference Fermi energies for band structures are computed during determination of the charge density
distribution. Some variation in energy referencing betweenband structure andDOS calculations is an inevitable consequence
of different k-point sampling schemes.
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responsible for the nearly dispersionless (k-invariant)
bands; however, since the oxide is simultaneously
responsible for both suboxide influence (Si charge
states) and imposition of disorder in the c-Si phase,
the relative contribution of each effect remains to be
determined. We can point out that -OH passivation
(Figure 6b) produces a near-surface population of Si1þ,
yet the band structure is hardly dispersionless.

Optical Characterization with Seraphin Coefficients. Pre-
vious reports41,46 used Seraphin coefficients to opti-
cally characterize the structure of bulk semiconductors
and heterostructures based on the original work of
Seraphin and Bottka.47 We will demonstrate the use of
optical calculation techniques to help illuminate the
relationship between the atomic structure of differ-
ently passivated SiNWs and the response of Seraphin
coefficients with specific attention given to the con-
tributions of the suboxide layer and structural disorder
from oxide passivations.

Experimental studies based on Seraphin
coefficients47 use variousmodulation spectroscopies48

to structurally characterize Si, such as determination of
intrinsic interface strain46 and disorder.41 We similarly
follow the method described by Sundari et al.41 since
all necessary quantities are extracted from ε(ω) for an
arbitrary material, which is typically a semiconductor.
The ratio of change in reflectivity (ΔR) to absolute
reflectivity (R) is calculated as

ΔR=R ¼ RΔε1 þ βΔε2 (1)

where Δε1 and Δε2 are changes in respective compo-
nents of the complex dielectric function, R = 2A/(A2 þ
B2), β = 2B/(A2 þ B2), A = n(n2- 3k2- 1), and B = k(3n2

- k2 - 1). The frequency-dependent quantities, R and
β, are the Seraphin coefficients47 and n and k are the
real and imaginary parts,49 respectively, of the complex
refractive index:

n(ω) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21(ω)þ ε22(ω)

p
þ ε1(ω)

2

" #1=2

(2)

k(ω) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21(ω)þ ε22(ω)

p
- ε1(ω)

2

" #1=2

(3)

The work of Sundari et al. shows that determining the
frequency or energy (E= pω) of intersection betweenR
and β, which they denote as the crossover energy (Ec),
can be used as a reliable method to quantify bulk Si
structural disorder.

In Figure 7, we plotR and β derived from both ) and
^ components of calculated ε(ω) for the various in-
vestigated surface passivations of Æ111æ SiNWs.We also
provide Figure 8 as a reference to illustrate the beha-
vior of R and β strictly for changes in phase and
composition for the relevant bulk structures of c-Si, c-
SiO2, and a-SiOx (x = 0, 0.5, 1.0, 1.5, and 2.0). In Figure 7,
the qualitative result is the same for both components,

although the ^ components are again blue-shifted
relative to the ) components. We demarcate the R/β
intersections (Ec) with circles for each SiNW. When -H
is substituted with higher EN functional groups, we
observe Ec to red shift from 3.12 eV (Figure 7a). In
contrast, the Æ111æ-a-SiOx SiNWs exhibit a different
trend. Ec for the 622 atom SiNW occurs near 2.5 eV
(Figure 7a); increased oxidation of the SiNW largely
results in the vertical coordinate of Ec increasing with a
slight blue shift. Note thatR and β are representative of
the comprehensive oxidized SiNW structure (c-Si and
a-SiOx phases). Giri et al.

50 mention the significance of
explicitly accounting for each phase via multilayer
model fitting in spectroscopic ellipsometry; however,
since we do not attempt to extract numerical para-
meters from our analysis, we believe that our demon-
stration of qualitative discernment among various
surface passivations using Seraphin coefficients is a
meritable contribution.

Inspection of Figure 8 illustrates three significant
details about the behavior of Seraphin coefficients in
SiOx structures. First, amorphization of Si appears
strictly as a red shift in Ec as emphasized by Sundari
et al.41 Second, increasing oxide character (x) in a-SiOx

has a substantial influence on both vertical and
horizontal coordinates of Ec. Third, the effect of c-SiO2

amorphization is largely observed as change in vertical
coordinate of Ec. In comparison, the oxide composition
contribution appears to be a stronger influence on R
and β than the induced structural disorder. In the

Figure 7. Seraphin coefficients evaluated from (a) parallel
and (b) perpendicular components of the dielectric function
spectra computed from DFT-GGA calculations for all Æ111æ
SiNW passivations. Solid lines represent R values, and
dashed lines represent β values. The crossover energies (Ec)
for each SiNW are identified by open circles for clarity.
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context of oxidized SiNWs, we can interpret the Ser-
aphin coefficient behavior (Figure 7) with the following
contributions: (1) the blue shift and increasing Ec
vertical coordinate with increasing oxidation is largely
driven by changes in constituent Si oxidation states; (2)
the energy coordinates for all three Ec values are
somewhat red-shifted relative to the -H case as a
result of disorder; and (3) increasing Si disorder with
increasing oxidation might be manifested as an in-
crease in slope of the Ec trend.
Oxidation Effect on Structure. The -a-SiOx SiNW cross

sections (see Figures 1g and 2c,d) illustrate a qualitative
increase in disorder as oxide thickness increases. We
provide a brief summary in Table 3 of the structural
changes incurred from oxidation of the Æ110æ lateral
facets of Æ111æ-oriented SiNWs. We expected to ob-
serve an increasing compressive character of the core
Si-Si bonds, but that trend is not readily apparent in
Table 3. Instead, the 622 atom -a-SiOx wire has an
average bond length (2.362 Å) nearly identical to the
-H reference SiNW (2.363 Å). Further oxidation (N =
694 and 766 cases) actually increases the average Si-Si
bond length. The average Si-Si-Si bond angle from
the -H reference case (109.5 ( 0.9�) is decreased
following oxidation, and the introduced disorder is
evidenced by an order of magnitude increase in the
standard deviation. A trend for increased Si-O-Si
bond angle approaching that of bulk a-SiO2 (151 (
11� Å)51 is observed as the oxidation thickness is
increased on Æ111æ-a-SiOx SiNWs. Note that one lim-
itation of Monte Carlo methods in oxidation simula-
tions is the inability to capture kinetically limited
processes during structural relaxation; as a conse-
quence, some resultant structures can be over-relaxed
and thus distort some structural statistics.

As other reports indicate,31,35 the structural effects
of oxidation on Si nanostructures is a complex,
multivariate problem. Hofmeister et al.35 synthesized

oxidized SiNCs from silane pyrolysis and demonstrated
that SiNCswith diameters <3 nm (c-Si core) exhibit core
tension, while SiNCs of larger diameter exhibit core
compression relative to bulk Si. They attribute the
observed diameter-dependent sign of core strain to
an estimated negative interfacial stress contribution.
Our SiNW results are qualitatively similar to the SiNC
results of Hofmeister et al. We have presented oxidized
Æ111æ SiNWs with core diameters <3 nm that exhibit
core tension; on the other hand, we have also gener-
ated larger oxidized SiNWs (diameter∼ 10 nm,N∼ 104

atoms) in our unpublished work that indeed exhibit
compressive strain in the Si core (magnitude depen-
dent on oxide thickness) relative to the bulk Si-Si
bond length (2.363 Å).

SUMMARY

In summary, we applied a custom CRN-MMC simula-
tion procedure to generate amorphous oxide layers on
four important orientations of SiNWs (Æ100æ, Æ110æ,
Æ111æ, and Æ112æ) to study the effects of wire orienta-
tion, surface passivation, and degree of strain/disorder
in the c-Si core on resultant optical spectra and elec-
tronic structure. To isolate the effects of surface passi-
vation, we examined the Æ111æ SiNW orientation
passivated with three different functional groups
(-H, -F, and -OH) and three thicknesses of oxide
sheath (622, 694, and 766 atom Æ111æ-a-SiOx). The
surface passivation effects discussed will likely exhibit
similarities on other SiNW orientations, but we do not
infer transferability of these trends without further
analysis.
For all SiNW orientations, the effect of oxidation on

both ε2

)(ω) and ε2
^(ω) dielectric function spectra

shows consistent and appreciable reduction in the Si
E2 transition peak, red shift in fundamental absorption
edge (E0), and appearance of a high energy tail peaking
near 10 eV representing the oxide contribution. The
effect of quantum confinement imparts a blue shift on
all ε2

^ components relative to ε2

). Our band structure
calculations indicate an onset of amorphization result-
ing from oxidation as the disintegration of crystalline
order is evidenced by smoothing of all bands in the gap
vicinity that is attributed to k-point averaging along the

Figure 8. Seraphin coefficients evaluated from DFT-GGA
calculations for bulk c-Si, c-SiO2 (R-quartz), and a-SiOx (x = 0,
0.5, 1.0, 1.5, and 2.0) reference structures. All structures and
their ε2(ω) were previously described in ref 38. Solid lines
represent R values, and dashed lines represent β values.
Crossover energies (Ec) are identified by open circles for a-
SiOx structures and open triangles for the limiting crystal-
line cases.

TABLE 3. Æ111æ SiNW Bond Topology Statistics

bond angleb

passivation N bond lengtha Si-Si (Å) Si-Si-Si (deg) Si-O-Si (deg)

-a-SiOx 622 2.362( 0.050 109.0( 9.2 131.9( 17.7
-a-SiOx 694 2.390( 0.056 109.1( 9.2 133.7( 18.7
-a-SiOx 766 2.382( 0.057 109.0( 9.9 134.4( 18.1
-H 472 2.363( 0.003 109.5( 0.9

a-a-SiOx wires represent only Si
0 state atoms.-H reference excludes perimeter Si

atoms with H neighbors. All values are given as mean ( standard deviation.
b Values represent all bond angles in each SiNW.

A
RTIC

LE



BONDI ET AL. VOL. 5 ’ NO. 3 ’ 1713–1723 ’ 2011 1722

www.acsnano.org

SiNW axis. For the Æ112æ-a-SiOx SiNW, k-point averaging
changes the nature of the band gap from indirect to
direct by moving the conduction band minimum to Γ.
The effect of surface passivation on the Æ111æ SiNW in

the ε2

) spectra by substitution of -H with either -F or
-OH groups is similar: (1) red shift and reduction of E2

)

peak, (2) red shift in both E1

) and E0

) transitions, and (3)
increase in high energy tail intensity. Similar effects are
seen for ε2

^, but the E1
^ peak is no longer evident with

electronegative -F or -OH passivations. Influenced by
previous employment of Seraphin coefficients (R and β)
to optically characterize semiconductor structures, we
computed average R and β from spectra for all six Æ111æ
SiNW surface passivations to evaluate the optical con-
tributions of suboxide composition and disorder. Our
results showa unique crossover energy (Ec) for each case
and a clear distinction between functional group passi-
vations and oxidation layers. In addition, increasing
oxide thickness is identified using Seraphin coefficients
as an increase mostly in the vertical coordinate of Ec,
whichwas shown to correlate largely to increasing oxide
character (x) in a-SiOx. Our electronic and optical char-
acterization of SiNWs passivated with amorphous oxide

layers extends current understanding of these technolo-
gically interesting nanostructures, particularly in reveal-
ing how oxidation-induced disorder and composition
modulate predicted properties.

COMPUTATIONAL METHODS

Density Functional Theory. The nanowire configurations, optical
spectra, and electronic structure calculations presented were all
computed using a planewave pseudopotential approach within
the generalized gradient approximation of Perdew and Wang
(GGA-PW91)52 to DFT,53 as implemented in VASP.54 We used
Vanderbilt-type US-PPs55 to represent the interaction between
ion cores and valence electrons for initial structural optimization
and during volume relaxation of functionally passivated (-H,
-OH, and -F) SiNWs; projector-augmented wave (PAW)
pseudopotentials56 were employed for all optical and electronic
calculations. The PAW methodology effectively comprises an all-
electron frozen-core representation that describes exact valence
wave functions; therefore, we employed PAW pseudopotentials
to help ensure enhanced representations of electronic transitions.
Table 4 summarizes all kinetic energy cut-offs (Ecut), force-based
ionic convergence criteria, and conduction bands simulated for
each SiNW presented.

Optical Calculation Procedure. A four-step procedure was em-
ployed in all optical calculations to calculate ε(ω). In the first
step, the ionic configuration of each SiNW was optimized with
PAW pseudopotentials and Γ-point BZ sampling using the
conditions shown in Table 4. Second, the charge density
distribution was determined with the BZ sampling increased
to a 1� 1� 10 Γ-centered mesh,54 which results in six k-points
in the irreducible BZ along the axis for all SiNWs. Third, the
frequency-dependent dielectric matrix was determined from
the optimized charge density distribution with the tetrahedron
method54 and an adequate number of conduction bands (see
Table 4) that we adjusted according to surface passivation.
Fourth, the OPTICS code of F€urthmuller57 was employed to
obtain both the imaginary part (ε2) of ε(ω) by sampling optical
transitions up to 20 eV and compute the real part (ε1) through
application of the Kramers-Kronig transformation.

Electronic Structure Calculations. For computation of band struc-
ture and DOS, we started from the charge density distributions
previously determined during calculation of ε(ω). For each SiNW,
we evaluated the energy dispersion relationship along the wire
axis using 30 k-points along a line from Γ to Z, where Z is Π/az
along an arbitrary wire axis to the BZ edge. Since we only present

electronic structure in the proximity of the band gap, we reduced
the number of conduction bands included for both band struc-
ture and DOS calculations to 1/3 of the value used for optical
calculations as summarized in Table 4. For DOS calculations, we
reverted to the same 1 � 1 � 10 k-point mesh employed for
optical calculations.
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