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Shape-tunable electronic properties of monohydride and trihydride [112]-oriented Si nanowires
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Using first-principles calculations within density-functional theory, we demonstrated shape-dependent elec-
tronic properties of [112]-oriented Si nanowires (SiNWs) with monohydride (mh-SiNW) and trihydride (th-
SiNW) passivation. We show for both mh-SiNWs and th-SiNWs, an indirect-to-direct band-gap transition can
be induced solely by varying the cross-sectional aspect ratio of the {111} and {110} facets enclosing the
nanowires, which is explained by the different confinement effects on the conduction-band state at I' point by
the two facets. For both mh-SiNWs and th-SiNWs, the hole (electron) effective mass converges to a value
independent of cross-sectional area (aspect ratio). By analyzing the formation energy, we show that direct
band-gap [112] SINWs are possible to form at experimentally relevant passivation conditions.
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Silicon nanowires (SiNWs) have been studied extensively
in recent years as promising building blocks for future nano-
scale electronic, thermoelectric, and electromechanical de-
vices due to their compatibility with current semiconductor
technology.! The interests in SiNWs also arise from their
electronic and optical properties due to quantum confine-
ment, which can be modified through precise control of the
growth orientation, surface passivation, and nanowire sto-
ichiometry during fabrication processes. The production of
H-terminated SiNWs in the diameter range of 1-5 nm in
bulk quantities>* has stimulated a number of computational
studies on the structure-property relationship of these
quasi-1D (one dimensional) nanostructures.*-® An important
observation, of relevance to the development of Si-based
photonic devices, is the possibility of obtaining direct band
gap for small diameter SiNWs of different growth orienta-
tion, which deviates considerably from the bulk Si.

The confinement-induced direct band-gap formation in
H-passivated SiNWs can be understood from the folding of
the bulk Si band. For [100] and [110] SiNWs, parts of the six
equivalent conduction-band minima can be projected onto
the I" point of the 1D Brillouin zone with an upward shift in
energy level induced by confinement. The amount of up shift
is smaller than that of the projection of the remaining
conduction-band minima because of the larger effective mass
in the confinement plane, leading to a direct band gap sig-
nificantly larger than that of the bulk Si at decreasing wire
diameter.*® In contrast, for [111] and [112] SiNWs, there is
no conduction-band minima which can be projected onto the
I' point. They are thus expected to exhibit an indirect band
gap at large diameters. Previous work has shown that an
indirect-to-direct band transition can occur for [111] SINWs
as diameter decreases to =2 nm, but the difference between
the indirect and direct gaps remains small.*> Much less at-
tention has been paid to [112] SiNWs,” although they are the
most abundant SiNWs grown by the oxide-assisted growth
process.? In addition, most previous studies considered just
SiNWs with heuristically chosen structures, paying less at-
tention to the many possible facet configurations and cross-
sectional shapes.’

Recent computational study combining genetic algorithm
optimization with density-functional theory (DFT) (Ref. 8)
has shown that the H-terminated [112] SiNWs can take
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stable structures with a rectangular cross section bounded by
monohydride {110} and {111} facets with dihydride bridges
at the corner or the {111} facets may acquire trihydride ter-
mination, although only the trihydride [112] SINWs have
been experimentally observed and experimental measure-
ments of band gap are available for them.? Two recent
works*!? have suggested that an indirect-to-direct band tran-
sition for monohydride [112] SINWs may be induced by
varying the cross-sectional aspect ratio, which call for further
study. In this Rapid Communication, we present a systematic
first-principles investigation on the shape-tunable electronic
properties of the [112] SiNWs for both monohydride (mh-
SiNWs) and trihydride (th-SiNWSs) passivation.

Our DFT calculations are performed using the SIESTA
code!! with the Perdew-Burke-Ernzerhof functional within
the generalized gradient approximation (Ref. 12) and norm-
conserving pseudopotential.'> We used the double-zeta plus
polarization optimized basis set and a real-space mesh cutoff
of 350 Ry. A vacuum region of at least 13 A is employed in
the lateral directions to eliminate the interaction between the
image SiNWs in neighboring cells within the supercell
method. The Brillouin zone was sampled using a 1 X 1X24
Monkhorst-Pack k-point mesh. Structure relaxations are per-
formed to reduce the force on each atom to below
0.01 eV/A. The lattice constant along the wire axis (chosen
as the z axis) is optimized by minimizing the uniaxial stress
(6.611-6.617 A for mh-SiNWs and 6.644—6.675 A for th-
SiNWs). Although it is well known that the DFT calculations
systematically underestimate the band gap, recent quasipar-
ticle calculation using the GW approximation for SiNWs,*
which is computationally expensive, has indicated that the
general trend of band-gap variation and band dispersion
close to the gap region are well reproduced by the DFT cal-
culations. This makes possible a reliable investigation on the
indirect-to-direct band transition for [112] SINWs with mod-
erate computational costs.

We use the notation A,B,, to classify the [112] SiINWs of
different shape, where the labels A and B represent the {111}
and {110} facets, respectively, while the indices n and m
characterize the number of layers parallel to the {I11} and
{110} facets (see Fig. 1). The wires studied here correspond
to n=2-7 and m=2-5. The cross-sectional aspect ratio is
defined as the ratio between the lateral dimension of the
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FIG. 1. (Color online) Indirect-direct band-
gap difference A versus cross-sectional area (left
figure) and aspect ratio (right figure) for monohy-

dride (upper figure) and trihydride (lower figure)
[112] SiNWs. The geometry of the SiNWs is de-
noted A,B,, and characterized by the number of
layers n (m) parallel to the {111} ({110}) facet.
The dashed line represents the nanowire series of
AsB,,, B=2-5. The inset shows the top view of
the atomic structure of the monohydride AsB,
SiNW. The horizontal line at A=0 denotes
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{111} and {110} facets projected onto the xy plane. An in-
creasing aspect ratio thus correlates with an increasing ratio
of m/n. For all the [112] SiNWs studied, the valence-band
maximum (VBM) is located at the I" point. To quantify the
indirect to direct band-gap transition, we define an energy
difference A between the energy of conduction-band bottom
at the I" point and the conduction-band minimum near the
Brillouin-zone boundary (X point). Therefore, a positive
(negative) A denotes indirect (direct) band gap with indirect-
to-direct transition occurring at A=0.°

The shape-induced indirect-to-direct band transition is
shown clearly in Fig. 1, where we plot four series of [112]
SiNWs corresponding to A,,B,,A,Bs,A,B, and A, Bs for both
monohydride and trihydride passivation, where n=2-7. The
same set of data points could also be plotted with the indices
exchanged, e.g., the dashed line in the monohydride plot
represents the nanowire series of AsB,, with m=2, 3, 4, 5.
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For both monohydride and trihydride passivations, the [112]
SiNWs exhibit a direct band gap at decreasing {111} to {110}
facet ratio with the transition point occurring at ~0.5, inde-
pendent of the cross-sectional area. Although similar
indirect-to-direct transition for mh-SiNWs was observed by
Lu et al.® these authors attributed the transition mechanism
to the different contribution to conduction-band density of
states by the Si atoms on the {111} and {110} facets. Since the
trihydride passivation of the {111} facets modifies substan-
tially the facet atomic structure, the similar pattern of
indirect-to-direct transition for mh-SiNWs and th-SiNWs
suggests instead a mechanism based on the contribution from
the interior atoms. This is further evidenced by examining
the electron/hole effective masses as a function of the cross-
sectional area and aspect ratio for both mh-SiNWs and th-
SiNWs. As shown in Fig. 2, we found that the electron ef-
fective masses for both mh-SiNWs and th-SiNWs converge
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FIG. 3. (Color online) Wave-function plots for monohydride
A,yB; (a), A7B, (b), AsB, (c), and AsBs (d) SINWs corresponding to
conduction-band bottom at I" point. For each mh-SiNW, we show
both the top view (upper figure) and side view (lower figure) of the
wave function. The blue and darker (yellow and lighter) region
represents the positive (negative) part of the wave function. Going
from A,B, (a) to A;B, (b), the wave function extends further in the
confinement direction corresponding to the {111} facet and the
SiNWs change from indirect to direct band gap. Going from AsB,
(c) to AsBs (d), the wave function extends further in the confine-
ment direction corresponding to the {110} facet and the SiNWs
change from direct to indirect band gap.

to essentially identical values at increasing aspect ratio, cor-
responding to the indirect band-gap region. But the hole ef-
fective masses for both mh-SiNWs and th-SiNWs converge
to essentially identical values with increasing cross-sectional
area, independent of the aspect ratio.

Examining the electronic band-structure variations across
the different series of SINWs shows that the energy levels of
the conduction-band minimum close to the Brillouin-zone
boundary change only a little relative to the VBM. To reveal
the mechanism of the observed indirect-to-direct transition,
we analyze therefore the nature of the wave function of the
conduction-band bottom at the I" point. In Fig. 3, we show
the wave-function plots for four mh-SiNWs, corresponding
to the beginning (A,B,) and end (A,B,) of the series A,B,
and the beginning (AsB,) and end (AsBs) of the series AsB,,.
The wave-function plots for the corresponding th-SiNWs
show similar distribution. We found that the wave functions
of the conduction-band bottom at I" point arise from hybrid-
ized p orbitals of the interior Si atoms and extend within the
plane perpendicular to the {110} facets. The sign of the wave
function alternates between neighbor layers in the direction
perpendicular to {110} facets but does not change between
neighbor layers in the direction perpendicular to the {111}
facets. This leads to an antibonding configuration in the con-
finement direction corresponding to {110} facets but a bond-
ing configuration in the confinement direction corresponding
to {111} facets. Therefore, as we move from A,B, to A;B,,
the wave function extends further in the confinement direc-
tion due to the {111} facets leading to down shift in the
energy level of conduction-band bottom at I" point, and the
SiNWs change from indirect to direct band gap. As we move
from AsB, to AsBs, the wave function extends further in the
confinement direction due to the {110} facets leading to up
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shift in the energy level of conduction-band bottom at I’
point, and the SiNWs change from direct to indirect band
gap. Since the confinement effect of the {110} facets is stron-
ger than that of the {111} facets for the given wave-function
shape, the SiNWs will move to the indirect band-gap region
when the number of layers (m) parallel to the {110} facet is
sufficiently large, and the energy difference A eventually
converges to a value close to the difference between the di-
rect and indirect band gap obtained from the bulk Si band
structure projected onto the [112] direction. The last series
A,Bs in Fig. 1 show clearly this trend. In contrast, the wave
function corresponding to the VBM at I' point for both mh-
SiNWs and th-SiNWs was found to arise from hybridized
sp? orbitals extending along the Si-Si bond and is delocal-
ized throughout the interior Si atoms. This explains why the
hole effective mass converges to essentially identical values
with increasing cross-sectional area for both mh-SiNWs and
th-SiNWs.

The nature of the wave function of conduction-band bot-
tom at I' point also explains the strain dependence of the
[112] SiNWs band structure. Examining the variation in the
wave function along the nanowire axis shows a bonding con-
figuration for the conduction-band state at I" point between
neighbor unit cells, with no nodal plane perpendicular to the
axial direction. When applying a compressive uniaxial strain,
which reduces the lattice constant, we expect a down shift in
the energy level of the conduction-band bottom at I' point,
leading to a reduced energy difference A. For the case of
monohydride [112] SiNWs, this was indeed observed by
Huang et al.' Our results here also suggest that a similar
scenario could apply to the th-SiNWs. In addition, a careful
examination of the indirect-to-direct band-gap transition
plotted in Fig. 1 reveals subtle differences between mh-
SiNWs and th-SiNWs. As we vary along the series from
A,B,, to A4B,, for m=2-5, the energy difference A changes
with a larger amount for the monohydride SiNWs as the
number of layers n parallel to the {111} facets increases. But
as we vary along the series from A,B, to A,Bs for n=2-7 (as
indicated by the dashed line in Fig. 1 where n=>5), the energy
difference A changes instead with a larger amount for the
trihydride SiNWs as the number of layers m parallel to the
{110} facets increases. This is because that trihydride passi-
vation occurs only at the {111} facets. The strong H-Si bonds
at the trihydride {111} facets weaken the Si-Si bond and leads
to a slightly larger Si-Si bond length perpendicular to the
{111} facets, which in turn induces a slightly shorter Si-Si
bond length perpendicular to the {110} facets. Consequently,
the confinement effect due to the {110} ({111}) facets is stron-
ger for the th-SiNWs (mh-SiNWs) leading to larger variation
in A as the number of layers m(n) parallel to the {110}
({111}) facets increases.

To determine the relative stability of the [112] SINWs of
different shape and surface passivation, we calculated the
formation energy () as a function of the hydrogen chemical
potential uy following Northrup'#

O = E"" + Ezpp — ngifts; — Ny (1)

where E' is the total energy of SiNWs, E,p is the zero-
point energy of Si-H vibrations, and nyg; is the number of H
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FIG. 4. (Color online) Relative stabilities of [112] SINWs: the
formation energies per Si atom for four mh-SiNWs and three th-
SiNWs were plotted as a function of the hydrogen chemical poten-
tial. To aid visualization, the ordering of the labels from top to
bottom in the legend has been chosen to coincide with the ordering
of the formation energy at large H chemical potential uy.

(Si) atoms.'> We use the bulk energy for ug; and measure
relative to the value, where the SiH, molecule can be formed
from a reservoir of H and bulk Si without energy cost.'* We
calculated the Si-H vibrational frequency from a series of
cluster calculations mimicking the atomic structure of the
passivated [112] SINWSs using GAUSSIAN 03 code, ! the result
of which converges quickly with increasing cluster size.
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Representative results for both mh-SiNWs and th-SiNWs
from the two series A,B, and A,Bs are shown in Fig. 4,
which confirm that direct band-gap [112] SiNWs can be
more stable at higher H chemical potential. Specifically, the
direct band-gap trihydride A4B,/A¢B, and monohydride
AsB,/A;B, SiNWs have lower formation energy than the
indirect band-gap trihydride A4Bs; and monohydride
A,Bs/AsBs SiNWs at higher H chemical potential. These
high uy conditions exist when the SiNWs are exposed to
atomic H generated from H, gas at appropriate growth con-
ditions or by HF etching.!” Note that although the {110} facet
was found to be energetically less favorable to form than
{111} facet from the total-energy E™ calculations,>’ our cal-
culation of formation energy () shows that it is possible to
achieve [112] SiNWs with predominantly {110} facets at ex-
perimentally relevant passivation environments.

In conclusion, we have shown using first-principles DFT
calculation that an indirect-to-direct band-gap transition can
be induced in both monohydride and trihydride [112] SiINWs
solely by varying the cross-sectional aspect ratio, which is
caused by the different confinement effects on the
conduction-band state at I" point from the {111} and {110}
facets enclosing the nanowire. Analyzing the formation en-
ergy shows that direct band-gap [112] SiNWs can be more
favorable to form at high H chemical potentials.

This work was supported by the SRC/DARPA Focus Cen-
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