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O
ne-dimensional (1D) semicon-
ductor nanostructures have
stimulated great interest in the

last few decades, owing to their importance

in fundamental scientific research and po-

tential technological applications.1 Being

one of the most important 1D semiconduc-

tor nanostructures, silicon nanowires

(SiNWs) have gained considerable atten-

tion, as they could become one of the ba-

sic building blocks of future nanoscale de-

vices, including transistor components,2,3

chemical/biological detectors,4 and nano-

electromechanical systems.5 The successful

integration of SiNWs into devices depends

ultimately on their microstructural control,

which can be achieved through the growth

optimization. For example, owing to the

high surface area to volume ratio of nano-

wires, the surface plays an important role in

controlling nanowire properties, and one is-

sue of particular importance is the good

control of the surface structure of wires. Re-

cently nanoscale periodic faceting on nano-

wire sidewalls has been reported,6�9

caused by regular twinning,6 Au-rich clus-

ters on the SiNW sidewalls,7 absence of

stable orientation parallel to the wire

growth direction,8 or dopant impurities de-

posited during the enhanced sidewall

growth.9 Therefore, to precisely control the

nanowire growth to achieve desired sur-

faces for nanowire-based devices, it is cru-

cially important to understand the nano-

wire faceting mechanisms and factors that

influence faceting.

Faceting of a planar surface and its corre-

sponding mechanisms are long-standing

problems in materials science and surface

physics.10�12 Broadly, faceting can be under-

stood in terms of the lowering of surface en-

ergy by the reconstruction of a surface into

facets with lower surface energy, despite the

resulting increase in surface area. A simple

consideration of surface energies, however,

does not predict the period of the facets on

a surface. For a fully faceted surface under

steady state conditions, the total surface area

for each facet is fixed no matter what facet

size distribution there is. It has been previ-

ously shown13 that the period of faceting re-

sults from a competition between the energy

cost of forming the edges of the facets and

an energy term arising from the surface stress

force monopoles at the edges. This is be-

cause the edge formation energy cost drives

toward long facet periods with fewer edges,

while the energy arising from the surface

stress force monopoles partially cancels as

the edges get closer together thereby driv-

ing toward a shorter facet period. While exist-

ing models for surface faceting can reliably

predict facet period on planar surface,14 they

fail in the case of nanowire sidewalls. In this

paper we develop a thermodynamic model

for the facet period in a nanowire structure

where the situation is complicated by the

high curvature of the surface. A good match

of the model with experimental data is ob-

served for physically reasonable parameters.
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ABSTRACT Axial heterostructured silicon nanowires with varying n- and p-doping were synthesized using a

vapor�liquid�solid approach. The nanowire sidewalls exhibit periodic nanofaceting in the silicon deposited

directly on the sidewalls when diborane dopant gas is introduced during growth. For such nanofaceting, a model

predicting the distance between facets (the facet period) is developed. For a nanowire structure, an extra energy

cost term arising from the formation of apexes between facets is considered, and the facet size is predicted to

decrease as the wire diameter increases. It is found that the model fits the experimental data well, and the fitted

parameters in the model lie within the ranges of their expected values.
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RESULTS AND DISCUSSION
Axially doped nanowire heterostructures with

p-type (B-doped), n-type (P-doped), and intrinsic Si
were synthesized using a vapor�liquid�solid (VLS)
method. The synthesized SiNWs are axially oriented
along �111�, having diameters in the range of
30�250 nm. Periodic nanofaceting is observed on
all six Si{112} sidewall surfaces in the Si that is di-
rectly deposited on the sidewalls during the B-doped
growth, while both the P-doped and the intrinsic
SiNW regions exhibit a smooth surface morphology.
The crystallographic planes on which the nano-
faceting occurs are determined to be {111} and
{100}.9 These observations have led us to investi-
gate the phenomenon of sidewall faceting in 1D
nanostructures in general.

To understand the faceting on the surfaces of a
nanowire, we assume that the wire diameter is 2r and
the cross section is a regular hexagon before faceting
occurs, with the length of each side of the hexagon be-
ing r, and the facet period being L (Figure 1A). Follow-
ing Shchukin et al.14 and considering the periodic facet-
ing on one of the six nanowire sidewalls (it is the same
for the other five sidewalls), the total free energy f of the
faceted nanowire sidewall per unit projected area is
given by

where fsurf is the surface free energy of all facets on the
sidewall, Eboundaries is the energy for forming edges and
apexes at facet boundaries, and Eelastic is the elastic en-
ergy due to the discontinuity of the surface stress ten-
sor at the crystal edges.15 Here the surface free energy
fsurf can be expressed as

where �{111}
0 and �{100}

0 are the surface tensions of the
{111} and {100} facets, respectively, and c1 and c2 are
constants. Because the interplanar angles between
Si{112}, {111}, and {100} planes are fixed, the surface
area of either the {111} or the {100} facet is proportional
to that of the original (unfaceted) {112} SiNW sidewall
(Figure 1B).

For a nanowire structure, Eboundaries should include
the energy of the edges formed between facets of dif-
ferent orientations on one sidewall, and the energy of
apexes and sidewall boundaries formed when facets on
neighboring sidewalls meet. Thus the energy of bound-
aries per unit projected area is given by

The first term in eq 3 is the edge formation energy per
unit projected area, where � is the free energy cost per
unit length of creating an edge between {111} and
{100} facets on one sidewall. For a nanowire structure,

when facets on neighboring sidewalls meet, apexes

are formed (see Figure 1A). The second term in eq 3 is

the apex formation energy per unit projected area,

where B is the free energy due to the facet interac-

tions at the apex. The projected area of faceted side-

wall is proportional to r, whereas the number of apexes

is independent of r, so the apex energy per unit area is

inversely proportional to r. The multiplier 2 in the first

and second terms of eq 3 is because there are on aver-

age two edges and two apexes formed within the axial

length of one facet period L. When facets on neighbor-

ing sidewalls meet, the sidewall boundaries are also

formed. As seen from Figure 1A, within the axial length

of one facet period L, there are two boundaries formed

between the {111} and {100} facets on neighboring

sidewalls, and one boundary between the adjacent

{111} facets. Thus the third term in eq 3 describes the

energy of these sidewall boundaries, where �1 and �2

are the free energy costs per unit length for forming the

sidewall boundaries between {111} and {100} facets

and the boundaries between the adjacent {111} facets

on neighboring sidewalls, respectively. Here c3 and c4

are constants, because the interplanar angles between

Si{112}, {111}, and {100} planes are fixed, the length of

the sidewall boundaries is proportional to the axial

length of the nanowire.

The third term in eq 1, Eelastic, describes the elastic re-

laxations of the surface: when alternating facets coex-

ist on the surface, neighboring facets have different val-

ues of the intrinsic surface stress tensor �1 and �2

(Figure 1B). Because of this intrinsic surface stress ten-

sor discontinuity, effective force monopoles are created

at the edges between two adjacent facets (Figure 1B).

Following Alerhand et al.,15 the elastic relaxation energy

Figure 1. (a) Schematic of the three-dimensional structure of a fac-
eted axial heterostructured SiNW in the B-doped region; and (b)
schematic of the two-dimensional periodic faceting occurred on a
SiNW sidewall surface. Force monopoles due to surface stress ten-
sor discontinuity appear at edges.
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depends logarithmically on the period L of the

structure:

where g is a quantity calculated from the Young’s

modulus, Poisson’s ratio, and surface stress tensor of

crystalline Si, as defined in ref 15, and b is an atomic cut-

off for the continuum elastic theory on the order of a

lattice constant of Si. By substituting eqs 2�4 into eq

1, one obtains the following expression for the free en-

ergy of the faceted nanowire surface per unit projected

area:

f has a minimum when the period of faceting L is

As seen from eq 6, only the term in the argument

of the exponential that arises from the apex energy is

dependent on wire diameter, 2r, and becomes increas-

ingly important at small diameter, such as in a nanowire

system. The facet period L is a function of the wire di-

ameter 2r, and L decreases as the wire diameter in-

creases. To test this prediction, we used a transmission

electron microscope (TEM) to observe several �111�-

oriented SiNWs in the faceted B-doped region. Figure
2A�D shows the TEM images of several �111�-oriented
faceted SiNWs with different wire diameters, taken
along the �110� zone axis. The measured average facet
periods are 61 � 4, 56 � 2, 51 � 3, and 50 � 3 nm, for
the SiNW with the diameter of �50 (Figure 2C), �60
(Figure 2A), �145 (Figure 2B), and �175 nm (Figure 2D),
respectively. It is seen that the average facet period de-
creases as the wire diameter increases. This is in accor-
dance with the prediction from the model. In Figure 3,
the measured average facet period L is shown as a func-
tion of the wire diameter 2r. A nonlinear least-squares
fit of eq 6 to these data is shown, with the values de-
rived from fitting being �/g 	 1.153 � 0.006 and B/g 	

26.8 � 2.0 Å. g is evaluated to be in the range of
0.009�0.011 eV/Å, by calculating the surface stress ten-
sor with the Young’s modulus and Poisson’s ratio of Si
measured under the different measurement
conditions.16,17 Therefore, the ranges of the values of
edge energy � and apex energy B are calculated to be
0.010 � (5.4 
 10�5) to 0.013 � (6.6 
 10�5) eV/Å and
0.24 � 0.02 to 0.29 � 0.02 eV, respectively. These values
derived from fitting are in surprisingly good agree-
ment with the reported edge energy � scattered in
the range of 0.001�0.024 eV/Å and B scattered in the
range of 0.06�0.3 eV.16,18,19

The observed (as well as predicted) dependence of
facet period on wire diameter is different from the lin-
ear relationship observed experimentally by Ross et al.8

in the in situ TEM observation of the faceting on intrin-
sic SiNW surfaces during ultrahigh vacuum (UHV)-VLS
growth. The difference is likely to be due to the differ-
ent mechanisms of the nanowire growth and faceting
formation. Ross et al.8 interpreted the faceting they ob-
served as resulting from the interplay of the geometry
and surface energies of the wire and liquid droplet. In
the work presented here, heterostructured SiNWs with
axially varying doping are not grown under UHV condi-
tions, and the nanofaceting occurs during the en-
hanced sidewall growth that arises when the diborane
dopant gas is introduced,9 rather than from instabilities

Figure 2. TEM images of several �111�-oriented SiNWs in the faceted
B-doped region with different wire diameters of (a) �60; (b) �145; (c)
�50; and (d) �175 nm. (All are viewed along the �110� zone axis.)

Figure 3. The dependence of average facet period on the
wire diameter of the �111�-oriented axial heterostructured
SiNWs in the faceted B-doped region. The solid line through
the data points is the nonlinear least-squares fit to the eq 6.
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in the liquid droplet at the primary growth front, as sug-
gested in Ross’s model.8 As such, our model describes
the thermodynamic equilibrium structure with a term
arising from the apex energy that becomes significant
on surfaces with nanoscale radii of curvature. Our
model has been developed assuming a regular hexago-
nal cross-section for the nanowires. High resolution
scanning electron microscope images presented in ref
9 show that this is a reasonable approximation for the
nanowires in the present study. Truncated hexagons
have also been observed under different growth condi-
tions.8 The theoretical model presented here can be
readily adapted to truncated hexagon cross sections
by noting that the hexagon sides, while still being pro-
portional to r, are not exactly equal to r. In addition, we
emphasize that this model does not apply to SiNWs
with very small diameters. Although no thin SiNWs with
diameters less than 30 nm are observed in the current
study, we note that many aspects of small-diameter
nanowire sidewall faceting (should they exist) are be-
yond the scope of the discussion in the paper. It has
been suggested20 that the growth behavior of ultrathin
nanowires (diameter � 10 nm) can be totally different
from the classical VLS growth of large-diameter nano-
wires. If facets do occur on the sidewalls of such ultra-
thin nanowires, a different faceting model should come
into play. In addition, the growth direction of the VLS-
grown SiNWs depends strongly on the wire diameter,
i.e., the small-diameter (� ca. 20 nm) SiNWs are �110�

oriented, while SiNWs with diameters larger than 40 nm
normally grow along �111�, and those with intermedi-
ate diameters grow along �112�.21 For nanowires grow-

ing in different directions, the shapes of the cross sec-

tion as well as the sidewall orientations are different.

Therefore, the facets (if there are any) occurring on the

sidewalls of non-�111� oriented SiNWs will be different

from those on the �111�-oriented SiNW sidewalls. A dif-

ferent faceting mechanism will apply to SiNWs in the

small-diameter region.

CONCLUSIONS
We have developed a thermodynamic model of pe-

riodic surface faceting for the high curvature surfaces

of a nanowire structure, and shown that the facet pe-

riod is wire diameter dependent. This model consis-

tently explains the experimentally observed depen-

dence of facet size on wire diameter in the boron-

dopant induced nanofaceting on SiNW sidewalls in the

VLS-grown SiNWs, and quantitatively fits the experi-

mental data with independently established values for

the apex and edge energy parameters. We note that the

model presented here predicts the thermodynamic

equilibrium faceting period because we have mini-

mized the free energy. It is of course the case that nano-

wire growth can be considered as a kinetically con-

trolled process. Our previous study9 showed that the

observed faceting occurs in the Si that is directly depos-

ited on the sidewalls by a vapor�solid mechanism cata-

lyzed by the diborane gas present, and is therefore not

kinetically constrained. It is also likely that the stress in-

duced by the B impurities enhances surface diffusion al-

lowing the equilibrium faceting period, predicted by

the model presented here, to be found.

METHODS
Heterostructured SiNWs with axially varying n- and p-doping

were grown by the VLS approach using gold as the catalyst in a
FirstNano EasyTube3000 low pressure chemical vapor deposition
system. SiNW growth was initiated by flowing silane gas, and
the SiNWs were either p- or n-doped by introducing diborane
or phosphine gas, respectively, to form the axial heterostruc-
tured B-doped/P-doped/intrinsic SiNWs. The detailed growth pa-
rameters have been reported previously.9 After growth, the
samples were removed from the growth substrates by sonica-
tion in acetone. The suspension was then drop cast onto a TEM
finder grid covered with a 20 nm holey carbon film for TEM char-
acterization. TEM imaging was made using a JEOL 2000FX TEM
operating at 200 kV.
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