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uring the past decade, semiconduct-
ing nanowires grown by the vapor—
liquid—solid (VLS) method have been
used as the building blocks of a plethora of
nanodevices, promising a paradigm shift from
a top-down to a bottom-up approach.' Nota-
ble examples include field-effect transistors,>
lasers,*” light-emitting diodes,®” photovoltaic
cells,®~"° chemical and biologjical sensors,'' '3
and piezoelectric nanogenerators."* Many of
these devices were demonstrated using
serial and expensive fabrication methods
such as electron-beam lithography, where
each device was built around a randomly
deposited nanowire with the desirable char-
acteristics. In order to advance from proof-
of-concept to practical devices, one must
control the locations and orientation of a
large assembly of nanowires. Several meth-
ods have been devised to control the ori-
entation of nanowires on surfaces, such as
using liquid flows,'"® electric fields,'”'®
Langmuir—Blodgett compression,'® 2
mechanical shear.”*** Most of these meth-
ods involve harvesting the nanowires, sus-
pending them in solution, and manipulating
them in order to achieve the desired align-
ment. These processes usually damage the
delicate nanowires, limiting the length to no
more than a few tens of micrometers, and
the alignment is not perfect due to thermal
and dynamic fluctuations. Another inherent
limitation of these postgrowth methods is
the irreversible scrambling of the nanowire
directionalities, which could be critical for
the operation of devices based on polar
nanowires,> nanowire heterojunctions with
modulated doping,?® or nanowires with axi-
ally modulated composition.®
An alternative to postgrowth assembly
methods, which could overcome these lim-
itations, is the “guided growth” approach,

and
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The large-scale integration of nanowires into practical devices is hindered by the limited ability to
controllably assemble these nanoscale objects on surfaces. Following our first report on the
guided growth of millimeter-long horizontal nanowires with controlled orientations, here we
demonstrate the generality of the guided growth approach by extending it from GaN nanowires
to Zn0 nanowires. We describe the guided growth of horizontally aligned ZnO nanowires with
controlled crystallographic orientations on eight different planes of sapphire, induding both flat
and faceted surfaces. The growth directions, crystallographic orientation, and faceting of the
nanowires are constant for each surface plane and are determined by their epitaxial relation with
the substrate, as well as by a graphoepitaxial effect that guides their growth along surface steps
and grooves. These horizontal ZnO nanowires exhibit optical and electronic properties
comparable to those of vertically grown nanowires, indicating a low concentration of defects.
While the guided growth of Zn0 nanowires described here resembles the guided growth of GaN
nanowires in its general aspects, it also displays notable differences and qualitatively new
phenomena, such as the controlled growth of nanowires with vicinal orientations, longitudinal
grain boundaries, and thickness-dependent orientations. This article proves the generality of the
guided growth phenomenon, which enables us to create highly controlled nanowire structures
and arrays with potential applications not available by other means.

KEYWORDS: nanowires - zinc oxide - epitaxy - self-assembly - nanostructures -
one-dimensional - bottom-up
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Figure 1. Guided growth of horizontal nanowires: Concept and realization. (A) Schematic view of guided VLS growth (right) vs
conventional VLS growth (left). (B) Three modes of guided VLS growth (schematic cross-section views): (a) epitaxial growth
along specific lattice directions, (b) graphoepitaxial growth along L-shaped nanosteps of an annealed miscut substrate, and
(c) graphoepitaxial growth along V-shaped nanogrooves of an annealed unstable low-index substrate. (C) Experimental
realization of (B) for ZnO nanowires on different planes of sapphire (cross-sectional TEM images): (a) R(1102), (b) annealed
miscut C(0001)by 2° toward [1100], and (c) annealed M (1010). (D) Dense, perfectly parallel, ZnO nanowire arrays grown on
R(1702) sapphire. (E) Perfectly aligned GaN nanowires grown on annealed M-plane sapphire.

GaN®' and GaAs nanowires on GaAs(100).3? In these
cases, the alignment was induced by a single epitaxial
relation, and hence the possibility of controllably vary-
ing the crystallographic orientation of the nanowires
was not demonstrated. A further development of this
concept was the work done by our group on the
guided growth of GaN on sapphire.®® In this recent
work, we used different sapphire substrates to guide
millimeter-long nanowires using both epitaxy and the
strong guiding effect of surface steps and grooves,
known as graphoepitaxy.>* Using different planes of
sapphire, including both flat surfaces and faceted
surfaces with nanosteps and nanogrooves, we could
control the crystallographic orientations of the nano-
wire while achieving perfect alignment in different
geometries. Despite their interaction with the surface,
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the guided nanowires showed excellent optical and
electronic properties, indicating a low concentration of
defects. This paved the way to highly controlled nano-
wires structures with potential applications not avail-
able by other means. However, the generality of the
guided growth phenomenon was not demonstrated
for other materials besides GaN.

Here we demonstrate the generality of the guided
growth approach by reporting the guided growth of
ZnO nanowires with controlled orientations on various
flat and faceted sapphire surfaces. On the basis of our
previous results with GaN, we postulated three general
modes of guided VLS growth of horizontal nanowires,
depending on the substrate morphology, as depicted
in Figure 1B: (a) epitaxial growth along specific lattice
directions, driven by minimization of interfacial energy
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and strain; (b) graphoepitaxial growth along L-shaped
nanosteps spontaneously formed upon annealing a
miscut substrate, driven by maximization of the inter-
face area between the substrate and the nanowire or
the catalyst; and (c) graphoepitaxial growth along
V-shaped nanogrooves spontaneously formed upon
annealing an unstable low-index surface, driven simi-
larly to (b). Sapphire (o-Al,05) is a trigonal crystal of the
R3¢ space group. Its equilibrium Wulff shape is char-
acterized by facets C{0001}, R{1702}, S{1011},
P{1123}, A{1120}, and M{1070} (too unstable to be
present), in order of increasing surface energy.35 Thus,
when sapphire substrates with unstable orientations,
such as M-plane or miscut C-plane, are annealed at a
high temperature, they spontaneously become peri-
odically faceted. Thus, sapphire provides us with a
series of flat and faceted surfaces suitable for these
modes of guided growth.

In this article, we describe the guided growth of
horizontal ZnO nanowires on eight different flat and
faceted sapphire substrates, displaying the three dif-
ferent modes of guided growth. This is the first de-
monstration of guided ZnO nanowire growth on
faceted substrates with nanosteps and nanogrooves
and on three different flat sapphire substrates
(specifically, C-, R-, and M-planes). We characterize
the crystallographic orientation of the ZnO nanowires
and the epitaxial and graphoepitaxial effects that lead
to their guided growth. We also examine the optical
properties of the nanowires using photoluminescence
and the electronic properties of the nanowires by
building single-nanowire field-effect transistors. Finally,
we compare the guided growth of ZnO nanowires with
that of GaN nanowires. The similarities and differences
between these two materials reveal the general princi-
ples underlying the guided growth phenomenon.

RESULTS AND DISCUSSION

We grew guided ZnO nanowires on eight different
sapphire substrates: C{0001}, R{1702}, A{1120},
M{1070}, annealed M{1010}, and annealed miscut
C{0001} planes tilted by 2° toward [1120], [1700],
and [1100]. The growth was carried out by the
vapor—liquid—solid (VLS) method in a quartz tube
inside a tube furnace with fast heating capabilities
(25—1000 °C in 5 min). The Zn and O elements were
supplied from ZnO powder mixed with carbon powder
(1:1 mass ratio), held at 1000 °C, while the samples are
held downstream at a temperature of 900 °C. The Au
catalyst was patterned by photolithography. Au catalyst
nanoparticles were created either by electron-beam
evaporation of a thin (1 nm) layer, followed by dewetting
at elevated temperature, or by dispersion of commer-
cially purchased Au colloids of different sizes (see Meth-
ods section). After VLS growth, the bulk of the catalyst
patterns was covered with dense forests of vertically
grown ZnO nanowires and nanobelts, whereas a large
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number of nanowires grew horizontally from the pat-
tern edges, extending onto the clean sapphire surface.
Sonication for a few seconds in isopropyl alcohol
removes the nanowire forests, leaving only the hor-
izontal nanowires in place. The typical nanowire thick-
ness, d (defined here as their top-projection width),
varied with the catalyst particle diameter, ranging
between 5 and 50 nm. The nanowire lengths could
be up to 50 um. In most cases, the nanowires devel-
oped a slightly tapered shape during the synthesis,
presumably due to direct addition of material from the
vapor phase to the nanowire sidewalls. The crystal-
lographic structure, orientation, and epitaxial relations
of the nanowire on the substrate were elucidated by
cutting thin (50—100 nm) slices across the nanowires
using a focused ion beam (FIB) and observing them
under a high-resolution transmission electron microscope
(HRTEM). Low-magnification images (Figure 1C) confirm
the postulated modes of guided growth (Figure 1B). Further
magnification enabled us to identify the specific crystal-
lographic and epitaxial details of each nanowire. The crystal-
lographic orientations and epitaxial relations for the ZnO
nanowires on all of the sapphire surfaces are summarized in
Table 1. The mismatch is presented for both room tem-
perature (25 °C) and growth temperature (900 °C),
although the change with temperature is usually much
smaller than the mismatch itself. The following para-
graphs describe the guided growth of horizontal ZnO
nanowires on the different sapphire substrates, in
order of decreasing symmetry.

Guided Zn0 Nanowires on C (0001) and Annealed Miscut C
(0001) Sapphire. The growth of ZnO nanowires on
C-plane sapphire and on annealed miscut C-plane
sapphire allows us to observe two of our postulated
modes of guided growth (Figure 2) and highlight the
graphoepitaxial effect. On well-cut C-plane, nanowires
grow along the six isomorphic (1120) directions defined
by the three-fold symmetry of the C-plane and the three
{1120} glide planes. This symmetry causes the guided
wires to create a triangular network (Figure 2B). The
planar epitaxial relations are (0001)z,d!(0001)a1,0,, as
reported for 2D films.3® The nanowire growth directions
are [1010]zd! [1120],0, while across the nanowire, the
relations are reversed: [1120]znd![1010]a,,0, (Table 1).
The lattice mismatch is 18.2% in the growth direction
and —1.49% across the nanowire. This contradicts the
intuitive assumption that the nanowire would prefer to
grow in the direction of lowest mismatch, as in the case
of some other sapphire substrates (Table 1). However,
what determines the nanowire growth direction is the
overall minimization of the strain energy, including
various relaxation mechanisms, as previously suggested.®”

When C-plane sapphire is miscut to a high-index
plane, the annealing of the sapphire substrate pro-
duces a surface with a periodic array of L-shaped
nanosteps (Figure 2A).3® When the C-plane is miscut
by 2° toward [1100] or toward [1100], the ZnO
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TABLE 1. Epitaxial Relations and Lattice Mismatch for Guided ZnO Nanowires on Different Sapphire Surfaces (Nanowire
Axial Orientations Are Highlighted Bold; XXXX Indicates Variable Orientations)

substrate orientation #of NWs  horizontal ZnOllAl,0;  axial ZnOll Al,05

€ (0001) 5 (0001)I1 (0001) [107011 [1120]
annealed miscut C (0001) 10 (1071)I1 (0001) [112311[1120]
8 (XXXX)I (0001) [XXXXTI 1 150]"

A (1120) 16 (0001)11(1120) [107011 [1700]

R (1702) 24 (1210)1 (1702)° [000111 [1101]

M (1070) (d = 25—50 nm) 7 (1700)1 (1070) [0001]1[1210]
M (1070) (d < 25 nm) b) (1700)1 (1070) [1120]11 [0001]
annealed M (1070)° 12 (1120)11 (1702)¢ [1700]! (11201

mismatch at 25 °C (%)” (mismatch at 900 °C (%))"

transversal ZnOll Al,05 axial transversal
(1210011 [1700] 18.20 (18.22) —1.49 (—1.47)
[2311]11[1700) 3.10 (2.2 5.06 (5.08)
[XXXX]I1[1700]
[1210]11 [0001] 2.36 (2.38) 0.02 (—0.05)
[1010]1 [1120] 1.49 (1.12) 18.20 (18.22)
[1120]11 [0001] 9.34 (9.04) 0.02 (—0.05)
[0001]11 [1210] —2.54 (—2.63) 9.34 (9.04)
[0001]11 [1101] 18.20 (18.22) 1.49 (1.12)

“ From refs 56 and 57. ° Miscut toward [1700] or [1100].  The (1120)z40 planes are tilted by 6°, as explained in the text. d Epitaxial relations are stated with respect to the
R-plane nanofacets formed after annealing M-plane sapphire, as explained in the text and Figure 7.

nanowires choose to grow only along two directions
+[1120], forming parallel arrays (Figure 2C,D). Here, the
VLS growth is clearly guided by the L-shaped nano-
steps (Figure 2G). Furthermore, when the C-plane is
miscut by 2° toward [1120], the ZnO nanowires are
coerced to grow along the [1700] directions of the
steps (Figure 2E), at 30° from the growth directions
preferred by the nanowires on the well-cut C-plane.
Clearly, the graphoepitaxial guiding effect overrules
the epitaxial lattice guiding effect. Surprisingly, the
graphoepitaxial effect due to the presence of nano-
steps affects not only the growth direction on the ZnO
nanowires but also their crystallographic orientation.
On flat C-plane sapphire, the ZnO nanowires grow with
the (0001) plane parallel to the substrate surface, but
when the same plane is miscut, they grow with their
(1071) plane parallel to the substrate surface. This re-
markable graphoepitaxial effect also causes the wire to
grow in an unusual [1123]z.0 semipolar orientation, in
contrast to the usual nonpolar [1010],,c orientation of
guided ZnO nanowires on well-cut C-plane sapphire.

On annealed miscut C-plane sapphire miscut to-
ward [1700] and toward [1100], we mostly encoun-
tered the same epitaxial relation as on annealed miscut
C-plane sapphire miscut toward [1120], but less fre-
quently, we also found other orientations (Table 1 and
Supporting Information). This variability may be re-
lated to the fact that, along the steps, the nanowires
have to accommodate two incompatible epitaxial
relations, one with the “tread” facet and the other with
the “riser” facet of the nanosteps.

Guided ZnO Nanowires on A (1120) Sapphire. The A-plane
sapphire has already been used as a substrate for
the epitaxial growth of horizontal ZnO nanowires,*°
with a low crystallographic mismatch, lower than
the mismatch of ZnO with any other crystallographic
plane of sapphire (Table 1). Horizontal ZnO nanowires
grow on A-plane sapphire in two opposite directions
ﬂ:[lTOO]A|ZO3, as shown in Figure 3A. We found the
epitaxial relations to be identical to those reported for
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thin films (Table 1).3® The nanowires grow in the
nonpolar, [1010]zn0 direction, similar to the previous
reports.3®*” The lattice mismatch is 2.36% in the
growth direction and 0.02% across the nanowire.

A common feature visible in TEM images (Figure 3B)
is the restructuring of the substrate: The nanowire
seems to be slightly indented into the substrate sur-
face, while the latter displays lifted outer rims. This
restructuring may be driven by minimization of the
interface energy and strain between nanowire and
substrate material, as previously suggested.3”

Guided ZnO Nanowires on R (1102) Sapphire. We grew
guided horizontal ZnO nanowires on R-plane sapphire
(Figure 1D and Figure 4), obtaining similar epitaxial
relations to those previously reported ZnO nanoneck-
laces on R-plane sapphire,® although in our experi-
mental conditions, we were able to achieve smooth,
uniform nanowires (Figure 4C). The nanowires grow in
two opposite directions i[ﬂOl]A.zos, forming dense
combs (Figure 4A). Nanowire arrays grow as dense
as 8 nanowires/um with perfectly parallel directions
(Figure 4B). In this case, the nanowires grow with a
polar [0001]z,0 growth axis (Table 1). The lattice mis-
match is 1.49% in the growth direction and 18.2% in
the transversal direction.

In fact, TEM images (Figure 4C,D) of 24 nanowires
reveal that the actual epitaxial relations slightly deviate
from those written above: The (0001) planes of the ZnO
are not perfectly normal to (1702) sapphire surface but
are tilted by 6°. This tilt reduces the mismatch between
nanowire and substrate by a factor of cos a, where ais
the tilt angle with respect to the surface normal. The
mismatch is thus slightly reduced from 18.2 to 17.5%.
This mismatch is then further diminished by the for-
mation of periodic misfit dislocations in the interface
between nanowire and substrate. Frequency-filtered
FFT images of nanowires on R-plane sapphire (Figure 4F)
reveal that the misfit dislocations appear every 5 or
6 ZnO lattice fringes, in accordance with the calculated
mismatch.
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Figure 2. Graphoepitaxial effect on the guided growth of
horizontal ZnO nanowires on C-plane sapphire. (A) Gra-
phoepitaxial effect on C-plane sapphire (schematic). (B—E)
Corresponding scanning electron microscope (SEM) images
showing how the guided growth of ZnO nanowires changes
from six directions on well-cut C-plane (B) to bidirectional
growth by the introduction of nanosteps when the sub-
strate is miscut toward [1100] (C), [1100] (D), and [1120] (E).
(F) Cross-sectional TEM image of a nanowire growing on
well-cut C plane in the [1 150]A|203 direction. (G) Cross-
sectional TEM image of a ZnO nanowire graphoepitaxially
guided along a L-shaped nanosteps, on annealed C-plane
sapphire miscut 2° toward [1120].

Guided ZnO Nanowires on M (1010) Sapphire. On M-plane
sapphire, ZnO nanowires grow in four perpendicular
directions: i[1§1O]A|203 and £[0001]ay,0,. Surprisingly,
the width of the nanowires dictates their growth
direction (Figure 5). Diameter-dependent crystallo-
graphic orientations had only been reported for off-
plane nanowires. For example, the crystallographic axis
of off-plane epitaxial silicon nanowires on Si(100) has
been shown to change from the [111] to the [110]
direction when catalyst size is smaller or larger than
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[1100] 775
2,

2nm

Figure 3. Guided ZnO nanowires on A-plane sapphire.
(A) SEM image showing bidirectional growth of horizontal
ZnO nanowires from patterned catalyst. (B) Cross-sectional
TEM image of a ZnO nanowire growing in the [1700]a,,0,
direction. The substrate is clearly reconstructed around the
nanowire to minimize the interface energy and strain
between nanowire and substrate.

20 nm, respectively.* In our present case, all of the ZnO
nanowires grown on M-plane sapphire possess the
same planar epitaxial relations (Table 1), but the
growth direction of the nanowires changes by 90°
depending on their thickness. Thin nanowires (d =
5—25 nm) grow with a nonpolar [1120]z,0 orienta-
tion along the £[121 0]al,0, directions (Figure 5B,CE),
whereas thick (d =25—50 nm) nanowires grow with a
polar [0001]z,0 orientation along £[0001]4,0, direc-
tions (Figure 5D,F). In the case of thin nanowires, the
lattice mismatch is 0.02% in the growth direction and
9.34% in the transversal direction. For thick nano-
wires, the mismatch values are reversed. We attri-
bute the transition between these two regimes to
the critical thickness for misfit dislocations: For thin
nanowires (d = 5—25 nm), strain simply leads to
lattice expansion, and the direction that is least
strained is the [1120],,0 direction, which accordingly
becomes the growth direction. As the thickness of
the nanowire increases beyond the critical value
(~25 nm), the formation of misfit dislocations be-
comes more energetically favorable than lattice ex-
pansion. In this regime, strain in the [0001]z,0
direction is effectively relieved by the formation of
misfit dislocations and becomes less strained than
the [1120]zn0 direction. As a result, the [0001]z,0

direction becomes the preferred growth direction.
This thickness-dependent growth enables us to
choose the growth of nanowires with polar or nonpolar
orientations on the same substrate. Our group has
already demonstrated polarity-controlled growth of
guided nanowires by choosing different substrate
orientations,>® but here we show for the first time
control of both polarity and growth direction on the
VOL.6 =
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Figure 4. Guided ZnO nanowires on R-plane sapphire. (A) SEM image showing bidirectional, dense growth of horizontal ZnO
nanowires from patterned catalyst. (B) Larger magnification of the area indicated by the white box. The Au catalyst s visible at
the end of the nanowires. (C) AFM image of ZnO nanowires on R-plane sapphire, showing perfect alignment and smooth
sidewalls. (D) Cross-sectional TEM image of a nanowire growing in the [0001]z,c direction. (E,G) Larger magnification of the
indicated area, showing possible atomic locations. (F) Fourier-filtered version of D, highlighting the relief of strain via periodic
misfit dislocations, and the 6° angle between the lattice fringes of substrate and nanowire.

same substrate. This polarity control could be impor-
tant for various applications, such as nonlinear optics
or LEDs (vide infra).

TEM images (Figure 5B) reveal that very thin nano-
wires (=7 nm) usually have a “hut-shaped” cross sec-
tion composed of three different grains: one central
grain and two grains capping it from left and right,
creating the two halves of the hut's “roof”. All three
grains grow in the same [1120]zn0 crystallographic
direction but are rotated around the growth axis
differently: The central grain has its (0001)2,0 planes
normal to the substrate, whereas the left and right
“roof” halves have their (0001)z,0 planes at +60° and
—60° with respect to the central grain. The (0001)z,0
planes of the central grain match the (1 1§O)A|203 planes,
while the left and right “roof” halves match their
(0001)zn0 planes to the symmetrically equivalent
(2110)a,0, and (1210)a,0,, respectively. The driving
force for this multidomain formation could be the
tendency of the ZnO nanowires to expose (0001)
facets: With only one grain, a large amount of the
nanowire surface would expose a ZnO (1010) facet. By
creating three grains, the nanowire can expose (0001)
facets almost exclusively. This result is surprising con-
sidering the high energy of the (0001)7,0 planes.”’
However, vertical ZnO nanowires growing in the same
[1120]2n0 direction and exhibiting only (0001)zn0 and
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(000T),,0 facets have been reported and rationalized
as products of kinetically controlled growth.* Slightly
thicker nanowires (d = 10—25 nm) adopt similar ori-
entations (Figure 5CE) but are composed of a single
grain, probably due to the increasing energetic cost of
grain boundary formation for thicker nanowires.
Although all of these single-grain nanowires have the
same nonpolar axial orientation, [1120]2n0, their trans-
versal orientation can vary as the (0001)z,0 planes
match either of the equivalent (1120) planes of the
sapphire (Supporting Information). Since the high-
energy (0001)z,0 planes show increased reactivity,
for example, toward CO adsorption,*® these nanowires
could be more efficient than other nanowires for
different applications, such as CO detectors.

Guided Zn0 Nanowires on Annealed M (1010) Sapphire.
Sapphire M-plane is thermodynamically unstable and
undergoes faceting at elevated temperatures.®® The
resulting surface is composed of two types of facets:
S-plane facets and R-plane facets, as shown in Figure
6C. This periodically faceted surface forms a series of
grooves that guide the growth of ZnO nanowires by a
graphoepitaxial effect (Figure 6A,B). The nanowires
grow on annealed M-plane in the same [1170]A|203
direction as the thick (d = 25—50 nm) nanowires on
non-annealed M-plane. However, this graphoepitaxial
effect enables us to grow nanowires of any thickness in
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Figure 5. Thickness-dependent guided growth of horizon-
tal ZnO nanowires on M-plane sapphire. (A) SEM image,
showing two perpendicular growth directions. (B) Cross-
sectional TEM image of a thin ZnO nanowire (d < 8 nm)
growing in the [11§O]A|203 direction, exhibiting a “hut”
shape. (C) Cross-sectional TEM image of a thicker ZnO
nanowire (d = 10—25 nm) growing in the [1 1§O]A|203 direc-
tion. (D) Cross-sectional TEM image of a thick (d > 25 nm)
ZnO nanowire growing in the Al,O3 [0001] direction. (E,F)
Larger magnification of the indicated areas in (D) and (C),
showing possible atomic locations.

this direction. Furthermore, the epitaxial relations are
different from those of nanowires that grow on M-plane
sapphire. On the faceted surface of annealed M-plane
sapphire, the graphoepitaxial effect controls the growth
direction of the nanowires along the nanofacets, while
the R-plane orientation of the nanofacets dictates the
crystallographic orientation of the ZnO nanowires. Con-
sequently, instead of growing in the [1101]a,0, direction
as on flat R-plane sapphire, the nanowires grow along the
nanogrooves in the [1120] A0, direction, which is rotated
by 90° (Figure 7). With respect to the R-plane nanofa-
cets, the nanowires show exactly the same epitaxial
relation as nanowires grown on flat R-plane sapphire,
but the nanowire axis is changed from the polar
[0001]2,0 oOrientation to the nonpolar [1100]zn0 orienta-
tion. This rotation may seem surprising considering that
the nanowires grow in a direction with a large mismatch
of 18.2%, compared to nanowires that grow on flat
R-plane, where the mismatch in the growth direction is
—1.49% (Table 1). This underscores to what extent the
graphoepitaxial effect overrules the epitaxial effect.
When inspecting graphoepitaxial ZnO nanowires
on annealed M-plane sapphire in the TEM (Figure 6D),
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[1120]
1, tooon]
[1100]

Figure 6. Graphoepitaxially guided growth of ZnO nano-
wires on annealed M-plane sapphire. (A) Graphoepitaxial
effect on M-plane sapphire (schematic). (B) SEM image of
dense ZnO nanowires growing from a patterned and dis-
persed Au nanoparticles. (C) Magnification of the indicated
area, showing the nanowires guided by the grooves of the
surface. (D) Low-magnification cross-sectional TEM image of
ZnO0 nanowire, showing the position of the nanowire in the
grooves. (E) Cross-sectional TEM image of a ZnO nanowire
growing in the [121 0]ai,0, direction. (F) Larger magnification
of the indicated area, showing possible atomic locations.

the substrate shows at least two directions of fringes,
as usual, but the ZnO nanowires show only one direc-
tion of lattice fringes. The observed fringes correspond
to the (0006) planes of ZnO, while the expected
(1120)2n0 fringes are missing. This indicates that the
nanowire (1120)2.,0 plane is tilted with respect to the
substrate plane. This tilt is directly related to the 6° tilt
observed in the guided ZnO nanowires on well-cut
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Figure 7. Growth of ZnO nanowires on singular R-plane
sapphire vs the graphoepitaxially directed growth on the
R-plane facets of annealed M-plane sapphire (schematic
representation). The epitaxial relations are identical for the
two cases (with respect to the sapphire R-plane). However,
on R-plane, the nanowires grow in the [1701 Iai,0, direction,
and on the R-plane facets of annealed M-plane sapphire, the
nanowires grow in the [11§0]A|203 direction due to the
graphoepitaxial effect.

R-plane sapphire between the (1120),,0 planes and
the (1 1§O)A|203 planes (Figure 4D). The difference is that
on R-plane sapphire the tilt is across the nanowire axis,
whereas on annealed M-plane, the tilt is toward the
nanowire axis. Hence, the nanowire orientation is not
exactly [1100]z,0, as shown in Table 1, but a vicinal
orientation 6° off [1700]2,,o toward [1120]z,0. This is, to
the best of our knowledge, the first observation of
nanowires with a vicinal orientation.

Optical Properties of the Guided Zn0 Nanowires. Previous
studies in our group have shown that guided GaN
nanowires exhibit excellent optical properties, similar
to vertically grown GaN nanowires,® refuting initial
concerns that the interaction with the substrate might
induce strain-related defects that would degrade their
optical and electronic properties. Here we show that
guided ZnO nanowires also exhibit excellent optical
properties, similar to those of freestanding ZnO nano-
wires. We characterized the optical properties by mea-
suring the photoluminescence (PL) of single ZnO nano-
wires on different substrates using a confocal micro-
scope with a He—Cd laser (Figure 8). The PL spectra are
typical of high-quality ZnO nanowires with a single PL
peak in the range of 328—745 nm.** Notably, we did
not see any green emission typical of defective
Zn0.*>* The peaks of the photoluminescence were
varied slightly between the different substrates, with
Amax Values between 374 and 384 nm. We cannot
attribute the observed variation in 1. to quantum
confinement because the exciton Bohr radius of bulk
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Figure 8. Optical properties of guided ZnO nanowires.
Typical single-nanowire photoluminescence spectra at
room temperature of (a) ZnO nanowires vertically grown
on annealed M-plane sapphire dispersed on A-plane sap-
phire. (b) Thick (d = 25—50 nm) horizontally grown ZnO
nanowires on M-plane sapphire. (c) Horizontally grown ZnO
nanowires on R-plane sapphire. (d) Thin (d = 10—25 nm)
horizontally grown ZnO nanowires on M-plane sapphire. PL
peak is blue-shifted ~2.5 nm with respect to the thicker
nanowires growing in 90°, on the same substrate, at the same
synthesis. (e) Horizontally grown ZnO nanowires on annealed
M-plane sapphire. Excitation wavelength A, = 325 nm.

ZnO is 2.34 nm, that is, smaller than the radius of the
narrowest nanowire we were able to measure. There-
fore, we suggest that the variation in the PL peak posi-
tion may result from the different amounts of strain
accumulated in the nanowires, according to the size of
the nanowires and the substrate on which they grow.*’
Furthermore, we observed a small but consistent
difference of 2 nm between the two kinds of nanowires
growing in two different directions on M-plane sap-
phire. The thicker nanowires growing with a polar
[0001]2,0 direction showed a PL peak at A= 376
(Figure 8d), and the thinner nanowires growing in the
nonpolar [1120]zn0 direction showed a PL peak at
Amax= 374 (Figure 8e). Since these nanowires grew at
the same time under the same conditions, this differ-
ence cannot be a result of changes in composition or
unintentional doping, but may be attributed to the
different accumulated strain in these nanowires, as
suggested. For reference, we also measured the PL
spectra of nanowires vertically grown in the same
conditions and dispersed onto the same substrate
(Figure 8a). We found the photoluminescence spectra
of horizontally grown guided nanowires to be very
similar to those of vertical nanowires, indicating that
the interaction with the substrate does not induce
defects that degrade the optical properties of the
guided ZnO nanowires.

Electronic Properties of the Guided ZnO Nanowires. An-
other property that may be strongly affected by de-
fects is the charge carrier mobility. We characterize the
electronic properties of the horizontal epitaxial ZnO
nanowires by building single-nanowire field-effect tran-
sistors (Figure 9, inset) with top gates. The nanowires
display n-type behavior (Figure 9A,B) with mobility x« =
15—66 cm?/(V-s) and electron density n. = 1.6 x 10" to
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Figure 9. Electronic properties of guided ZnO nanowires.
Electrical characterization of guided ZnO nanowires was
performed in a single-nanowire FET configuration at room
temperature. (A) Source—drain current (/s4) vs source—drain
voltage (V,q) are displayed for different gate voltages (V).
Inset: SEM image of a typical FET device, showing the
nanowire, electrodes, and top gate. (B) /;4—V curves for
different V4 bias voltages. The charge carrier density can be
extracted from the linear part of the graphs. The electrical
measurements were performed on nanowires horizontally
grown on R-plane sapphire.

2.6 x 10" cm™3, These values are comparable with
those reported for nonhorizontally grown ZnO
nanowires.*®

Comparison between Guided Zn0 and GaN Nanowires on
Sapphire. The present work demonstrates the general-
ity of the guided growth approach and allows us to
further learn about the guided growth phenomenon
by comparing the guided growth of ZnO nanowires to
the growth of GaN nanowires on sapphire.®* Both ZnO
and GaN nanowires show horizontal growth on sap-
phire, and both display the same three modes of
guided growth (Figure 1B). Although ZnO is a II-IV
material and GaN is a Ill-V, with different lattice
parameters, both ZnO and GaN exhibit the same ability
to grow horizontally along specific directions on any of
the eight examined sapphire substrates (Table 1). Thus,
the guided growth of horizontal nanowires shows a
large general tolerance for high mismatch, compared
with 2D films. We attribute this tolerance to the 1D
nature of the nanowires, where stress accumulates
only in one direction but can relax sideways (see
discussion below). The most notable differences be-
tween guided ZnO and GaN nanowires are:

(@) The morphologies of the ZnO and GaN nano-
wires horizontally grown on sapphire are usually simi-
lar. However, GaN nanowires grown on flat substrates
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had exclusively nonpolar axes, while ZnO nanowires
grown on flat sapphire show either polar or nonpolar
axes (e.g., on R-plane sapphire, ZnO nanowires grow
with a polar axis, whereas GaN nanowires grow with a
nonpolar axis). This observation shows that polarity
does not play a role in guiding the growth of ZnO and
GaN nanowires on sapphire. Interestingly, both ZnO
and GaN nanowires grow on annealed miscut C-plane
sapphire with semipolar orientations.

(b) The growth direction of ZnO nanowires on
M-plane sapphire depends on the nanowire thickness,
whereas the guided growth of GaN did not show
thickness dependence. At a critical thickness, misfit
dislocations relieve stress such that the least
stressed crystal direction is changed; this may be
unique to ZnO.

(c) Guided growth of GaN nanowires on M-plane
and R-plane sapphire is unidirectional, whereas ZnO
nanowire growth on these substrates is bidirectional.
In both GaN and ZnO, we observed a relationship
between the nanowire growth directions and the
symmetry of the substrate plane. Flat substrates with
Ds, C,, or D; morphological symmetries lead to epi-
taxial nanowire growth along six, two, and one single
direction, respectively. In the case of D; symmetry, as
in R- and M-plane sapphire, GaN nanowires grow
unidirectionally and ZnO grows in both directions.
However, when looking closely at ZnO nanowires
grown on R-plane sapphire or M-plane sapphire
under certain conditions, it is possible to see that
there is still a statistically preferred growth direction
(see Supporting Information Figure S9). This preferred
direction, however, is less selective than for guided
GaN nanowires, so that under our usual synthetic
conditions ZnO nanowires grow in two opposite
directions.

(d) ZnO nanowires on sapphire show, in most cases
(see Table 1), only one orientation per substrate plane,
while GaN showed, in many cases, several alterna-
tives. This could be due to more pronounced ener-
getic minima for each preferred orientation of ZnO.
GaN might have several close minima for each orien-
tation, promoting some degree of variability. For
example, the epitaxial relations of ZnO nanowires
grown on annealed M-plane are constant, whereas
in GaN nanowires, they are variable. This is probably
because itis energetically preferable for ZnO to match
the R-plane facets and not the S-plane facets
(Figure 6D), while for GaN, the energetic difference
between matching the S-plane and the R-plane is
small, and hence the wire can rotate to match either of
the two facets.

On the basis of all of these observations, we con-
clude that the guided growth of horizontal nanowires
has a much higher mismatch tolerance than 2D film
heteroepitaxy. We expect to see this tolerance in other
materials and substrate, perhaps enabling high-quality
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heteroepitaxial growth not available by other means.
The reason for this tolerance is that whereasin a 2D film
stress accumulates in two directions, in a nanowire,
stress accumulates along its axis but can easily relax in
the nanoscopic transversal direction by expansion,
compression, or localized misfit dislocations. This
makes the 1D system much more tolerant to mismatch
than a 2D film. Furthermore, unlike other methods that
produce 1D nanostructures, like epitaxial lateral
overgrowth,*® here the nanowire nucleates only from
the metal catalyst droplet and therefore grows free of
grain boundaries.

The exact mechanism of guided VLS growth is still
not fully understood. A recent theoretical model pre-
dicts horizontal VLS growth of nanowires, on the basis
of catalyst droplet statics and the formation and
growth of nanowire facets.>® This model appears to
be highly relevant to our results, but as a continuum
model, it does not refer to the epitaxial relation be-
tween the nanowire material and the substrate. To
explain and predict the orientation control in our
results, a more detailed model will be required. To this
end, a few important observations need to be taken
into account: First, the epitaxial relations of most of our
nanowires are consistent with those reported in litera-
ture for thin films produced by different methods.3¢
This suggests a significant degree of thermodynamic
control. On the other hand, we have observed nano-
wire facets that are not the lowest energy facets. This
suggests also a significant degree of kinetic control.
Second, we need to address the control of the growth
direction. We propose that several factors, acting in
cooperation or competition, could determine the
growth direction. In the simple case of homoepitaxy,*
where GaAs nanowires are horizontally grown on
GaAs, there is obviously no strain in any direction.
However, the nanowires are guided and grow in a
specific direction. This could be due to kinetics of
crystal growth, the surface energies of the different
crystal surfaces, or due to energetics of crystal nuclea-
tion. In the more complex case of heteroepitaxy, such
as the guided growth of GaN and ZnO on sapphire, the
strain is anisotropic, and its influence may compete or
add to the previous guiding effects. Furthermore, we
have also seen that the strain is sometimes thickness-
dependent. All of these influencing terms may also
depend on temperature, pressure, and other synthetic
conditions. Although a full theoretical model is beyond
the scope of this article, we are providing a rich set of
data and considerations for the development of such
model.

CONCLUSIONS

We have demonstrated the guided growth of hor-
izontally aligned ZnO nanowires on different flat and
faceted surfaces of sapphire, proving the three postu-
lated guided growth modes: (a) epitaxial growth along
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specific lattice directions, (b) graphoepitaxial growth
along nanosteps, and (c) graphoepitaxial growth along
nanogrooves. Our results show that the guided VLS
growth enables us to control the crystallographic
orientation and growth morphology of aligned ZnO
nanowires on sapphire. The growth morphologies
include six, four, or two growth directions, which match
the morphological symmetry of the substrates. The
crystallographic alignment, verified in more than 100
nanowires, includes nanowires with polar [0001],
semipolar [1123], or nonpolar [1070] and [1120]
growth directions. This could have great technolog-
ical implications since the polarity of semiconduct-
ing nanowires and thin films was found to affect their
photophysical properties due to internal fields.”'
Epitaxial VLS growth on different substrates has
enabled the selective production of polar and non-
polar nanowires as vertical arrays, but no available
postgrowth method based on dispersions can hor-
izontally align them with coherent polarity, whereas
guided growth could yield coherently oriented na-
nowires with similar polarity. This polarity control
may have important advantages in photonic, opto-
electronic, and high-frequency applications, as well
as in nonlinear optics.>

We have shown that both the optical and electronic
properties of horizontally grown ZnO nanowires are
quite similar to those of nonhorizontally grown ones.
This indicates that the interaction with the substrate
during growth does not induce defects that degrade
the optical and electronic properties of the semicon-
ductor, as opposed to epitaxial growth of 2D films. This
important difference can be attributed to the fact that
in a continuous film stress accumulates in two dimen-
sions, whereas in a nanowire, stress only accumulates
in the macroscopic axial direction but can be effec-
tively released by contraction, expansion, or misfit
dislocations in the transverse direction. Thus, guided
VLS growth of horizontal nanowires enjoys the bene-
ficial orientation control of epitaxial growth, without
suffering the stress-related problems of traditional
epitaxial growth in 2D layers. This new 1D nanoscale
effect, together with the graphoepitaxial effect, con-
stitutes a paradigm shift not only in the young field of
nanowires but also in the long-established fields of
epitaxy and thin films. This could pave the way to
highly controlled semiconductor structures with po-
tential applications not available by other means.

Last, we demonstrated the generality of the guided
VLS approach for the growth of nanowires of different
materials. This approach, demonstrated here for ZnO
on sapphire and previously demonstrated for GaN,
could be extended to a large variety of other semi-
conductors and other substrates, producing ordered
arrays of nanowires and heterojunctions with coher-
ently modulated composition and doping. This will
enable the production of semiconductors with highly
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controlled structures and unique properties, suitable
for a wide range of applications, including nanocircuits,

METHODS

Substrate Preparation. Sapphire (a-Al,Os) wafers with eight
different orientations were used. Singular (i.e., well-cut) sap-
phire wafers, including C-plane (0001), M-plane (1010), A-plane
(1120), and R-plane (1702), were purchased from Roditi Inter-
national. Miscut C-plane (0001) sapphire wafers with different
miscut directions were custom-produced as previously de-
scribed. The manufacturer (Gavish Ltd., Omer, Israel) produced
the wafers as directed, and the exact miscut tilt and azimuth
angles were determined by our own developed procedure of
asymmetric double exposure back-reflection XRD.?® Miscut
C-plane and M-plane sapphire substrates were annealed at
1100 and 1400 °C, respectively, in air, using a high-temperature
muffle furnace (Carbolite RHF 16/8). Prior to use, the substrates
were sonicated for 10 min in acetone, then rinsed in acetone,
isopropyl alcohol (IPA), and distilled H,O, and blow-dried in N,.

(atalyst Deposition and Patterning. The Au catalyst was usually
deposited by electron-beam evaporation of a thin (4—20 A
metal layer. First, the areas for catalyst deposition were defined
using standard photolithography with negative or positive
photoresists. After pattern development and surface cleaning
by oxygen plasma (March Plasmod GCM 200, 2 min, 1 sccm of
05, 10 W) thin films (5—20 A) of Au were deposited by electron-
beam evaporation, followed by liftoff in acetone. These thin Au
films undergo dewetting upon heating to 550 °C in air, thus
generating the nanoparticles that serve as catalyst for the VLS
growth of nanowires. In addition, deposition of Au catalyst
nanoparticles was also performed by dispersing commercially
available colloidal suspensions (British Biocell International),
obtaining similar results.

Nanowire Synthesis. Nanowire growth was carried out in a
quartz tube inside a tube furnace with fast heating capabilities
(25101000 °Cin 5 min). The Zn and O atoms were supplied from
ZnO powder mixed with carbon powder (1:1 mass ratio), held at
1000 °C, while the samples were held downstream at a tem-
perature of 900 °C. N, was used as carrier gas (99.999%, Gordon
Gas, further filtered to reduce O, and H,O levels) at a flow of
500 sccm. In a typical experiment, a substrate with catalyst was
placed on a fused silica carrier plate and inserted to a 25 mm
diameter quartz tube. The tube was inserted into a split oven
and purged of oxygen by 5 cycles of pumping to 3 mbar and
purging with N, at elevated temperature. Once the tube was
purged, N, was streamed into the tube, and pressure was
maintained at 400 mbar. Once the desired temperature (1000 °C)
is achieved, the oven was moved over the ZnO and graphite
powder mixture and turned off at the end of the growth time
(usually 5—30 min).

Microscopic Characterization. The grown nanowires were im-
aged using field-emission SEM (Supra 55VP FEG LEO Zeiss) at
low working voltages (1—5 kV). Atomic force microscopy (AFM,
Veeco, Multimode Nanoscope IV) images were acquired in air
tapping mode. Thin lamellae for TEM characterization were made
using a FEI Helios DualBeam microscope and inspected using a FEI
Tecnai F30-UT field-emission TEM, equipped with a parallel EELS
(Gatan imaging filter) operating at 300 kV. TEM digital images were
recorded using a Gatan Ultrascan1000 CCD camera. TEM images
were analyzed to determine crystallographic orientation and
epitaxial relations using Fourier transform (FFT) from selected
areas in the nanowire cross sections. Indexing of the FFT peaks
was done according to crystallographic tables for bulk ZnO.

Optical Characterization. Photoluminescence spectra from sin-
gle ZnO nanowires were acquired with a Jobin-Yvon LabRam HR
800 micro-Raman system, equipped with a liquid-N,-cooled
detector. For the excitation, we used a He—Cd laser at 325 nm.
The laser power on the sample was 5 mW. The measurements
were taken with a 2400 g mm™' grating for the UV (spectral
resolution 4 cm™") and a confocal microscope with a 100 um
aperture and a 10 um laser spot.
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LEDs, lasers, photovoltaic cells, photodetectors, photo-
nic and nonlinear optical devices.

Electrical Characterization. ZnO nanowire field-effect transis-
tors (FETs) were fabricated by defining source and drain elec-
trodes using electron-beam lithography (JEOL 6400 SEM equi-
pped with JC Nabity Nanopattern Generator System), followed
by electron-beam evaporation of Ti (20 nm)/Al(20 nm)/Pt-
(20 nm)/Au (40 nm) to ensure low contact resistance,53 and
liftoff in acetone. For gate dielectric, 30 nm thick Al,Os was
deposited by atomic layer deposition (Fiji F200, Cambridge
NanoTech). A top-gate electrode was patterned by electron-
beam lithography, electron-beam evaporation (Ti 5 nm/Au
50 nm), and liftoff. The typical spacing between source and
drain electrodes was 3 um, with 1.5 um wide gate electrode
between.

Two-terminal electrical measurements were performed by
applying source—drain DC bias and recording /—V curves with
different gate voltages. The charge carrier mobility u was ex-
tracted from the transconductance g,,,, which is defined as the
slope of the /;4—V curve in the linear region and is given by
eq 1, where Vj is the gate voltage, /4 is the mobility, L is the nano-
wire channel length, and C is the capacitance.54 The nanowire
channel length L was defined by the gate electrode width, while
the part of the nanowire uncovered by the gate electrode was
considered as a parasitic resistor, with a constant resistance
extracted from zero-field /—V measurement. The capacitance is
calculated using quasi-circular cross-section approximation given
by eq 2, where h is the dielectric thickness and a is the width of the
horizontal ZnO nanowire>® The carrier concentration n. was
extracted from the threshold voltage Vi, using eq 3, where r is
the nanowire radius and the total charge Q = CVj,.

di C
gm = d\Z I Vig =const — ﬂ(ﬁ) Vsd (1)
2meggl
= In(4h/a) @
Q = (Vy, = neemr’L 3)
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