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ABSTRACT: An in situ carbothermal process has been utilized
to successfully convert sputtered (0001) oriented ZnO nano-
film into large scale [0110] directed nanowires at 800—900 °C
in a tubular reaction chamber. To understand the conversion
process and unravel the driving force behind this growth
phenomenon, a comparative study has been carried out on
the thermal annealing processes of ZnO nanofilms under
different gas flows (with or without Ar flow) and atmosphere
(with or without graphite source input) controls. It is found that
the graphite source and Ar flow are both necessary to induce the
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conversion of ZnO (0001) oriented nanofilm into ZnO nanowires grown along [0110]. By heating the graphite source, a C- or CO-
rich reducing atmosphere was generated and carried downstream by Ar flow during the conversion process, which proved to be the
key. Complementary first principles computations suggest that changes in the ordering of surface energies in the presence of CO
occur. As compared with the clean facets with an order of {1010}, {1120}, and {0001} from most to least stable, upon CO
adsorption at high temperatures (900 °C), the {1120} and {0001} surfaces become more stable as compared to {1010}. This
provides a strong thermodynamic driving force for the growth of nanowires along (1010) directions.

xtensive research effort has been paid toward the large
Escale synthesis of uniformly distributed functional
nanowires.' > This is driven by the need of mass production
of nanomaterials, so-called “nanomanufacturing”, before the
possible commercialization in their applications for constructing
ultrasensitive nanosensors, ™ high performance solar cells,®” low
threshold field emitters, and many others. The realization of
nanomanufacturing demands novel but simple approaches with
the rational and precise control over structure and morphology of
nanomaterials, which, however, is still lacking understanding,
hindering the manufacturing of various nanomaterials. For
example, various types of ZnO nanostructures such as nanobelts,
nanowires, and nanotubes can be routinely fabricated under
different conditions,® '® but why it can happen in different
ways is far from well understood. Using a carbothermal vapor
transport method, ZnO nanotubes,'”” nanowires,”® and
nanobelts® can be achieved, respectively, at relatively low,
middle, and high temperature ranges. It is believed that the
evaporation process involving prepumping level, pressure,
growth time as well as temperature plays a key role to introduce
different morphological nanostructures. However, microscopi-
cally and thermodynamically why various nanostructure
growth phenomena can occur remains unclear in this carbother-
mal vapor transport process. On the other hand, as a nanostruc-
ture conversion process, the carbothermal vapor transport
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method is also recognized to usually leave a large amount
of reacted precursors without conversion into the desired
nanostructures.

In this work, using a simple in situ carbothermal method,
[0001] textured ZnO nanofilm was successfully converted into
large scale nanowires with a growth direction along (0110) at
~800—900 °C. A comparative experimental and theoretical
study has been carried out to understand this conversion process.
To start with, ~3 g of graphite powder (Fisher Scientific) loaded
in an alumina boat was used as the source material and kept in the
tube furnace center, as shown in the Figure 1a. Silicon substrate
sputtered with 50 nm ZnO nanofilms was placed ~10 cm away
from the source. During the experiment, the furnace was heated
to 1200 °C with a ramping rate of 25 °C/min and kept for 2 h.
The pressure was controlled at ~100 mbar when the tempera-
ture reached 1000 °C, and carrier gas Ar was initiated at 20 sccm.
During the cooling period, Ar gas was stopped when the
temperature reached 1000 °C. Figure 1b shows the schematic
of the final result where sputtered ZnO nanofilm (50 nm)
converted into uniformly distributed ZnO nanowires with a very
high yield at a temperature range of ~800—900 °C. AJEOL JSM
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Figure 1. (a) Schematic diagram of the in situ carbothermal ZnO nanowires growth setup. (b) Schematic diagram of in situ ZnO nanofilm
(i) conversion into ZnO nanowires and (ii) in the presence of appropriate gas flow.

Figure 2. (a) Typical low magnification SEM image of zigzag ZnO nanowires. Inset in (a): the EDX spectrum of ZnO nanowires, (b) a high
magnification SEM image of zigzag ZnO nanowires, (c) a representative TEM image of ZnO nanowire and the corresponding selected area electron
diffraction (SAED) pattern (inset in c), and (d) a typical EDX spectrum of single nanowire in TEM.

633SF field emission scanning electron microscope (SEM) and
an FEI Tecnai 12 scanning transmission electron microscope
(STEM) were used to characterize the morphology and structure
of the converted nanowires. The composition was determined by
energy dispersive X-ray (EDX) spectrometers attached to the
SEM and TEM.

Figure 2a is a top-view SEM image of large scale as-converted
zigzag ZnO nanowire, and the inset displays the EDX spectrum
revealing the presence of Zn, O, and Si. A silicon peak appears
due to the Si substrate. Figure 2b is a high magnification SEM
image of the converted ZnO nanowires ~100 nm wide and a few
micrometers long. A typical TEM image of zigzag ZnO nano-
wires and the corresponding selective area electron diffraction
(SAED) pattern in Figure 2c reveal the single crystalline wurtzite

7373

structured nanowire grown along the [0110] direction. Figure 2d
is an EDX spectrum of a single nanowire confirming the
composition of ZnO nanowire, while the copper peak is due to
the TEM Cu grid. Here, sputtered ZnO nanofilm has a (0001)
orientation as proved by the X-ray diffraction pattern shown in
Figure 3a, which is energetically more favorable than (1120) and
(0110). The zigzag nature of ZnO nanowires grown along
[0110] is consistent with an early report, which suggested that
the zigzag structure of single crystal nanowires results from the
periodic change in equivalent growth directions of (0110, that is,
from [1100] — [1010] — [0110] — [1010].**

To investigate the conversion process of [0001] oriented ZnO
nanofilm into [0110] nanowires, a series of comparative experi-
ments have been designed and conducted, as listed in Table 1.
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Figure 3. (a) Typical SEM image of ZnO sputtered silicon substrate after 1 h of annealing at ~800—900 °C in the absence of graphite as a source and Ar
as a carrier gas (inset: the corresponding XRD pattern of 50 nm ZnO nanofilm on silicon substrate after annealing), (b) a high magnification SEM image
revealing nanoisland formation, (c) a typical SEM image of sputtered ZnO nanofilm annealed at ~800—900 °C for 1 h in presence of graphite as a source
and Ar as a carrier gas, and (d) ZnO nanowires grown from the nanoislands after a prolonged (1.5 h) annealing at at ~800—900 °C in the presence of Ar

and graphite (inset of d: a zoom-in SEM image showing a ZnO nanowire grown from a nanoisland).

Table 1. Different Experimental Conditions for In Situ Thermal Annealing of (0001)-Oriented ZnO Nanofilms

furnace center temperature (°C) duration (min) Ar flow (20 sccm)
1200 60 absent
1200 60 present
1200 90 present
1200 120 present

graphite (C) result
absent tiny nanoislands (Figure 3a)
present large nanoislands (Figure 3c)
present nanowires with a low (~10%) yield (Figure 3d)
present nanowires with a high (~90%) yield (Figure 2a,b)

The involvement of graphite source and Ar flow simultaneously
has been suggested to be necessary through the experiment
observations and rational comparison. On the 50 nm ZnO
nanofilm coated Si, after thermal annealing at ~800—900 °C
for 1 hin the absence of graphite and carrier gas, 20—50 nm ZnO
nanoislands formed quite uniformly (Figure 3a,b). The inset
X-ray diffraction pattern in Figure 3b reveals that the textured
(001) orientation of nanoisland-based ZnO film was intact after
thermal annealing. It is clear that the high temperature annealing
process transforms the as-sputtered ZnO nanofilms from smooth
and flat surfaces consisting of fine nanoparticles to rough surfaces
filled with coarsened nanoislands.”> As a comparison, upon
annealing for 1 h at ~800—900 °C, with Ar as a carrier gas
and graphite as a source (Figure 3c), the ZnO nanoisland size
further increased, and some nanoislands grew bigger as com-
pared to others as a result of the coarsening effect. This
coarsening phenomenon is due to a natural self-organization of
the surface adatoms driven by the reduction of surface area,
therefore, surface energy. With the input of the graphite source

and Ar carrier gas flow, another hour and a half of thermal
annealing clearly brings up the nucleation and growth of
nanowires, as evidenced in Figure 3d. These nanowires are
2—10 um in length and less than 100 nm in diameter. The inset
picture in Figure 3d clearly shows that nanowires grew from the
nanoisland as indicated by arrowheads. This result suggests that
as the temperature increases, the nanofilm first breaks down into
the nanoislands®**® (Figure 3c). With a further increase of
temperature, nanorods or nanowires formed, with the pass-by
gas flow (carbon + Ar) potentially providing the transient
reduction and in situ recombination of comprised atoms in the
deposited compound (Zn—O in our case), which therefore could
favor the formation of nanowires.”®?’

It is well-known that preferred growth directions of nanostruc-
tures are determined by surface energies. Any factors that could
change the magnitude and ordering of the surface energies of various
surface facets of a system may be expected to alter the preferred
growth directions. Such a phenomenon has been recently predicted
for CdSe nanocrystals®® and subsequently verified experimentally.*®
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Figure 4. (a) Relaxed geometries of the polar (0001)O, (0001)Zn,
(0001)0, and (0001)Zn and nonpolar (1010), (0110), and (1120)
facets of ZnO. (b) The corresponding relaxed surface configuration after
stoichiometric binding with CO (O, Zn, and C atoms are shown in
yellow, green, and red, respectively). (c) Calculated surface free energies
of the facets before and after CO passivation at 427 °C. (d) The
corresponding surface free energy results at 927 °C. In parts ¢ and d,
surfaces with normals along the preferred growth directions are
bracketed, and the insets show nanowire schematics indicating nanowire
growth direction (high surface energy) and enclosing surfaces (low
surface energy).

While in the absence of O, no particular growth direction is favored
in the case of CdSe, and the presence and adsorption of O stabilizes
all surface facets (including the (0001) facets) except the (0001)
surfaces. Thus, O adsorption allows preferential anisotropic and
asymmetric growth along the [0001] direction. Likewise, it is
plausible that the unusual (0110) growth directions seen experi-
mentally in the case of ZnO nanowires may be due to the
stabilization of all surface facets except the {0110} surfaces mediated
by CO adsorption.

To completely understand the role of CO in determining facet
stability order, a density functional theory (DFT) study com-
bined with statistical thermodynamics was performed. The sur-
face free energies of various crystal facets were computed in the
presence and absence of adsorbed CO at various temperatures,
including the nonpolar (1120), (1010), and (0110) surfaces and
the polar (0001) and (0001) facets. We make the important
observation that the polar facets are not equivalent and come in
four surface configurations. The Zn- versus O-terminated (0001)
facets contain surface atoms with one and three dangling bonds,
respectively, and are referred to henceforth as (0001)Zn and

(0001)0. Similarly, the Zn- and O-terminated (0001) facets are
decorated with surface atoms that display three and one dangling
bonds, respectively, and are represented as (0001)Zn and
(0001)O. Figure 4a illustrates the surface configurations of all
polar and nonpolar facets considered. Further details concerning
the theory and simulations are provided in the Materials and
Methods section of the Supporting Information.

A few comments concerning the tendency of surfaces to relax
to their ground state configurations are in order. As discussed
extensively before,”® one may take recourse to basic electron and
bond counting rules to understand the relaxation patterns of
various surface facets. In the case of the nonpolar facets, electrons
from dangling bonds at surface Zn atoms are redistributed to
surface O atoms. This results in surface Zn atoms having no
dangling bonds (i.e.,, approaching an sp>like configuration),
while each surface O atom retains an P *like configuration
because of its lone pair of electrons. The sp*-like configuration
results in a planar structure as opposed to the sp-like tetrahedral
configuration, which is apparent in the relaxed nonpolar surfaces
of Figure 4a. On the other hand, in the case of the polar facets,
where Zn or O atoms exhibit either one or three dangling bonds,
there is no clear pathway for such surface relaxation. Thus, the
polar facets undergo negligible relaxation.

On nonpolar facets, CO prefers to adsorb on a surface Zn
atom via the C atom forming the 0 bond, although the blndm%
energy for CO binding via the O atom is only slightly higher.®
On the (0001)Zn polar facet, CO binds via the C atom forming
the 0 bond, while on (0001)Zn, the binding is via the O atom
thus forming next layer of the crystal along [0001] direction.
Figure 4b shows the binding mode and configurations of CO
covered polar and nonpolar facets.

We next move on to our surface free energy calculations.
These computations explicitly included the vibrational contribu-
tion to the free energy due to CO adsorbates on the surfaces
(thus, temperature dependence is appropriate only for CO
covered surfaces). Moreover, we have assumed that the surfaces
are covered by amonolayer of CO. Figure 4c shows a comparison
of the surface free energies in the absence and presence of CO at
427 °C. It can be seen that CO adsorption results in a substantial
decrease in surface energy of the highly unstable (0001)O
surface, while the surface energy of other facets undergoes
smaller decreases. Nevertheless, the ordering of the surface
energies is preserved. Figure 4d shows an analogous set of
results but at a higher temperature of 927 °C. Further small
reductions in the magnitude of the surface energies, but more
importantly, changes in the ordering of the surface energies can
be seen.

To determine the preferred growth direction based on these
results, we need to consider the following. For growth to occur along a
certain direction, all facets and not just one that would get successively
created during growth along that direction should be of high surface
energy. For instance, for vigorous growth to occur preferentially along
the [0001] direction, the surface energy of both the (0001)Zn and
the (0001)O surfaces should necessarily be high relative to that of all
other surface facets. Likewise, for growth to occur along the [0001]
direction, both (0001)Zn and (0001)O facets have to display high
surface energies. Among the nonpolar surfaces, (1010) and (0110)
facets have their normals along the same direction, and for growth to
occur along this direction, both these surfaces have to display higher
surface energies as compared to other enclosing crystal facets. Along
the [1120] direction, only one type of surface forms successively.
The results presented in Figure 4 are ordered so that related

7375 dx.doi.org/10.1021/jp201320d |J. Phys. Chem. C 2011, 115, 73727376



The Journal of Physical Chemistry C

surfaces appear adjacent to each other. On the basis of the above
considerations for preferred growth, it can be concluded from Figure 4
that at low temperatures (and in the absence of CO), growth is
preferred along the [0001] direction (consistent with prior work at
427 °C*"**), but at high temperatures, the preferred growth direction
switches to [1010]. These conclusions are indicated by square
brackets in Figure 4¢,d, and the insets show the possible nanowire
configurations consistent with our conclusions.

To be precise, in the presence of graphite and carrier gas,
sputtered ZnO nanofilm turns into nanoislands at higher
temperature, which is further converted into nanowire. With
increasing time and temperature, under CO-rich conditions,
{1120} and {0001} surfaces are more stable as compared to
{1010} surfaces, thus favoring nanowire growth along (1010)
direction.

In summary, an in situ carbothermal process has been utilized to
successfully convert sputtered (0001) oriented ZnO nanofilm into
large scale nonpolar [0110] directed nanowires at ~800—900 °C,
clearly with a larger surface area being generated. To understand the
counterintuitive conversion process and the driving force behind
this growth phenomenon, a comparative study has been carried out
on the thermal annealing processes of ZnO nanofilm under different
gas flows (with or without Ar flow) and atmosphere (with or
without graphite source input) controls. It is found that the graphite
source and Ar flow both are necessary parameters to induce the
conversion of ZnO (0001) oriented nanofilm into ZnO nonpolar
nanowires directly. By heating the graphite source, a C- or CO-rich
reducing atmosphere has been generated and carried by Ar flow for
this conversion process, which proved to be the key. Complemen-
tary first principles computations suggest that the changes in the
ordering of surface energies in the presence of CO occur. As
compared with the clean surfaces with an order of {1010},
{1120}, and {0001} from most to least stable, upon CO adsorption
at high temperatures (900 °C), the {1120} and {0001} surfaces
become more stable as compared to {1010}. This gives a strong
thermodynamic driving force for the growth of nanowires in (1010)
directions. This work may provide important physical and chemical
insights for helping understand, design, and rationally synthesize
nanostructures with different surface configurations toward
nanomanufacturing,
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