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Metallorganic Chemical Vapor Deposition of ZnO Nanowires
from Zinc Acetylacetonate and Oxygen
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ZnO nanowires were grown by metallorganic chemical vapor deposition from zinc acetylacetonate hydrate and oxygen without
using any seed particles or templates. Nanowires grew epitaxially on sapphire substrates to form dense arrays but with random
orientation on F:SnO, and glass. Nanowire morphology was studied as a function of deposition conditions, including substrate
temperature, zinc partial pressure, and growth duration. Water evolves from the initially hydrated precursor during the first 30 min
of growth, resulting in deposition of a thin polycrystalline film. The grains of this film then act as nucleation sites for nanowire
growth from the now-anhydrous precursor. After several hours of growth, the precursor decomposes to ZnO, resulting in nucle-
ation of smaller secondary nanowires on the sides of the first nanowires. These branched structures with high surface area may
have potential applications in dye-sensitized solar cells and sensors. Transmission electron microscopy shows that the nanowires
are crystalline, and photoluminescence is nearly free of defect emissions.

© 2008 The Electrochemical Society. [DOI: 10.1149/1.3006390] All rights reserved.

Manuscript submitted May 22, 2008; revised manuscript received September 18, 2008. Published November 7, 2008.

ZnO nanowires have received much attention recently because of
their potential applications in dye-sensitized solar cells," sensors,””
UV lasers,> and field emitters.'®!2 Controlling semiconductor mor-
phology and microstructure is critical to these applications. ZnO
nanowire arrays have been grown by several methods, including
metallorganic chemical vapor deposition (MOCVD),*"*"® thermal
evaporation,lg'28 electrodeposition,zg”34 and chemical bath
deposition.“s'3 These growth methods often require separate steps
to seed the substrate with metal c;lt;llyst,19’22’27’39'41 ZnO
nanoparticles,“’36 or films.*** Another approach is to template the
growth with anodic alumina membranes. 0344443

MOCVD offers several advantages compared to other growth
methods. MOCVD typically demands lower temperatures than ther-
mal evaporation, provides higher purity materials than solution
methods, and is compatible with current semiconductor processing
technology. Diethyl zinc'® and zinc acetylacetonate'>'> [Zn(acac),]
are two of the most commonly used zinc sources for MOCVD
growth of ZnO nanowires. Chemical vapor deposition (CVD) using
Zn(acac), has yielded different morphologies, ranging from poly-
crystalline thin films*** to micron-diameter whiskers® to
sub-100 nm nanowires.'*"> The morphology depends on the sub-
strate temperature, deposition chamber pressure, and oxygen source.
Transparent, conductive polycrystalline ZnO films have been grown
with H,O or H,O, rather than with 02.46 Whiskers with diameters
on the order of microns have been grown by atmospheric pressure
MOCVD,” while low-pressure MOCVD presented herein yields
thinner nanowires. In this article, we present the growth of
~ 100 nm diameter ZnO nanowires from Zn(acac), and oxygen. We
show that the morphology and orientation of the nanowires depend
on the substrate material, substrate temperature, pressure, and tem-
perature history of the precursor. By examining the evolution of the
precursor over time, we have correlated the three sequential stages
of ZnO growth (nucleation of a polycrystalline film, primary nano-
wire growth, and growth of branching secondary nanowires) to the
three states the precursor undergoes during heating [Zn(acac), hy-
drate, anhydrous Zn(acac),, and ZnO]. By replacing the spent pre-
cursor during the growth, we have grown ZnO nanowires with a
dendritic branched structure with large surface areas. Photolumines-
cence (PL), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS) indicate that the nanowires are
crystalline with low defect concentrations.

* E-mail: jbaxter@drexel.edu

Experimental

ZnO nanowires were grown by MOCVD from Zn(acac), hydrate
[Zn(CsH50,),-xH,0, also known as zinc pentanedionate] and oxy-
gen on various substrates, including fluorine-doped tin oxide, sili-
con, glass and a- or c-plane sapphire. Zn(acac), is a white powder at
room temperature and has a reported melting point of 137°C, but
this melting point can vary substantially depending on its degree of
hydration. Zn(acac), was purchased from Aldrich and used as re-
ceived. Zn(acac), vapor was generated by heating Zn(acac), to tem-
peratures in the range of 75-125°C and fed into the MOCVD cham-
ber by flowing Ar carrier gas over the powder. In this temperature
range, the precursor either dehydrates, melts, and then evaporates, or
it sublimes directly. The temperature history of the Zn(acac), pow-
der affects its degree of hydration and morphology, which in turn
affect Zn(acac), and H,O partial pressures in the reactor. Because
such changes can be a source of deposition variations under nomi-
nally identical source temperature and carrier flow rates, they must
be recognized and understood. Hence, we also studied the dehydra-
tion and phase-change properties of Zn(acac), as a function of heat-
ing rate and temperature history using thermogravimetric analysis
with mass spectrometry (TGA-MS), Fourier transform IR spectros-
copy (FTIR), and X-ray diffraction (XRD).

Figure 1 shows a schematic of the deposition reactor. In what we
will call a “standard” deposition, 100 mg of Zn(acac), powder was
placed in a boat, heated at 2°C/min to 75°C, and transported into
the MOCVD chamber with 20 sccm of Ar carrier gas. Delivery lines
and chamber walls were heated to prevent precursor condensation
on the walls. The gas inlet tube (4 mm i.d.) was 20 mm above the
substrate and produced a stagnation point flow across the substrate.
Oxygen gas was introduced through a different inlet at a flow rate of
20 sccm. The total pressure was kept at 2.2 Torr, and the growth
durations ranged from 30 min to 24 h. The substrate temperature
was maintained at 550°C. For consistency, Ar and O, gas flows
were initiated first; then, the substrate, reactor walls, and gas lines
were heated; and finally, the precursor was heated using the desired
temperature-time trajectory during growth.

Results and Discussion

Substrate effects— ZnO nanowire morphology depends sensi-
tively on both the substrate and the growth conditions. Figure 2
shows scanning electron microscopy (SEM) images of ZnO grown
on different substrates using the standard deposition conditions for
2 h. Substrates include F:SnO,, glass, a- and c-plane sapphire, Si,
and c-plane ZnO. Many oxide substrates, such as F:SnO,, SiO,, and
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Figure 1. (Color online) Schematic of metallorganic CVD chamber. Ar car-
rier gas transports sublimed Zn(acac), vapor through heated lines and into
the chamber where it flows across the heated substrates in a stagnation point
flow geometry. Oxygen flows into the vacuum chamber through a separate
inlet.

Al,O3 in Fig. 2a-f, are conducive to nanowire growth, while poly-
crystalline ZnO films (Fig. 2g) and Si substrates (Fig. 2h) are more
prone to film growth under the conditions used in this study. Nano-
wires, such as those in Fig. 2a, can grow to ~5 pwm in length and
have fairly uniform diameters of ~100 nm. Nanowire dimensions
and morphology can be varied by changing the growth conditions,
as will be discussed later.

The variations in morphology from nanowires to films may arise
from differences in surface and interfacial energies, different adatom
diffusion rates, or different types and densities of nucleation sites for
the different substrates. Nanowires grew with random orientation on
polycrystalline F:SnO, and amorphous glass substrates (Fig. 2a and
b) because there is no well-defined epitaxy to direct the growth.
However, some crystalline substrates, such as sapphire and ZnO,
have preferred epitaxial relationships with ZnO that result in growth
of nanowires or films with specific orientations.

Heteroepitaxial growth on sapphire (Al,O3) results in either film
or nanowire growth, depending on growth conditions; and the domi-
nant epitaxial relationship depends on which plane of sapphire is
being used as the substrate. 1152 Although Al,Oj5 has a large lattice
mismatch in some orientations, other orientations provide the nec-
essary conditions for directional growth. For example, c-plane sap-
phire is often used as a substrate to grow ZnO films®® and
nanowires'® with their c-axis oriented normal to the substrate. How-

ever, on c-plane sapphire, the additional [0001]7,0||[ 1014 ],pphire €P-
itaxial mode can also lead to nanowire growth at a 52° angle off the
substrate in any of three directions, which are separated in projec-
tion by 120", as shown in Fig. 2c and d. The inset of Fig. 2d shows
an electron diffraction pattern taken from the nanowire, confirming
that it is crystalline ZnO with growth along the c-axis. More detailed
TEM electron diffraction used to determine these epitaxial relation-

Figure 2. ZnO grown under the same growth conditions on different sub-
strates for 2 h. Substrate temperature, total pressure, and Zn(acac), tempera-
ture were maintained at 550°C, 2.2 Torr, and 75°C Zn(acac),, respectively.
The Ar and O, gas flow rates were maintained at 20 sccm each. (a) Random
nanowires on F:SnO,, (b) random nanowires on glass, (c, d) oriented nano-
wires on c-plane sapphire, (e, f) aligned nanowires on a-plane sapphire, (g)
polycrystalline film on c-plane ZnO, and (h) polycrystalline film on Si. All
images are top view SEMs except that (d) is cross-sectional TEM and (f) is
a glancing view SEM. The cross-sectional TEM in (d) shows the polycrys-
talline film whose grains serve as nucleation sites for nanowires. The inset
diffraction pattern is taken with the electron beam parallel to the [ 1010] zone
axis of the nanowire, which grows with its c-axis normal to the sapphire
substrate. The rings in the diffraction pattern are an artifact of a Pt-coating
applied to the nanowires during sample preparation.

ships can be found in Ref. 15. The nanowire in Fig. 2d is growing
vertically from c-sapphire, having nucleated from one grain of the
polycrystalline seed film, as will be discussed in the next section.
The presence of multiple epitaxial modes is eliminated by using

a-plane sapphire substrates, where the [0001],0|[[ 1120]gpphires

[1120]2,0/IL0001 Jgpphire epitaxial mode dominates while all other
orientations are incommensurate.'>>* Thus, a-plane sapphire sub-
strates can be used to grow nanowires that are aligned perpendicular
to the substrates as well as rotationally within the substrate plane, as
shown in Fig. 2e and f. XRD pole figures confirming this epitaxial
relationship can be found in Ref. 15.

Homoepitaxial growth on ZnO will likely result in film deposi-
tion because the interface creates little or no strain, and a film will
have the lowest total surface energy of any morphology. Figure 2g
shows a plan-view image of a ZnO film grown by MOCVD on
polycrystalline, but well-oriented ¢-ZnO film that had been previ-
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ously grown by plasma-enhanced CVD on a glass substrate.>* ZnO
also grew as films on Si substrates (Fig. 2h), but for different rea-
sons. Although epitaxy between ZnO and Si has been shown to
exist,” we did not find epitaxial growth under our growth conditions
where films may have resulted simply from the lack of nucleation
sites on the very flat Si surface. Occasional nanowire clusters could
be found on Si, and usually correlated with sparse debris, scratches,
or other imperfections on the substrate.

Nucleation and the effect of water vapor.— The diameter of the
nanowires is determined primarily by the grain size of the polycrys-
talline films deposited on the substrate during the initial nucleation
phase of the growth. A cross-sectional TEM image of ZnO nano-
wires grown on sapphire (Fig. 2d) shows that the nanowires nucleate
and grow on top of a thin (~50 nm) polycrystalline ZnO film. This
thin polycrystalline ZnO film is deposited during the initial stages of
the growth. The polycrystalline film exhibits grain size on the order
of 50-100 nm, which yields nanowires with similar diameters be-
cause nanowires grow directly from the c-face of the grains. Hence,
the grain sizes in this initial film also determine the size of the
nanowires that nucleate and grow from that film. Nanowires do not
always grow perpendicular to the substrate because the grains are
not necessarily oriented with their c-axis in the normal direction.
Although perpendicular grains and nanowires are energetically fa-
vorable on a-sapphire and for some grains on c-sapphire because of
epitaxy, there is no particular driving force for c-axis—oriented
grains on nonepitaxial substrates. Thus, grains of the film as well as
the nucleated nanowires can be oriented randomly on substrates
such as glass and F:SnO,. Furthermore, epitaxy on c-sapphire dic-
tates that it is often energetically favorable to nucleate ZnO grains
and nanowires with their c-axis not aligned normal to the substrate,
as evident with the two nanowires on the left-hand side of Fig. 2d.
In the case of the polycrystalline ZnO substrate, nanowires do not
grow at all. It is likely that the initial stage of MOCVD uniformly
coats the ZnO grains of the substrate rather than forming new grains,
as it does on other substrates such as sapphire. The substrate’s ZnO
grains are of different size and shape than those formed spontane-
ously during MOCVD and apparently are not conducive to nucleat-
ing nanowires.

The change in morphology, from film to nanowires, was found to
be due to an inevitable transient presence of water vapor in the
chamber during the initial stages of growth and will be discussed in
detail below. The nanowires are single-crystal wurtzite with growth
along the c-axis, as indicated by the diffraction pattern produced by

an electron beam directed along the [ 1010] zone axis and shown in
the inset of Fig. 2d. It appears that many, but not all, of these grains
serve as seeds for the nanowire growth. The grains have a fairly
uniform size distribution that could arise from nucleation of uniform
size islands with characteristic length determined by the balance of
Zn flux to the surface and Zn diffusion on the surface. Figure 3a
shows a plan-view SEM of many islands that have nucleated on an
a-plane sapphire substrate. Each of the faceted islands has hexago-
nal structure and has the potential to nucleate a nanowire.

An often unmentioned subtlety with precursors such as
Zn(acac), is that they are hydrated and that their composition
changes upon heating. Changes in Zn(acac), composition upon
heat-treatment have been studied by thermochemistry and
calorimetry,5 %57 but these results have not previously been recog-
nized as being critical to MOCVD of ZnO. Specifically, as the hy-
drated precursor is heated, both Zn(acac), and H,O vapor evolve
from the precursor boat. Because water is more volatile, the precur-
sor is rapidly dehydrated during the first ~30 min. Hydration affects
the sublimation rate of Zn(acac), and the partial pressures of both
Zn(acac), and H,O in the growth chamber. Relative changes in the
partial pressures of Zn(acac), and H,O during precursor heating, in
turn, affect the morphology of the growing ZnO. We observed that
polycrystalline film growth occurs during the first ~30 min when
water evolving from the precursor is present in the MOCVD cham-
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Figure 3. (a) ZnO islands on sapphire that could serve as nucleation sites for
nanowire growth. (b) Mass loss rate of Zn(acac), and mass spectrometry
signal assigned to evolved water (m/z = 18) as a function of temperature
using a 5°C/min heating rate. (c) Plan view and (d) cross-sectional SEM of
ZnO films grown on F:SnO, using Zn(acac), and H,O as precursors.

ber. Nanowire growth follows the film-growth period after all water
has been desorbed from Zn(acac),. Further sublimation of an anhy-
drous precursor in the absence of water vapor results in continuous
growth of nanowires.

Ex situ TGA-MS analysis of the precursor shows that sublima-
tion of hydrated Zn(acac), begins at temperatures as low as 55°C
(Fig. 3b) and that H,O evolves from the hydrated precursor during a
5°C/min ramp when the temperature is between 50 and 100°C. In
situ pressure measurements and mass spectrometry confirm the ex
sitt TGA-MS results. Specifically, as the precursor is heated, the
chamber pressure increases by ~30 mTorr due to water evolution.
After the precursor is dehydrated, the chamber pressure decreases
again. That the pressure rise is due to water evolution from the
precursor is confirmed using in situ mass spectrometry; the pressure
rise and drop corresponded to a similar rise and drop in the 18 amu
peak. Ex situ TGA-MS in Fig. 3b indicates that water desorption
causes the sublimation rate of the Zn(acac), to increase by as much
as a factor of four in the 70-100°C temperature range. After this
initial water evolution, when the final precursor temperature is
reached, the now-anhydrous precursor sublimes at a fairly constant
rate for several hours. The Zn(acac), partial pressure in the
MOCVD chamber during the constant sublimation phase is typically
on the order of 1 mTorr.

To confirm the effect of water on morphology, ZnO was grown
using a constant background pressure of 16 mTorr H,O in lieu of
1.1 Torr O,. When water is introduced intentionally into the cham-
ber, ZnO films several hundred nanometers thick with only sparse
nanowire coverage on top (Fig. 3¢ and d) could be grown. On the
basis of these observations, we propose that oxidation of Zn(acac),
with H,O leads to film growth while oxidation by O, in the absence
of H,O results in nanowire growth. We surmise that because O-H
bonds are more easily broken than O = O bonds, H,O can react on
all ZnO surface planes with about the same probability, whereas
dissociation of O, can be more surface selective and yield aniso-
tropic growth rates and, hence, nanowires. Furthermore, use of a
precursor that had been previously heated to drive off water did not
result in dense nanowire growth. Under our growth conditions, it
appears that initial water vapor is necessary to form nucleation sites
for subsequent nanowire growth. While O, alone can be used to
grow nanowires from the polycrystalline film, it is not sufficient to
cause frequent nucleation events to occur.
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Figure 4. SEM images of ZnO nanowires (a) with smooth surfaces after
40 min of growth, (b) with small secondary nanowires after 5 h of growth,
and (c) well-developed secondary nanowires after 24 h of growth. (d) TEM
image of a nanowire with secondary nanowires emanating from it after 24 h
of growth. Transmission electron diffraction pattern shown in the inset is
taken from the ensemble of nanowires. The rings of spots indicate that the
ensemble is a collection of many crystalline nanowires.

Effect of growth time.— ZnO nanowire morphology also de-
pends on growth time. During the first few hours of growth, ZnO
nanowires nucleate and grow to several microns in length from sites
on the polycrystalline film. The nanowires grown for up to 3 h tend
to have smooth surfaces and are ~100 nm diameter, as shown in
Fig. 4a. TEM and electron diffraction (Fig. 2d) show that the pri-
mary nanowires are locally single crystals. The nanowires kink and
curl as they grow, possibly due to strain or twinning in the lattice,
and may be polycrystalline over their entire length. After a few
hours, axial growth of the nanowires slows but secondary nanowires
nucleate and grow from the primary nanowire backbone. For ex-
ample, Fig. 4b shows branched nanowires obtained after 5 h of
growth. These branched nanowires grow longer and denser over
time; after 24 h, the secondary nanowires are ~20 nm diameter and
~ 100 nm in length (Fig. 4c). The size and density of the secondary
nanowires significantly increase the surface area of the nanowires,
making them potentially useful in applications such as dye sensi-
tized solar cells and sensors.'” The electron diffraction pattern
shown in the inset of Fig. 4d was taken from an ensemble of nano-
wires and shows rings of spots that appear because the electron
beam was incident on multiple crystals that have the same lattice
constants but are randomly oriented. Although the primary nanowire
and each of the secondary nanowires are crystalline, there are grain
boundaries at the interfaces between them. Thus, the whole structure
appears polycrystalline in electron diffraction. However, because
only a single grain boundary exists at the branching point, this mi-
crostructure is still suitable for applications such as dye-sensitized
solar cells, where photogenerated electrons must be transported
from the point of generation to an electrode while crossing as few
grain boundaries as possible. The high density of secondary nano-
wires makes it difficult to determine if the secondary nanowires in
Fig. 4c have any orientational relationship to the original nanowire,
although thicker nanowires discussed later (Fig. 7d) indicate that the
secondary nanowires may grow in preferred directions from the pri-
mary nanowire backbone. In fact, Gao and Wang have shown epi-
taxial growth of secondary nanowires using two-step thermal
evaporation.25

The changing morphology of the ZnO from film to nanowires to
secondary nanowires coincides with the precursor changing from
hydrated Zn(acac), to anhydrous Zn(acac), to ZnO. Decomposition
of the Zn(acac), within the heating cell during ZnO nanowire
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Figure 5. FTIR absorbance of precursor before and after heating at 75°C for
24 h. Absorptions assigned to acetylacetonate ligands decrease, position of
OH shifts, and Zn—O vibration appears after heating. The Zn-O vibration at
450 cm™' is marked with an arrow. Spectra are offset for clarity.

growth was confirmed using ex situ transmission FTIR by compar-
ing as-received and heat-treated Zn(acac),. Each powder was mixed
with KBr pellets, pressed into a thin disk, and placed in the path of
the IR beam. FTIR spectra for the as-received Zn(acac), and
Zn(acac), that had been heated at 75°C for 24 h (to simulate a long
growth experiment) are shown in Fig. 5. The as-received powder
shows many absorption peaks between 800 and 1800 cm™! that can
be assigned to the vibrational modes of the acetatylacetonate ligand.
For example, the intense peaks at 1392 and 1593 cm™! are assigned
to CH; deformation and C = O stretching modes, respectively.58
The broad absorption feature in the 2700-3600 cm™! range is due to
water molecules hydrating Zn(acac),. The powder that underwent
heat-treatment shows three major differences from the as-received
powder. First, the acetatylacetonate absorptions are significantly de-
creased (note logarithmic scale of Fig. 5). Second, the OH stretching
peak shifts to higher energies typical of isolated and associated
Zn-OH species. Third, a new peak emerges at 450 cm™' that is
assigned to the Zn-O stretching mode in Zn0.%® Thus, over the
course of a long nanowire growth experiment, the identity of the
heated precursor changes from Zn(acac), hydrate to anhydrous
Zn(acac), to ZnO. The changing composition of the precursor was
also confirmed by XRD 26 scans. XRD of the as-received powder
shows crystalline Zn(acac),. However, XRD of precursor that had
been heat-treated for 24 h at 75°C shows that it has completely
changed to ZnO (data not shown).

The changing composition of the precursor affects ZnO growth
rate and morphology because ZnO has much lower vapor pressure
than Zn(acac),, drastically reducing the concentration of Zn deliv-
ered to the reaction chamber. The mechanisms and morphologies of
ZnO growth from molecular ZnO or a partially decomposed precur-
sor are also likely quite different from growth from Zn(acac), due to
different decomposition and crystallization kinetics on the nanowire
surfaces.

After ~24 h of growth, the precursor is depleted and all growth
slows down and eventually stops. The precursor can be replenished
and growth can be continued on substrates that already have nano-
wires. Here, we call nanowires grown on a substrate that already has
nanowires “second generation.” During the growth of a second gen-
eration of nanowires, the secondary nanowires act as nucleation
sites. Upon replacing the precursor and increasing the temperature
back to 75°C, the second generation of nanowires grows from the
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Figure 6. Cross-sectional SEM images of branched ZnO nanowires after
two 24 h growth cycles. (b) and (c) show the area marked with an arrow in
(a) at increasing magnification. During the second cycle, nanowires nucleate
and grow from the branch points on the first generation of nanowires (see
Fig. 4b-d) and from the substrate.

secondary nanowires of the first generation. Figure 6 shows the
resulting dendrite-like branched structure of second-generation
nanowires. The cross-sectional SEM of second generation nano-
wires in Fig. 6b shows the branched structure as well as the connec-
tivity of the branching nanowires to the substrate via the primary
nanowires. After growing for 24 h, the second-generation nanowires
will then have secondary nanowires that can serve as nucleation
sites for a third generation. The growth can be continued for addi-
tional generations, if desired, although film growth during the initial
heating of the precursor can begin to fill some of the porous struc-
ture. Because this branching occurs as a result of changes to the
precursor only, it can be seen for all substrates that are conducive to
nanowire growth.

Figure 7. SEM images of ZnO growth on sapphire at chamber pressures of
(a) 0.2, (b) 2.2, and (c) 10 Torr. (d) ZnO nanowires grown by loading the
boat with 300 mg instead of 100 g of Zn(acac),; increased partial pressure of
Zn(acac), results in larger nanowire diameters. Secondary growth in (d) is
due to longer growth time as described in Fig. 4.

Effect of pressure and temperature on morphology.— In  addi-
tion to substrate, presence of water vapor, and composition of pre-
cursor, ZnO morphology is also strongly affected by the growth
conditions, such as the partial pressure of the precursors and the
substrate temperature. Pressure and temperature affect both the
nucleation and the continuous growth phases; thus, ZnO growth was
examined after 2 h to investigate how these variables influence the
morphology. The partial pressure of Zn(acac), in the growth cham-
ber is determined by the amount and the surface area of precursor
powder loaded into the delivery boat, the precursor temperature, the
carrier gas flow rate, and the chamber pumping speed. Because par-
tial pressure of Zn(acac), depends on many factors, we found it
convenient to adjust the total pressure by varying the pumping speed
while keeping the ratio of gas flow rates constant. To change the
partial pressure of Zn(acac),, we loaded different predetermined
weights of precursor into the boat (e.g., from 100 to 300 mg). Fig-
ures 7a-c show the dependence of morphology on the total chamber
pressure. At low pressures ~80 mTorr, Fig. 7a, nanowires were
thinner with more kinks and bends. At higher pressures ~20 Torr,
Fig. 7c, nanowire growth did not occur at all, although ZnO islands,
many of which had diameters of >300 nm, did form on the sub-
strate. At the intermediate pressure of 2.2 Torr, nanowires grew to
5 pm long with 100 nm diam and few kinks (Fig. 7b). When the
precursor loading was changed from 100 to 300 mg while keeping
the total pressure constant, nanowire diameter increased from
~100 to ~ 300 nm, as shown in Fig. 7d. Thus, ZnO nanowire di-
ameter increases with increasing Zn(acac), partial pressure. The
nanowires in Fig. 7d are branched as a result of longer growth time,
as discussed previously. Increasing the precursor loading from
100 to 300 mg increased the Zn(acac), partial pressure from
~1 to 3 mTorr, as measured by a pressure gauge attached to the
growth chamber.

Morphology also depends on temperature and only a narrow
window of substrate temperatures, ~500 to 600°C, is conducive to
nanowire growth. Figure 8 shows the effect of substrate temperature
on the nanowire morphology. The nanowire structures were present
at 600°C (Fig. 8a), but the nanowire cross sections were not nearly
as well faceted as those at 550°C. Figure 8b shows well-faceted
hexagonal nanowires grown at 550°C on a-sapphire. At 500°C (Fig.
8c), there was a much wider distribution of shapes of the structures
and only a few nanowires were present. The nanowire morphology
likely depends on temperature through its influence on competition
between activated processes such as the growth kinetics on different
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Figure 8. ZnO grown on sapphire at (a) 600, (b) 550, and (c) 500°C, dem-
onstrating the narrow temperature window in which well-defined nanowires
can be grown. All scale bars are 200 nm.

-
(o2}
T

-
N
T

Intensity (a.u.)
(o0}

N
T

A Py

400 500 600 700
Wavelength (nm)

Figure 9. Room temperature PL spectra of ZnO nanowires before (dotted)
and after (solid) H, plasma treatment.
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Figure 10. (a) XPS survey spectrum of ZnO nanowires using Al Ka exci-
tation source, with peaks labeled according to Ref. 60. (b) Auger spectrum of
Zn LMM peak demonstrating the major presence of ZnO (988.4 eV) with
traces of Zn (992.0 eV).

surfaces and the diffusion rates of adatoms. Growth conditions out-
side the narrow window of substrate temperature and Zn(acac),
pressure presented here resulted in growth of ZnO films or no ZnO
deposition at all.

Characterization of ZnO bulk and surface properties.— ZnO
nanowires were further characterized using PL and XPS. Room-
temperature PL performed using 325 nm excitation shows band-
edge emission at 380 nm (Fig. 9), indicating the good crystallinity
of the wurtzite structure. This UV peak was enhanced significantly
by treating the nanowires in H, plasma. The H, plasma may act by
healing defects, passivating dangling bonds, or removing residual
carbon. There is also a small broad emission centered around
510 nm present for both plasma-treated and as-grown samples. This
green emission is typically attributed to deep-level defects, such as
singly ionized oxygen vacancies, and did not change with H, plasma
treatment.

The surface structure of the ZnO nanowires was investigated by
XPS. Data were taken with Al Ka excitation having a total energy
1486.6 eV using a Kratos Axis Ultra instrument equipped for XPS
and Auger spectroscopy. Figure 10a shows an XPS survey spectrum
of nanowires grown by MOCVD with the strongest line at a binding
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energy of 1021.6 eV, assigned to Zn 2p* 2% Other lines correspond
to other transitions in Zn or O and are labeled in Fig. 10a according
to assignments made by Langer and Vesely.60 No significant levels
of any impurities were detected. Figure 10b shows an Auger spec-
trum with the peak centered at kinetic energy of 988.4 eV assigned
to the Zn LMM transition in ZnO.% This transition was used instead
of transitions with higher intensities because of the large difference
in peak location between Zn and ZnO. The small shoulder centered
at 992.0 eV is assigned to the Zn LMM transition in Zn.%' The peak
shape and position show that the material is predominantly ZnO, but
may have small Zn domains present.

Conclusions

ZnO nanowires were grown on a variety of oxide substrates from
Zn(acac), and O,. Morphology of the nanowires depends on the
temperature history of the precursor, growth time, substrate tempera-
ture, pressure, and substrate material. Nanowires nucleate from a
thin ZnO film that grows as a result of the water initially adsorbed to
the hydrated precursor. The ZnO nanowires are crystalline with few
impurities. Nanowires with a branched structure can be grown by
extending the growth time, greatly increasing the nanowire surface
area, and enabling the use of nanowires in applications such as
dye-sensitized solar cells and sensors.
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