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Uniformly distributed ZnO nanorods have been grown by plasma-enhanced chemical vapor
deposition using a two-step process. By controlling the oxygen content in the gas mixture during the
nucleation and growth steps, no catalyst is required for the formation of ZnO nanorods.
High-resolution transmission electron microscopy studies show that ZnO nanorods are single
crystals and that they grow along thec axis of the crystal plane. Alignment of these nanorods with
respect to the substrates depends on the lattice mismatch between ZnO and the substrate, the surface
electric field, and the amount of defects in the starting nuclei. Room-temperature photoluminescence
measurements of these ZnO nanorods have shown ultraviolet peaks at 380 nm with a full width at
half-maximum of 106 meV, which are comparable to those found in high-quality ZnO films.
Photoluminescence measurements of annealed ZnO nanorods in hydrogen and oxygen atmospheres
indicate that the origins of green emission are oxygen vacancies and zinc interstitials, while oxygen
interstitials are responsible for the orange-red emission. A mechanism for the nanorod growth is
proposed. ©2004 American Institute of Physics.@DOI: 10.1063/1.1646440#

I. INTRODUCTION

As a wide-bandgap (Eg53.37 eV) semiconductor mate-
rial, ZnO has attracted much interest in recent years due to its
potential applications in optoelectronic devices, such as
short-wavelength lasers and light-emitting diodes.
Molecular-beam epitaxy~MBE!, pulsed-laser deposition
~PLD!, and chemical vapor deposition are among the most
commonly used techniques for ZnO film preparation. While
most of the efforts have been focused on the growth of high-
quality epitaxial ZnO thin films, few reports have been pub-
lished on the synthesis of ZnO nanorods and nanowires.

To date, studies of semiconductor nanorods, including
Si, Ge, GaAs, GaN, and InP, have been reported.1–5 One-
dimensional nanostructures of ZnO have received special at-
tention recently due to their unique properties. ZnO is a com-
pound semiconductor with a high exciton binding energy of
60 meV, which is significantly larger than other materials
commonly used for blue-green light-emitting devices, such
as ZnSe~22 meV! and GaN~25 meV!. As reported by Cao
et al., ZnO nanocrystalline powders and thin films have
shown to exhibit room-temperature UV lasing properties.6,7

In addition, one-dimensional semiconductors can be utilized
as components in nanometer-scale optoelectronic devices.
The quantum size effects associated with the low-
dimensional nanostructures would enhance radiative recom-
bination because they can increase the density of states at the
band edges and confine the carriers.8 For example, electri-
cally driven, single-nanowire lasers have been realized by
fabricating heterojunctions between CdS nanowires and Si
substrates.9 For both scientific understanding and potential
applications, it is necessary to study the growth mechanism
and properties of ZnO nanorods.

For most reports on ZnO nanorods or nanowires growth,
the vapor–liquid–solid~VLS! process has been used. In this

case, gold~Au! nanoparticles are used as catalysts to grow
ZnO nanorods. However, there are some apparent drawbacks
in the VLS growth technique. It requires a very high growth
temperature up to 925 °C so that Zn vapor can be dissolved
into a Au catalyst to form an alloy droplet.10 After saturation,
Zn precipitates out from the droplet and is oxidized as ZnO
nanorods grow. The other intrinsic feature of the VLS growth
method is that at the tips of the ZnO nanorods there are
always impurity particles that could be undesirable for de-
vice fabrication. Parket al. have reported ZnO nanorod
growth with a low-temperature seed layer by metalorganic
vapor-phase epitaxy~MOVPE!.11 However, no growth
mechanism was investigated.

In this work, vertically well-aligned ZnO nanorods are
grown by plasma-enhanced chemical vapor deposition
~PECVD! without any catalyst. The growth is carried out in
a two-step process by changing the oxygen concentration in
the gas mixture. The length and diameter of ZnO nanorods
are highly uniform. The areal density of nanorods can be
controlled by a two-step growth process. The dependence of
nanorod growth on different substrates, surface electric field,
and the property of ZnO seed nuclei are studied. A growth
mechanism is also proposed.

II. EXPERIMENTAL PROCEDURE

ZnO nanorods are grown onc-plane sapphire,~111!-
textured platinum~Pt! film on SiO2 /Si, and Si~100! sub-
strates to study the effects of different templates for nanorod
growth. Diethylzinc~DEZn! and oxygen gas are used as pre-
cursors for zinc and oxygen, respectively. Nanorod growth is
carried out in a pulsed organometallic-beam epitaxy
system.12 During deposition, DEZn precursor is kept in a
bubbler cooled to226 °C and transported into the chamber
by helium gas flowing at;1 sccm. Oxygen gas is introduced
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separately into the reaction chamber. All gas flows are con-
trolled by mass flow meter controllers. A microwave plasma
is maintained in the chamber during growth, with chamber
pressures in the range of 3 to 20 mTorr. Substrates are heated
to 700 °C. At the beginning of the growth, a short nucleation
process between 30 to 120 s is carried out by pulsing DEZn
vapor onto the substrates that are immersed in a plasma with
90% oxygen in helium. The effects of different temperatures
and oxygen concentrations on the nucleation process are
studied. Following the nucleation step, ZnO nanorods are
grown on the nuclei under continuous flow of Zn precursor
in a plasma with 20% oxygen in helium. Morphology and
structural properties of nanorods are studied by transmission
electron microscopy~TEM!, scanning electron microscopy
~SEM!, and x-ray diffraction~XRD!, respectively. XRD data
are obtained with Cu Ka1

radiation. Photoluminescence~PL!

measurements on ZnO nanorods are performed with a He-Cd
cw laser~l5325 nm! at room temperature.

III. RESULTS

When utilizing the two-step growth technique, ZnO na-
norods can be grown on different kinds of substrates, as
shown in SEM micrographs taken by Hitachi S-4500 field-
emission microscope~see Fig. 1!. On sapphire and Pt sur-
faces, the nanorods are well aligned vertically, while on Si
substrates they are randomly oriented. The diameters of ZnO
nanorods can vary between 20 to 75 nm depending on pro-
cessing parameters and the lengths can be as long as 2mm.
By changing the nucleation time, the areal density of well-

aligned ZnO nanorods on sapphire can be varied between
;108 and;1010/cm2. The XRDu–2u scan data show that,
for well-aligned nanorods on sapphire and Pt, only
ZnO (000l ) peaks are present~See Fig. 2!. The full width at
half-maximum~FWHM! of XRD v rocking curves of ZnO
~0002! peaks on sapphire and Pt are 0.6° and 2.3°, respec-
tively. This result suggests that ZnO nanorods are growing
along thec axis and that they are perpendicular to the surface
of sapphire and Pt substrates with fairly small deviation.

High-resolution TEM~HRTEM! micrographs are taken
by Hitachi HF-2000 field-emission microscope. Figure 3
shows that ZnO nanorods are high-quality single crystals
without visible defects within the area of observation. The
electron diffraction pattern, as shown in the inset of Fig. 3,
clearly demonstrates that the ZnO nanorods grow as a single
crystal along thec axis, which is consistent with the XRD
data.

PL results are shown in Fig. 4. For ZnO nanorods grown
on sapphire, there is only a narrow UV peak at around 380
nm. No other peaks are present in the PL spectrum for ZnO
nanorods on sapphire. However, the PL spectra for those
grown on Pt and Si, especially for Si substrates, show broad
peaks centering at around 520 nm in addition to the UV
band. Emission at 630 nm emerges in PL spectra after an-
nealing.

IV. DISCUSSION

A. Two-step growth mechanism

A two-step growth method has been developed to grow
ZnO nanorods by changing the oxygen content in gas mix-
ture during nucleation and growth steps. This is based on our
systematic studies of ZnO nucleation and growth under dif-
ferent conditions. Due to the large lattice mismatch~;18%!
between ZnO and sapphire, the nucleation of ZnO on sap-
phire follows the three-dimensional island growth; that is,
the Volmer–Weber mode, as reported by Yamauchiet al. in
their observation of plasma-assisted epitaxial growth of ZnO
on sapphire.13,14At high temperature, the nucleation of ZnO
islands on the surface of substrates depends strongly on the
amount of active oxygen. When grown entirely in 90% oxy-
gen plasma, ZnO has a high nucleation density and forms

FIG. 1. ZnO nanorods grown on different substrates in plasma.~a! and ~b!
are 60° tilted view and top view respectively, onc-plane sapphire;~c! and
~d! are 60° tilted view and top view, respectively, on~111!-textured Pt film;
~e! and ~f! are 60° tilted view and top view, respectively, on Si substrates.
~Scale bars are 1mm.!

FIG. 2. XRD u–2u scan of ZnO nanorods onc-plane sapphire.
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continuous thin films with columnar-shaped grains on sap-
phire substrates at around 700 °C, as shown in SEM image in
Fig. 5~a!. No nanorods can be found in this case. On the
other hand, when oxygen content in the gas mixture is re-
duced, it is difficult to nucleate ZnO on the substrates. Ac-
cording to nucleation theory, nucleation density can be de-
scribed by the following equation:15

N5A exp~2DG* /RT!,

whereN is nucleation density,DG* is activation energy of
nucleation, which is composed of volume free energyDGV

and surface free energyDGS , T is growth temperature, and
A is a constant. For the chemical reaction of DEZn1O2

→ZnO1H2O1CO2, as DGV}2 ln P(O2), the free energy
change per unit volumeDGV increases with decreasing con-
centration of oxygen. Thus, at low oxygen concentration, the
activation energy of nucleation is higher, which makes nucle-
ation of ZnO more difficult. As seen in Fig. 5~b!, when ZnO
growth is carried out entirely in 20% oxygen plasma, almost
no ZnO is grown, except for a few large clusters sparsely
located on the substrates, possibly from some dust contami-
nation. To further confirm this observation, we dispersed
ZnO nanoparticles on sapphire substrates and tried to grow

nanorods in a 20% oxygen plasma environment. ZnO nano-
rods are found to grow only from the nanoparticles that serve
as seeds for the growth~see Fig. 6!. This indicates that, under
the low oxygen content condition, ZnO growth is facilitated
with pre-existing seeds, while nucleation on bare substrate is
difficult. Based on these observations, we have developed a
two-step growth method for ZnO nanorods. In the nucleation
step, by pulsing the DEZn into 90% oxygen plasma, suffi-
cient active oxygen species are provided around the sub-
strates so that the Zn precursor can react with oxygen on the

FIG. 3. ~a! TEM micrograph of ZnO nanorods. Inset is the electron diffrac-
tion pattern of the nanorod.~b! HRTEM of a ZnO nanorod.

FIG. 4. PL spectra of ZnO nanorods on~a! sapphire,~b! Pt, and~c! Si.
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surface and can be fully oxidized. Under this condition, ZnO
can nucleate on the sapphire surface. Similarly, ZnO nucle-
ates on textured Pt films and Si substrates.

After the nucleation process, oxygen flow is reduced to
20% of the gas mixture, and continuous growth of ZnO is
carried out in oxygen and helium plasma for 1 h. As the
amount of oxygen is reduced, additional nucleation of ZnO
on the bare substrate surface is difficult, because sufficient
oxygen is required for nucleation, as discussed before. Under
this oxygen-deficient condition, ZnO will grow preferentially
on the pre-existing ZnO sites that have been formed during
the first step. In addition, due to the faster vertical growth
rate along thec axis compared to the lateral directions, rod-
shaped ZnO crystals are developed. We find that the percent-
age of oxygen in the total gas mixture is critical for growth
of nanorods. When 5% or 10% oxygen is used for growth, no
ZnO nanorods are observed. In these cases, oxygen content
is so low that growth of ZnO is extremely slow or cannot

take place at all. By controlling the amount of oxygen in gas
mixture, we have grown ZnO nanorods by this two-step
growth method.

B. Alignment of ZnO nanorods

1. Effect of different substrates

For many nanorod applications, such as field emission, it
is important to control the alignment of nanorods. Three
kinds of substrates—c-plane sapphire,~111!-textured Pt layer
on silicon, and~100! silicon—are used for ZnO nanorod
growth in plasma. These substrates are chosen for their dif-
ferent compatibilities with ZnO crystal. Due to the epitaxial
relation between ZnO and sapphire, ZnO prefers to grow
along thec axis on c-plane sapphire; that is, ZnO@0001#
parallel to sapphire@0001# as confirmed by XRD data. The
template provided by sapphire substrates enables all the ZnO
nanorods to be well-aligned along the same direction. Park
et al. also reported similar aligned ZnO nanorods onc-plane
sapphire grown by MOVPE.11 For ~111!-textured Pt film,
having fcc structure, the~111! planes of Pt surface have a
hexagonal two-dimensional lattice, and can also serve as
templates for the close-packed basal plane of ZnO. There-
fore, ZnO nanorods can also grow in alignment along thec
axis on ~111!-textured Pt films. However, on Si~100! sub-
strates, ZnO nuclei are randomly oriented due to lack of
lattice compatibility between ZnO and the Si~100! surface.
As a result, the alignment of ZnO nanorods on Si~100! is
quite different from that on sapphire or Pt. They are totally
randomly oriented, which can be seen in the SEM pictures in
Fig. 1. These results show that lattice matching between ZnO
nanorods and substrates plays an important role in the self-
alignment of ZnO nanorods.

2. Effect of electric field

The sheath electric field between the plasma and the sub-
strate surface contributes greatly to the preferential growth
along thec axis of ZnO nanorods by attracting the charged
particles to the protruding tips. For microwave oxygen
plasma at a pressure of 3 mTorr, the self-bias potential on the
substrate surface is measured by Langmuir probe to be
around 15 V. This potential is dropped across the plasma
sheath estimated to be 500mm above substrate surface.
Thus, the electric field strength is on the order of 300 V/cm,
which is comparable to the electric field strength used to
grow aligned carbon nanotubes.16 Because the self-bias elec-
tric field is intrinsically perpendicular to the substrate sur-
face, it helps the ZnO nanorods to grow vertically. To dem-
onstrate the effect of the electric field, we have grown ZnO
nanorods without plasma. As shown in Fig. 7, ZnO nanorods
grown onc-plane sapphire without plasma are not oriented
perpendicular to the substrate surface. However, these nano-
rods are not randomly oriented either. Instead, they grow at
certain tilted angles. According to Fuller’s study, this is due
to the formation of tetrapod-like junctions of nanorods by
twinning on the ZnO (112̄2) plane.17 Due to the large lattice
mismatch between ZnO and sapphire, the density of crystal
defects, such as dislocations, is quite high near the ZnO/
sapphire interface. When nanorods are grown without

FIG. 5. ~a! ZnO grown on sapphire in 90% oxygen.~b! No ZnO can be
grown on sapphire in 20% oxygen without nucleation layer.~Scale bars are
1 mm.!

FIG. 6. ZnO nanorod growth using ZnO nanoparticles as seeds.~a! ZnO
nanoparticles before growth.~b! ZnO nanorods after growth.
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plasma, defects in ZnO nuclei can increase the chance of
forming tetrapod-like junctions, resulting in tilted nanorods.
However, when nanorods are grown with a plasma, they tend
to grow along the direction of the electric field. Based on
these results, the electric field in the plasma sheath is essen-
tial to the control of the orientation of ZnO nanorods in our
growth method.

3. Effect of defects in the ZnO nuclei

In the absence of a plasma, oxygen vacancies in ZnO
crystal nuclei can exist. We have shown earlier that under the
oxygen-deficient condition nanorods grow in tilted direc-
tions. To prove such defects have a large effect on the for-
mation of tretrapod-like ZnO nanorods, we have performed
the following experiments: after the nucleation step that
takes place at a low oxygen pressure around 3 mTorr~same
as earlier!, the oxygen pressure is increased to 5 Torr and the
ZnO nuclei are annealed in this environment for 30 min at
700 °C before the Zn precursor is introduced for nanorod
growth. The soaking process drastically reduces the amount
of tilted ZnO nanorods. As shown in Fig. 8, most of the
nanorods are now aligned vertically to the substrate surface.
By annealing the ZnO nuclei at 700 °C in an oxygen envi-
ronment at higher pressure, defects in the ZnO nuclei are
reduced, and thus twinning in ZnO nanorods is also sup-
pressed. Thus, without plasma, higher oxygen pressure is
required to grow well-aligned ZnO nanorods. Similar results

have been reported by Parket al.11 Tetrapod-like ZnO nano-
rods are not found in Park’s work because they keep the
pressure constant and vary the temperature during both seed-
ing and growth stages.

C. Control of nanorod density

For ZnO nanorods grown by the VLS method, a thin film
of Au catalyst is deposited on substrates prior to the nanorod
growth. Upon heating, the Au layer will turn into high-
density nanoparticles. By controlling the thickness of the Au
layer and growth temperatures, the areal density of ZnO na-
norods density can be changed.

In our two-step approach, instead of Au catalytic par-
ticles, there are ZnO island-shaped nuclei on the substrate
surfaces after the nucleation step. The areal density of nano-
rods can be changed by varying the nucleation time. Within a
certain time period, the longer the nucleation time, the more
ZnO nuclei form on the substrate surface. In this research,
the density of ZnO nanorods can be varied between
3.53108 cm22 and 8.53109 cm22 on c-plane sapphire by
changing the net nucleation time between 60 to 120 s, and
keeping the growth temperature at 700 °C~see Fig. 9!.

FIG. 7. SEM images of~a! tilted view and~b! top view of ZnO nanorods
grown onc-plane sapphire without plasma.

FIG. 8. SEM images of~a! top view and~b! tilted view of ZnO nanorods
grown on c-plane sapphire without plasma after soaking nuclei in higher
oxygen pressure.
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D. Optical properties of ZnO nanorods

It is commonly known that the room-temperature PL
spectra for ZnO usually show three major peaks: a UV near-
band-edge emission peak around 380 nm, a green emission
peak around 520 nm, and a red or orange emission around
600 nm.18 The UV peak is attributed to band-edge emission,
while the two broad visible bands are generally attributed to
deep-level defects in ZnO crystal, such as vacancies and in-
terstitials of zinc and oxygen. In this work, both the UV and
green peaks are present in our PL data. To confirm the ori-
gins of the defect peak of ZnO nanorods, samples of ZnO
nanorods are annealed in both reducing and oxidizing atmo-
spheres~see Fig. 10!. After annealing in 20% hydrogen~in
argon! at 400 °C for 30 min, the defect PL peak at 520 nm
increases significantly, while UV peak intensity decreases, as
seen in Fig. 10~a!. On the other hand, after annealing in pure
oxygen flow at 400 °C for 30 min, as shown in Fig. 10~b!,
the defect peak at 520 nm does not change significantly,
while the UV emission intensity has substantially decreased.
The defect peak at 520 nm is due to oxygen vacancies and
zinc interstitials.19

We can explain our observation as follows: The large
surface area of the ZnO nanorods with small diameters form
surface states and depletion layers near the nanorod’s sur-
face. This plays an important role in the PL process. Close to
the surface region, when electrons are excited to the conduc-
tion band, they are easily trapped by high-density surface
states and are relaxed via a nonradiative process, so that
photon emissions can occur only in the central region of the
ZnO nanorods, deep from the surface. When ZnO nanorods
are annealed in hydrogen atmosphere, more oxygen vacan-
cies and zinc interstitials are created, which increases the
emission centers of green peak at 520 nm. At the same time,
the free carrier density is also increased in ZnO and therefore
reduces the width of depletion region and increases the vol-
ume of bulk region where radiative recombination occurs.19

Consequently the intensity of the green PL peak increases

significantly while the UV emission is suppressed due to
large competition from the defect emission. On the other
hand, when the ZnO nanorods are annealed in oxygen, some
oxygen vacancies are removed and the free carrier density in
ZnO decreases, so that the depletion region is widened. The
volume of the bulk region is reduced due to effectively re-
ducing the diameters of nanorods. Under this condition, the
electrons excited to conduction band will move toward the
center bulk region due to enhanced band bending. These
electrons are very likely to relax to defect level and then emit
green light via radiative recombination. Thus, at the same
time, the UV band-edge emission intensity is greatly re-
duced. We believe that the reduction of emission centers due
to oxygen annealing is being compensated by the increase in
the number of relaxed electrons from the conduction band to
the defect level; thus, the overall PL intensity at 520 nm does
not change significantly.

Annealing experiments at even higher temperatures were
also performed in both hydrogen and oxygen media. In the
hydrogen atmosphere, ZnO nanorods are totally reduced to
metallic zinc and evaporated away in 15 min at 550–600 °C.
After annealing in oxygen atmosphere for 15 min at 700 °C,
the PL peak at 380 nm disappears, and the broad defect emis-
sion is enhanced~see Fig. 11!. It should be noted that the
broad peak becomes obviously asymmetric. This broad band
can be deconvoluted into two Gaussian peaks, as shown in
Fig. 11~b!. One peak is still centered around 520 nm, and the

FIG. 9. ZnO nanorods grown onc-plane sapphire with different nucleation
times and resulting different areal densities.~a! Nucleation time51 min,
nanorod density;3.53108 cm2. ~b! Nucleation time51.5 min, nanorod
density ;1.53109. ~c! Nucleation time52 min, nanorod density
;8.53109 cm2. ~Scale bars are 1mm.!

FIG. 10. PL spectra of ZnO nanorods before and after annealing at 400 °C
in ~a! hydrogen and~b! oxygen.
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other peak is centered around 626 nm. This orange-red emis-
sion has been found in oxygen-rich ZnO films, and is attrib-
uted to oxygen interstitial defects.18,20This implies that when
ZnO nanorods are annealed in pure oxygen at high tempera-
ture, new defects of oxygen interstitials are created. The ef-
fect of increasing oxygen interstitial defects with increasing
temperature in PLD-grown ZnO films has also been reported
recently.20

Similarly, hydrogen annealing of ZnO films has also
been carried out as a comparison. The green defect peak in
the PL spectrum of ZnO films does not increase noticeably
when the annealing temperatures are below 550 °C. Due to
the large surface areas and small diameters of ZnO nanorods,
hydrogen diffuses readily into the crystal rods to further re-
move oxygen from ZnO crystal, thus creating more oxygen
vacancies. However, for the case of ZnO films, it takes
higher thermal energy for hydrogen to diffuse deep into the
film to react with stoichiometric ZnO. The high sensitivity of
ZnO nanorods to the gas environment could lead to applica-
tions such as sensing.

The ratio of the intensities of UV peak to green peak in
spectra of room-temperature PL, shows that under same
growth condition, ZnO nanorods grown on sapphire have the
highest UV-to-green emission intensity ratio. Those grown
on Pt and Si substrates have more pronounced defect emis-
sions. We conclude that epitaxial growth of ZnO onc-plane
sapphire leads to higher crystallinity and fewer defects, so
that it reduces the source of the green emission. In this work,
the FWHM of the UV peak in PL spectra of ZnO nanorods
on sapphire is 104 meV, which is comparable to high-quality
epitaxial films grown by MBE.21

V. CONCLUSION

A two-step nucleation and growth method is developed
to grow well-aligned ZnO nanorods by PECVD without me-
tallic catalysts. TEM and XRD data show that ZnO nanorods

grow along thec axis and are single crystals. PL measure-
ments show only UV emission for ZnO nanorods grown on
sapphire substrates, indicating high-quality crystals. Anneal-
ing ZnO nanorods in reducing and oxidizing atmosphere at
400 °C changes the intensities of UV and defect peaks in PL
spectra, which indicates that the origins of green emission
are oxygen vacancies and zinc interstitials. Annealing at
higher temperatures reveals that oxygen interstitials are re-
sponsible for the orange-red emission. Lattice matching be-
tween ZnO and substrates, electric field enhancement, and
the amount of defects in the starting nuclei are found to be
important to the self-alignment of nanorods. The areal den-
sity of ZnO nanorods can be varied by controlling the nucle-
ation time. This can be of great use in future applications
such as constructing two-dimensional photonic crystals, in
which precise control of nanorod density is needed.
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