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ZnO nanostructures were grown on Au-catalyzed Si silicon substrates using vapor phase transport
at growth temperatures from 800 to 1150 °C. The sample location ensured a low Zn vapor
supersaturation during growth. Nanostructures grown at 800 and 850 °C showed a faceted rodlike
morphology with mainly one-dimensional �1D� growth along the nanorod axis. Samples grown at
intermediate temperatures �900, 950, and 1050 °C� in all cases showed significant three
dimensional �3D� growth at the base of 1D nanostructures. At higher growth temperatures �1100 and
1150 °C� 3D growth tended to dominate resulting in the formation of a porous, nanostructured
morphology. In all cases growth was seen only on the Au-coated region. Our results show that the
majority of the nanostructures grow via a vapor-solid mechanism at low growth temperatures with
no evidence of Au nanoparticles at their tip, in sharp contrast to the morphology expected for the
vapor-liquid-solid �VLS� process often reported as the growth mechanism on Au-catalyzed Si. We
see VLS growth only at 900 and 950 °C. Transmission electron microscopy data indicate that the
nanorods are single crystalline without gross structural defects. Luminescence data reveal strong
ultraviolet emission in all samples and weak defect emission in the visible region. We discuss the
growth mechanisms with reference to various models in the literature and suggest reasons for VLS
growth only in a narrow temperature range. We also discuss the potential effects of the Zn oxidation
reaction on the growth morphologies, aspects largely ignored in the general literature on this
subject. © 2008 American Institute of Physics. �DOI: 10.1063/1.2996279�

I. INTRODUCTION

In recent years, tremendous effort has been devoted to
the growth of ZnO nanostructures. ZnO possesses outstand-
ing physical properties including a wide direct band gap,
high excitonic binding energy, and high thermal and chemi-
cal stabilities which promise a range of applications in di-
verse areas such as ultraviolet �UV� lasing;1 field emission
displays,2 resonators,3 and sensors.4 ZnO nanostructures of
various morphologies are required for different applications.
For example, well-aligned nanorods �NRs� appear to be best
suited for field emitters and UV/white light emitting devices
and nanowires appear optimally suited for applications as
interconnects in nanoelectronic circuits and sensors. Under-
standing the growth process, and developing methods to con-
trol the morphology in a reasonably straightforward manner
are vital aspects for commercial fabrication of ZnO nano-
structures with various desired morphologies. ZnO nano-
structures have been prepared using various techniques such
as vapor phase transport5 �VPT� chemical vapor deposition
�CVD�,6 metal-organic CVD,7 and chemical solution �CS�
methods.8 Among these techniques, the VPT method has

been used extensively for growing ZnO nanostructures on
metal catalyzed substrates, most commonly using Au as the
catalyst.9 In the case of metal catalyst-activated growth,
where growth is seen solely on the metal-coated region, the
growth mechanism is generally reported to be the vapor-
liquid-solid �VLS� mechanism originally observed in Si
whisker growth.10 However, some more recent research work
reports Au-catalyzed ZnO growth with features inconsistent
with the VLS mechanism.11,12 These reports indicate that the
growth mechanism is vapor-solid �VS� growth.

In order to examine the various growth modes which
operate in the 800–1150 °C temperature range we have un-
dertaken a systematic study of growth of ZnO nanostructures
on Au-catalyzed SiO2 /Si, where the SiO2 is a native oxide
layer. This temperature range is the most commonly used for
VPT growth of ZnO nanostructures using carbothermal re-
duction in ZnO powder and spans the range from the onset of
carbothermal reduction to the onset of direct ZnO congruent
sublimation.13,14 At all growth temperatures the growth pro-
ceeds at low Zn vapor supersaturation. In this regime the
effects of the Au catalyst on the ZnO nanostructure nucle-
ation are particularly important. We have also grown ZnO
nanostructures on Au-catalyzed Si substrates which had a
deliberately grown 3 �m thick SiO2 layer.

a�Authors to whom correspondence should be addressed. Electronic ad-
dresses: rtrkumar@rediffmail.com and rajendra.kumar@nanotech.dtu.dk
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II. EXPERIMENTAL

ZnO nanostructures were grown on Au-catalyzed
SiO2 /Si �001� substrates using the VPT technique. No effort
is made to strip the native oxide prior to growth. For most
growths Si substrates with native oxides were used, while a
limited number of growths were made on thick �3 �m� on
Si. The substrates were cleaned ultrasonically and a 5 nm Au
layer was evaporated on the substrates in a bell jar evapora-
tor. ZnO �99.999%�+carbon powders �99.9999%� at a 1:1
mass ratio were mixed and spread in an alumina boat. The
substrates were then placed directly above the source powder
on the boat with the growth surface facing the powder. This
arrangement ensures low Zn vapor supersaturation.15 We
have used thermochemical tables to calculate the equilibrium
concentration of Zn vapor over the range of temperatures
used, based on the reaction in Eq. �1� in the later part of this
paper, and to calculate the equilibrium Zn vapor
pressure.16–18 In order to calculate the Zn vapor supersatura-
tion we have renormalized the total pressure in the chamber
�i.e., including the background gas and the carbothermal re-
action products� back to 1 atm, because the chamber is at
atmospheric pressure due to the open end of the tube. We
have then compared the renormalized Zn vapor pressure to
the equilibrium Zn vapor pressure to calculate the Zn vapor
supersaturation. A fuller account of this model with details of
the free energy calculations will be published elsewhere. We
take the sample temperature as being equal to the source
material temperature, which is consistent with the experi-
mental arrangement, described above, and is borne out by
detailed measurements of the temperature profile of the fur-
nace during growth. The resulting supersaturation levels vary
between −1 and −0.7 and thus sticking/condensation of Zn
atoms will only occur on regions of the substrate which have
a high sticking coefficient for Zn vapor. The boat was placed
in a quartz tube with an inner diameter of 37 mm and a
length of �1.2 m. The quartz tube is placed in a single zone
tube furnace with the sample at the central portion of the
furnace and a 90 SCCM �SCCM denotes cubic centimeter
per minute at STP� Ar carrier gas flow was established
through the tube. The other end of the tube is open to the
external atmosphere. The gas flows for �10 min prior to
switching on the furnace and then the furnace temperature is
set at various values from 800 to 1150 °C for different
growths. The growth temperature is reached in �15 min and
the samples were grown for 30 min thereafter. We subse-
quently refer to different samples by the nominal growth
temperature at which they were synthesized, though it must
be borne in mind that the effects of the furnace ramp-up and
cool-down times mean that each sample is exposed to a
range of temperatures during the growth. However, the dif-
ferences in the samples appear to be predominantly related to
the differences in the nominal growth temperature. The
growth products appear to the naked eye as a gray-white fog
on the substrate when removed from the furnace. The details
of the growth process are given in Refs. 5 and 19.

The microstructural and morphological properties of the
samples were analyzed using x-ray diffraction �XRD; Bruker
D8 Advance�, scanning electron microscopy and high reso-

lution scanning electron microscopy �SEM; LEO Steroscan
440: HR-SEM; Hitachi S-4300 Field Emission� and energy
dispersive x-ray analysis �EDX; Princeton Gamma-Tech
EDX spectrometer coupled to the LEO Stereoscan SEM�.

The samples for transmission electron microscopy
�TEM� analysis were prepared as follows. A piece of the
silicon substrate with the Au layer covered by ZnO NR was
immersed in a test tube filled with de-ionized water. The test
tube was stirred in an ultrasonic bath for 10 min, followed by
a 5 min resting period. A small quantity of the liquid was
then collected and redeposited on a copper TEM grid, cov-
ered by a carbon membrane. The samples were finally dried.
The microscope used is a JEOL 2010, operated with an ac-
celeration voltage of 200 kV which also has an EDX capa-
bility. The camera length employed to record selected area
electron diffraction �SAED� patterns is systematically equal
to 100 cm.

Optical properties at room temperature were measured
using cathodoluminescence �CL; Gatan Instruments Mono-
CL coupled to the LEO Stereoscan SEM�. The CL spectra
were taken at a SEM magnification of 2000�, a voltage of 5
kV, a current of 1 nA, and a working distance of 15 mm in
spot scan mode �i.e., fixing the electron beam on a spot and
taking a CL spectrum�. The CL data were collected from a
region of �1�1 �m2 in this mode. The resolution of the
CL spectrometer was �15 meV. Low temperature photolu-
minescence �PL� data were excited by the 325 nm line of a
continuous wave HeCd laser �output power �40 mW unfo-
cused on the sample� and the spectra were measured using a
Bomem DA8 FT spectrometer fitted with a Hamamatsu
R1913 photomultiplier tube. The resolution of the spectrom-
eter was �0.5 meV in all cases, slightly less than the mea-
sured linewidths. Samples were cooled using a Janis CCS-
500 closed-cycle cryostat and spectra were taken at �18 K.

III. RESULTS AND DISCUSSION

A. Results

Si �001� substrates coated with 5 nm thick Au dots of
�2 mm diameter were used to grow ZnO nanostructures. It
is found that ZnO nanostructures are only grown in the re-
gion where Au was deposited for all growth temperatures
and no growth is observed either on uncoated areas of the Si
substrate or using an uncatalyzed Si substrate. At higher tem-
peratures ��1100 °C� the edges of the Au dots show some
slight blurring and consequently ZnO growth takes place in
this slightly larger region. This is due to diffusion effects for
the Au, which have been reported previously for Si whisker
growth.10

1. SEM

Figure 1 shows HR-SEM images displaying a top view
at medium and high magnifications and a cross-sectional
�c-section� view of ZnO nanostructures grown at 800, 850,
900, and 950 °C. In all cases the nanostructures grown show
no evidence of preferential alignment perpendicular to the
substrate as is the general case for growth on Si.20

Nanostructures grown at 800 °C �Figs. 1�a�–1�c�� are
rodlike structures with length of 3–5 �m and diameters in
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the range of 100–150 nm, some of which are slightly thicker
at their bases. The coverage on the substrate �in the Au-
coated area� is rather patchy. The NR grows only on the
regions initially coated in Au but none of the NR show evi-
dence of Au droplets at their tips. Au particles are seen on
NR sidewalls and at bases �Fig. 1�b��. These NRs display the
clear hexagonal faceting characteristic of many ZnO crystals
and nanostructures. The growth appears to be solely length-
wise �one-dimensional �1D� growth� along the NR axis and
the c-section shows the sharp interface between NR and the
substrate with no evidence of secondary growth at the NR
bases.

Nanostructures grown at 850 °C �Figs. 1�d�–1�f�� also
have a NR-like morphology with length in the range of
7–10 �m and diameters around 100–150 nm in the upper
portion. The growth at this temperature is more uniform
across the entire Au-coated area. None of the NRs show
evidence of Au droplets at their tips �although some Au par-
ticulates are again observed at the NR sidewalls and at bases,
similar to the case of growth at 800 °C� and the upper por-
tions of the NR are hexagonally faceted. It is evident from
the SEM top view that many rods show a substantial thick-
ening of the base part due to secondary growth �three dimen-
sional �3D� growth� with diameters in the range of 200–600
nm and this base portion has a length of �2 �m �Fig. 1�e��.
The c-section image �Fig. 1�f�� confirms this observation and
crystallites of size about 1 �m in width and 500–700 nm in
height are observed at the interface between NR and the
substrate.

On increasing the growth temperature to 900 °C we no-
tice some changes in the overall morphology and growth of a
fraction of the NR �Figs. 1�g�–1�i��. Once again we see evi-
dence for hexagonally faceted NR with a constant diameter

top portion and thicker faceted bases. The lengths of these
NRs are �10–20 �m. The diameter of the top portion of
this NR is �200 nm. The lower portions have diameters
�400–600 nm. The c-section analysis revealed �c-section
image, Fig. 1�i�� the height of the crystals formed at the
substrate interface are increased to 3–4 �m. However, for
the first time we see evidence of Au droplets at the top of
certain NR and nanostructures, as shown in the higher mag-
nification �dotted circle� portion of Fig. 1�h�. NR with Au
droplets at their tip present a very different morphology com-
pared to the structures described previously, with no evi-
dence of faceting, and diameters of the order of 500 nm.
Most of these NRs show a distinct narrowing at the end to
the Au droplet �of diameter �100 nm�. We also see evidence
of a combined growth with faceted NR growing out of the tip
portion of an unfaceted Au-tipped NR �circled in Fig. 1�h��.
Samples grown at 950 °C �Figs. 1�j�–1�l��, continue this
general trend with secondary growth of wall-like features
now evident in the top view SEM images. The c-section
image shows the formation of crystals �height �4 �m� at
the substrate interface. Once again evidence of nanostruc-
tures with Au at their tips is seen �indicated by the region in
the dotted circle in Fig. 1�k��. For growth at both 900 and
950 °C the fraction of NR showing Au tips is less than 10%.

Figure 2 shows HR-SEM images displaying top view
and magnified top view images of ZnO nanostructures grown
at 1000, 1050, 1100, and 1150 °C and also c-sections for the
samples grown at 1050 and 1100 °C.

Samples grown at 1000 and 1050 °C �Figs. 2�a�–2�e�,
respectively� show the nanostructures, in general, to be rather
long NR/nanowires ��10 �m length�. The faceting of the
nanostructures is no longer clearly evident. In many cases
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FIG. 1. HR-SEM images of ZnO nanostructures in plan view at low
�5000� � and high �15 000–30 000� � magnifications and in cross-sectional
view for samples grown at 800 °C ��a�, �b�, �c�, respectively�; 850 °C ��d�,
�e�, �f�, respectively�; 900 °C ��g�, �h�, �i�, respectively�; 950 °C ��j�, �k�,
�l�, respectively�. The arrow in �b� indicates the location of a Au dot at a NR
base/sidewall. The circled region and arrow in �h� indicates a location where
secondary VS growth on a VLS grown NR is observed. The circled region
and arrow in �k� show a VLS grown NR with a Au particle at the tip.
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FIG. 2. HR-SEM and SEM images of ZnO nanostructures in plan view at
low �5000� � and high magnifications �15 000–30 000� � for samples
grown at 1000 °C ��a� and �b�, respectively�; 1050 °C ��c� and �d�, respec-
tively�; 1100 °C ��f� and �g�, respectively�; 1150 °C ��i� and �j�, respec-
tively�. Cross-sectional views are shown for samples grown at 1050 °C �e�
and 1100 °C �h�. The circled region in �d� indicates a location where sub-
stantial secondary VS growth on a NR sidewall is observed.
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the nanostructures show regions of secondary 3D growth on
their sidewalls, at various positions along their length, in
addition to the 3D growth at the base �e.g., circled region in
Fig. 2�d��. The c-section image �Fig. 2�e�� shows that the
height of the crystals formed at the substrate interface for the
samples grown at 1050 °C has increased to �8 �m. None
of the NR shows evidence of Au droplets at their tips.

Growth at the highest temperatures, 1100 and 1150 °C
�Figs. 2�f�–2�j�, respectively�, shows predominantly 3D
foamlike growth morphology �with pore sizes of the order of
micron diameter�. Few recognizable 1D nanostructures are
seen at either growth temperature. The c-section image for
the sample grown at 1100 °C �Fig. 2�h�� shows that the
height of the crystals formed at the substrate interface has
increased to �10 �m. Once again none of the NR shows
evidence of Au droplets at their tips.

2. XRD

Figure 3 shows the XRD �-2� patterns for ZnO nano-
structures grown at temperatures between 800 and 1150 °C.
All the observed XRD reflections may be indexed to JCPDS
cards for ZnO, Si, or Au.21 This implies that in all cases the
nanostructure phase is wurtzite phase ZnO. The presence of a
range of ZnO reflections implies that the ZnO deposit does
not show a pronounced texture or alignment, consistent with
the SEM images shown above. The XRD patterns indicate
the presence of Au in all the samples, though with different
reflections dominating at various growth temperatures, and
the reflection positions are in all cases equal to those ex-
pected for pure Au, within the angular error of the XRD
instrument �0.10�. No evidence is seen for mixed Au–Si or
Au–Zn phases in samples grown at any temperature.

3. TEM

Figure 4 shows TEM images of the ZnO sample grown
at 950 °C. This sample shows evidence in SEM of NR
growth by both the VS and VLS mechanisms and was cho-
sen for TEM analysis on this basis, in order to study both
“types” of NR. The fraction of NR with Au tips is rather
small in the as-grown samples, and even smaller following
preparation of TEM samples since the VLS NR shown in,
e.g., Figs. 1�h� and 1�k� are generally of larger diameter than
VS NR and thus more physically robust and consequently
the ultrasonic TEM preparation procedure tends to remove
far more VS NR than VLS NR. However, careful searching
has allowed us to locate a region where we could study both
types of NR at once, as shown in Fig. 4�a�. In both cases the
NR grows along the c-axis direction �the �0001� direction� of
ZnO �as demonstrated by the SAED patterns in Fig. 4�b��.
The SAED pattern reveals that the NR has lattice parameters
a=0.329 nm and c=0.524 nm, which are consistent within
the measurement error with the known ZnO lattice param-
eters of 0.325 and 0.521 nm, respectively.21,22 The high res-
olution TEM image in Fig. 4�c� reveals that the ZnO nano-
structures sampled here are defect-free and single crystalline.
The magnified high resolution TEM image in Fig. 4�d� also
shows the �0002� planes of the ZnO NR clearly. EDX data
shown in Fig. 4�e� collected on these samples �and a number
of others� in the TEM show the NR elemental composition to
be ZnO, in agreement with XRD data above.

EDX data from the Au dots on top of the NR �Fig. 5�a��
show only Au peaks and no evidence is seen for Zn or Si
incorporation in the Au dots on top of NR.

In all cases where Au drops are seen atop a NR, the
interface between the ZnO and the Au is very flat even when
viewed in high resolution TEM �HR-TEM, as shown in Fig.
5�b��. This is suggestive of an epitaxial relationship between
the Au drop and the ZnO NR. A SAED pattern of the inter-
face region is shown in Fig. 5�c�. A number of extra spots
appear, associated with the Au droplet. Based on their dis-
placement from the zone center these have been assigned to
Au �111� planes and the interplanar spacings are 0.237 and
0.232 nm for spots labeled “A” and “B,” respectively, in
excellent agreement with the known value for bulk Au
�0.236 nm�.21 However, it has not been possible to deduce a
single epitaxial relationship between the Au and ZnO NR.
The �111� spot labeled A in Fig. 5�c� indicates that a fraction
of the Au crystallite has a �111	 axis parallel to the ZnO
c-axis direction, as generally expected based on matching of
the threefold symmetry of the two associated planes, and
which has been reported previously.23 However, the spot la-
beled B is also associated with a �111� reflection based on its
distance from the zone center and the angle, �, it makes to
the spot A �124.5°� is not compatible with a single crystalline
pattern. In fact the angle between spot B and the ZnO c-axis
direction implies that a fraction of the Au crystallite has its
�100	 axis parallel to the ZnO c-axis direction also. These
results seem to indicate that the Au drops are not single crys-
talline and that more than one epitaxial relationship to the
ZnO may exist in a single drop. This result has not been
reported previously, but there are reports in the literature of a
variety of epitaxial relationships between Au droplets and

FIG. 3. �-2� x-ray diffraction pattern of ZnO nanostructures. Data for dif-
ferent growth temperatures are offset vertically for clarity. The feature
marked “�002� Si�” is the nominally forbidden Si �002� reflection, observed
due to double diffraction, whose intensity is dependent on the azimuthal
angle, �. The feature marked “ �” is due to K� radiation from the x-ray tube.
The feature marked “ ��” is due to tungsten L� radiation from contamination
of the x-ray tube.
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VLS grown ZnO NR.23–25 We have encountered two main
difficulties in studying the Au–ZnO epitaxial relationship,
specifically; �a� the rather large size and consequent opacity
to electrons of the �100 nm thick Au dots and �b� the low
fraction of VLS grown ZnO NR with Au droplets. Due to the
consequent scarcity of data we must regard the conclusions
above as tentative, and work is continuing to fully under-
stand the nature of the epitaxial relationships between Au
droplets and VLS grown ZnO NR.

4. CL and PL

Figure 6�a� shows the CL spectra measured at room tem-
perature for ZnO nanostructures grown at temperatures be-
tween 800 and 1100 °C. All the samples show a strong an
UV emission band around 3.24 eV attributed to overlapping
contributions from free exciton recombination and LO pho-
non replicas.26 Little or no emission is seen at longer wave-
lengths and the weakness/absence of this defect-related emis-
sion indicates that the NR are of reasonable optical quality.
The significantly lower emission intensity from the sample

grown at 800 °C is due primarily to the lower coverage of
NR in this sample �the CL comes from an �1 �m diameter
region�, but may also be due to some extent to lower crystal
quality for this sample, consistent with the lower growth
temperature, because a slightly lower emission intensity is
also observed for the sample grown at 850 °C where the NR
coverage is high. Slight shifts in the UV peak position are
most probably associated with surface effects which alter the
relative magnitudes of the free exciton and LO phonon con-
tributions to the room temperature emission, as discussed in
Ref. 27, because we see no evidence of strain effects in our
XRD data.27

Figure 6�b� shows low temperature ��18 K� band-edge
PL data for samples grown at 950 and 1150 °C. The sample
grown at 950 °C shows a dominant bound exciton emission
at �3.356 eV, assigned to the I9 line associated with In
contamination of the source powder.22 The linewidth of this
emission is �1 meV. The sample grown at 1150 °C shows
two dominant bound exciton emission features, the I9 line
once again, in addition to an emission at �3.360 eV, as-

FIG. 4. TEM data from ZnO NR grown at 950 °C. �a� TEM image of VS and VLS grown NRs; �b� SAED pattern of same NR �aperture region indicated in
both cases and zone axis in both cases is �1–210�� indicating that the direction of the NR long axis is along the ZnO c-axis in both cases; �c� HR-TEM image
of VS grown NR �absence of Au at tip is evident� with SAED pattern in inset; �d� magnification of HR-TEM image in �c� showing ZnO �0002� planes; �e�
EDX spectra of NR �aperture region indicated in both cases�, showing Zn and O compositions. The presence of Cu and small amounts of Fe signal is due to
both the Cu TEM grid used to mount the samples and to the electrons striking the chamber walls of the microscope. The very weak peak at �1.74 keV is
associated with Si due to electrons striking SiO2 from the substrate which adheres to some ZnO NR after the mechanical NR removal process.
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signed to the I6 line associated with Al impurities.28 The
presence of this Al-related impurity in samples grown at high
temperatures �but not at low temperature growths� is due to
contamination by the alumina boat in which the source ma-
terial is placed, and which can also begin to undergo carbo-
thermal reduction at elevated temperatures, though the large
free energy barrier at 1150 °C means that Al is present only
in impurity level concentrations.13 The presence of bound
exciton emission and the ability to resolve distinct members

of the I-series of bound exciton emissions with individual
linewidths of the order of 1 meV indicates again that the
optical quality of the samples is very good.

B. Discussion: Growth mechanism and morphology

1. Outline of growth mechanism

In broad outline, we propose that the basic growth
mechanism proceeds first by the production of Zn vapor
through the carbothermal reduction of ZnO powder:13

FIG. 5. TEM data from ZnO NR grown at 950 °C. �a� EDX spectrum of Au droplet at top of VLS grown NR �aperture region indicated on left hand side�.
The presence of Cu and small amounts of Fe signal is due to both the Cu TEM grid used to mount the samples and to the electrons striking the chamber walls
of the microscope; �b� HR-TEM image of interface region between ZnO and Au �note contrast reversed compared to �a��; �c� SAED pattern of region shown
in �b�.
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ZnO + C → Zn + CO. �1�

The Zn vapor atoms then impinge on and stick to the Au-
catalyzed regions of the substrate �which provide preferential
accommodation sites� and dwell for a period. At all tempera-
tures the Zn may react directly with the residual oxygen in
the growth tube to form ZnO nuclei. These nuclei then pro-
vide further accommodation sites for Zn vapor atoms, in ad-
dition to the Au catalyst, and the nanostructures evolve via
the VS mechanism. We note that a number of authors refer to
the growth of ZnO nanostructures via Zn vapor deposition
and oxidation as self-catalyzed VLS growth, where subna-
nometer Zn clusters are observed at the growth front.29 This
terminology may also be applied to the subsequent growth,
following nucleation, of the majority of ZnO nanostructures
in our system as described above. Indeed for our experi-
ments, where no evidence of large Zn droplets is seen atop

NR �consistent with the low Zn vapor supersaturation values
mentioned in Sec. II above�, it does not appear that a very
clear distinction can be made between the self-catalyzed
VLS growth mechanism described in Ref. 29 and traditional
VS growth. This is in contrast to self-catalyzed VLS growth
of SnO2 nanostructures reported in the literature, where clear
evidence is seen for large Sn droplets atop SnO2

nanostructures.30 We thus continue to use the term VS
growth to describe this growth mode in our system while
noting the similarities to self-catalyzed VLS growth dis-
cussed above. In addition to VS growth, within a certain
temperature range the Zn vapor may also condense on and
dissolve in the Au and growth continues via the Au-catalyzed
VLS mechanism, in parallel with the VS growth route de-
scribed above.

The first part of the proposed growth mechanism, i.e., Zn
impingement and sticking to the surface followed by oxida-
tion, rather than a gas phase Zn–O reaction followed by con-
densation of gas phase ZnO or ZnOx molecules, is supported
by various studies in the literature of the congruent sublima-
tion of ZnO,. These show that molecular ZnO is nearly al-
ways below the detection limit.31,32 These experimental find-
ings are also supported by thermochemical data for the gas
phase reaction of Zn with O2, which show Gibb’s free energy
is positive �of the order of 115–125 kJ /mol�Zn�� at the tem-
peratures in question which means that the gas phase ZnO
vapor pressures are �10−6–10−5 times less than the Zn vapor
pressures.17 Therefore condensation of gas phase ZnO is un-
likely to contribute to ZnO nanostructure growth unless the
sticking coefficients for Zn on the substrate are very low
�which is not the case on the Au coated regions as discussed
below�, and even then the growth rates will be very small.
The reaction of the oxygen with Zn atoms that have im-
pinged and stuck to the Au-catalyzed regions is facilitated by
the reduction in the entropy �and increase in free energy� of
the Zn atoms while stuck to the substrate compared to their
existence in the gas phase, promoting the oxidation reaction.
There is no evidence that the Au has any catalytic effect on
this reaction, however. The oxidation rate is temperature de-
pendent with an activation energy of 0.73 eV.33 The initial
part of the growth may also lead to reaction of the Zn atoms
with the SiO2 layer on the substrate surface to form nano-
scale zinc silicate islands. This effect has been observed by
Lim et al.,12 but our data in Sec. III B 5 below indicate that
this is not a crucial aspect of the growth. The latter part of
the proposed growth mechanism, the oxidation of Zn by the
residual oxygen in the growth tube, has been tested by flush-
ing the growth tube for 45 min prior to growth, rather than
our customary 10 min flushing time. Experiments performed
using this longer flushing time show no evidence of ZnO
growth on Au-catalyzed substrates for temperatures less than
1100 °C. For temperatures at and above 1100 °C, a very
small amount of growth is seen on the Au-coated regions due
to direct sublimation of a fraction of the ZnO powder, creat-
ing Zn vapor and O2 directly.31 In our experiments the oxy-
gen content of the growth chamber was not varied and hence
the variation in growth mechanism and morphology is due to
variations in the Zn vapor content and we concentrate our
attention on this aspect below.
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FIG. 6. �a� Room temperature CL data from ZnO nanostructures grown at
temperatures between 800 and 1100 °C, in the spectral range of 1.75–4.1
eV, showing only UV band-edge emission. Note that the y-axis is a log scale
and the individual spectra are offset for clarity. �b� Band edge PL data at
�18 K for samples grown at 950 and 1150 °C. Note that the spectra are
offset for clarity.
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In the case of bare Si substrates �i.e., no Au coating�, we
observe no evidence of ZnO nanostructure growth at any of
the temperatures studied. In our experiments the bare Si sur-
face is covered with a native SiO2 layer. The absence of ZnO
growth on bare regions of the substrate is explained by the
low sticking coefficient of Zn on SiO2.34,35 In contrast, the
Au-coated regions of the substrate provide energetically fa-
vorable regions for Zn atom to be accommodated with a high
sticking coefficient.24 The fact that ZnO structures provide
nucleation sites for Zn vapor and thus VS growth is demon-
strated by a number of incidences of secondary nucleation of
ZnO nanostructures on previously grown structures, such as
that shown in the circled region of Fig. 1�h�.

2. 800–850 °C growth temperatures

While growth of ZnO nanostructures on Au-coated Si
has generally been attributed to the VLS growth mechanism
in the literature9,36 the VLS mechanism requires that Au
droplets be found on the tips of the NR. Figures 1�a�–1�f�
show that there are no Au droplets on the NR tips grown at
800 and 850 °C indicating that the growth is via the VS
growth mechanism. The same inconsistency has been high-
lighted recently by a number of other reports in the
literature.11,12 The growth at these lower temperatures in our
system is due entirely to VS growth, and this is demonstrated
by the hexagonally faceted morphology and flat NR tops
observed in SEM, which are also seen for growth on ZnO
buffer layers with no Au catalyst.5

The absence of VLS growth at this temperature may be
explained by considering the phase diagram for a Au–Zn
alloy.37 A liquid Au–Zn alloy will form at 800–850 °C for
atomic Zn percentages in the range of 17%–13%. Given the
likely low Zn vapor density values at these growth tempera-
tures �considering the energetics of the Ellingham diagram
describing the carbothermal reduction reaction13,16,17� and
the low temperatures for diffusion of Zn into Au it is unlikely
that such a concentration can be established in the Au par-
ticulates, as the Zn atoms impinging at a relatively low rate
on the Au will tend to oxidize before they can be incorpo-
rated into the Au to form an alloy and thus the VLS mecha-
nism cannot operate. One other possible explanation for the
absence of Au droplets at the tips of NR is that the NR grows
by the VLS mechanism but that, in many cases, the Au tips
were mechanically displaced from the NR during growth. We
can rule out this possibility based on the discussion below in
relation to Fig. 7.

The low density of the NR for growth at 800 °C is due
to the low Zn pressure at the low growth temperatures, and
this increases with increasing growth temperatures, as the
flux of Zn atoms from the vapor increases and more ZnO
nuclei form. The thickening of the bases and the develop-
ment of 3D morphology at the NR bases discussed in Sec.
III A is associated with secondary growth, mentioned in re-
lation to the discussion of some features in Fig. 1�h�. Follow-
ing initial nucleation of ZnO crystals, subsequent growth ini-
tially takes place predominantly along the �0001� direction,
which is the normal case for ZnO as the sticking coefficient
of Zn atoms to this face is the highest compared to other
ZnO faces38 and thus the primary growth mode will be a 1D

growth along the �0001� direction and the length of the NR
will increase with increasing growth temperature due to the
increasing flux of Zn atoms, as observed in our data. How-
ever growth will also occur to some extent on other ZnO
faces after the ZnO NR nucleate and begin to grow, though
with lower growth rates due to the reduced sticking coeffi-
cients on these ZnO faces.38 This will mainly lead to a
gradual thickening of the bases over the period of the
growth. This secondary growth occurs mainly at the bases
because �a� the base regions are the regions longest in exis-
tence and thus naturally they show the greatest degree of
growth off the �0001� direction and �b� sidewall nucleation at
the base of a NR is enhanced by the presence of both the
existing NR sidewall and neighboring Au particulates which
will increase the sticking coefficient. As long as the thick-
ened base regions do not coalesce secondary growth off the
�0001� direction is relatively slow.

3. 900–950 °C growth temperatures

As the growth temperature rises to the 900–950 °C
range, a number of the NRs are observed to have Au droplets
at their tips, and these NRs show an unfaceted appearance
and generally larger diameter than faceted NR. We believe
that these NRs are grown by a “genuine” Au-catalyzed VLS
process, facilitated by the higher Zn vapor pressure in com-
bination with the lower atomic Zn percentages required to
form a liquid alloy in the 900–950 °C range. The percentage
yield of VLS NR is �10% at both 900 and 950 °C. The
small relative yield of VLS NR is most likely due to the
rather thin Au catalyst layers used initially.

The XRD data shown in Fig. 3 show the presence of Au
in the samples grown in this temperature range and in all
cases the reflections occur at positions consistent with those
of pure Au, and show no evidence of being due to a Au–Zn
alloy. EDX data collected with the TEM �shown in Fig. 5�
corroborate the fact that only pure Au was detected when
probing the Au particulates. The phase diagram for the
Au–Zn system predicts that Zn remains soluble in Au for Zn
atomic percentages �10% down to room temperature and
therefore that one might see a change in lattice constant as-
sociated with such alloying. However, the oxygen rich atmo-
sphere in which growth occurs will alter the energetics of
this phase diagram and we believe that as the temperature

FIG. 7. HR-SEM image of sample grown at 900 °C. The circled region
shows an example where a VS NR pierces the Au tip of a VLS NR and the
Au tip is not displaced from the top of the VLS NR, demonstrating the
mechanical stablility of the Au catalyst drops on VLS NR against
perturbations.
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drops Zn will precipitate out of solution and oxidize to form
ZnO, leaving only pure Au behind at the VLS NR tips. This
final precipitation of Zn out of the droplet to form ZnO as the
system cools may be the reason for the tapered end portions
seen on many VLS NRs, such as those in Fig. 1�h�. These
effects �precipitation of Zn out of cooling NR and conse-
quent tapering of the ends of NR� have previously been re-
ported for the behavior of Ga in the growth of GaAs NR in
As-rich and As-deficient environments and our observations
support the mechanism proposed in that report.39

The absence of Si signals in the EDX data of Au tips on
top of VLS NR strongly implies that alloying with Si /SiO2 is
not required for VLS NR growth. If Si were incorporated at
high temperature growth and precipitated out �and oxidized�
as the system cooled �as predicted by the Au–Si phase
diagram37�, one would expect to observe a Si /SiO2 shell or
similar Si-composed deposit close to the NR Au tip. Even if
the phase diagram is more complicated due to the presence
of Au, Si, Zn, and O, alloying of Au with Si should still lead
to observable Au EDX signals in Au tips postgrowth, and
none are seen.

The Au droplets at the VLS NR tips appear to be quite
mechanically stable against perturbations and we have even
observed situations where VS NR “pierce” the Au tips of
VLS NR, and the Au tips are not displaced from the top of
the VLS NR. An example of this is shown in Fig. 7. In the
900–950 °C range, both the VS and VLS mechanisms op-
erate at the same time, and as indicated above Zn atoms may
impinge on and stick to ZnO nuclei in addition to the Au
regions of the substrate. A pronounced example of secondary
growth of a VS NR growing from a VLS NR is shown in
Fig. 1�h�.

There is no evidence that Au is consumed during VLS
growth of ZnO nanowires �by incorporation into growing
NR or onto the NR surfaces�, with VLS growth terminating
after the Au dot has been consumed. This is shown by careful
EDX measurements made along many different NRs �includ-
ing those with and without Au dots atop them� which in all
cases show no detectable Au signal �see Fig. 4�e��.

4. 1000–1150 °C growth temperatures

For growth temperatures at and above 1000 °C, there is
no further evidence of VLS growth and the faceting effects
of the NR are less evident. Long NRs are observed in addi-
tion to increased rates of secondary growth, particularly at
the NR bases and occasionally at random locations along the
NR walls. The same general growth mechanism of Zn atom
impingement from the vapor will be expected to apply at
these temperatures. This leads to the longer NR growth in the
first instance. The absence of VLS growth in our experiments
at these temperatures is surprising, as both the Zn vapor den-
sity is quite high in this temperature regime and the Au nano-
particles should easily melt to incorporate Zn into an alloy.
The presence of characteristic x-ray reflections associated
with Au in Fig. 3 is seen at all temperatures up to 1150 °C
which indicates that the Au is not evaporating from the sub-
strates and therefore is unlikely to evaporate from the NR
tips. We propose that at these higher temperatures the stick-
ing coefficient and dwell time of the impinging Zn atoms on

Au reduces and the oxidation rate of Zn atoms increases
�determined by a rate constant with activation energy 0.73
eV �Ref. 33� and that these effects combine to reduce the
efficiency of incorporation of Zn into a Au–Zn alloy so that
ZnO nuclei form preferentially by the VS mechanism once
again. To the best of our knowledge there has been no dis-
cussion in the ZnO nanostructure literature of the tempera-
ture dependence of the oxidation reaction, and we believe
this must be important in determining the nature of the nano-
structure growth mechanism, i.e., between VS and VLS
growth.

Our data in Fig. 2 also show that at higher temperatures
secondary growth on the non-�0001� faces increases substan-
tially. We attribute this to the combined effects of increased
oxidation rate and coalescence of the thickened and ran-
domly aligned NR bases. As the growth temperature, and
thus the Zn vapor density and oxidation rate increase, the
rate of secondary, 3D, growth at NR bases and elsewhere
will increase. The bases will ultimately coalesce before the
end of the growth period. As the bases coalesce, the locations
at which the crystals meet will provide highly energetically
favorable sites for Zn atom capture, as the unaligned crystals
will meet at a range of angles and form grain boundaries
with a high degree of lattice imperfection, broken bonds, step
edges, etc. At this stage, secondary growth will begin to
dominate the overall growth process as the sticking coeffi-
cient of Zn vapor atoms to these imperfect regions will be
greater than to the flat prismatic and mixed polarity ZnO
faces.40 Thus at the very highest temperatures the secondary,
3D growth begins to dominate and the NR are “swallowed
up” by the 3D growth to yield the highly porous structures
seen for growths at 1100 and 1150 °C. The absence of clear
faceting along the NR �where identifiable individual NR are
present e.g., at growth temperatures of 1000 and 1050 °C� is
also due to random nucleation of secondary growth sites due
to the high Zn vapor density and oxidation rates at these
temperatures. An example of these effects is seen in Fig.
2�d�.

5. Comparison of growth on Au covered Si with thick
oxide layers

We have stated above that a number of previous reports
have uniformly attributed growth of ZnO nanostructures on
Au-catalyzed Si to the VLS mechanism, and we have pre-
sented our arguments against this uniform attribution. More
recent reports have also commented on the inconsistencies in
this uniform attribution in a similar vein to the current
work.11 The report in Ref. 11 has suggested growth mecha-
nisms relying on alloying between Si atoms in the substrate
and the Au catalyst. Our EDX data provide strong evidence
against such a proposed mechanism, as discussed in Sec.
III B 3 above, and we have attempted to further test the ap-
plicability of this model to our growth conditions by growing
on Si samples with thick SiO2 layers ��3 �m thick� where
the direct alloying of Au and Si by diffusion is unlikely due
to the thick barrier layer which is far greater than typical
native oxide thicknesses ��5 nm�.

We have conducted an identical series of growth at all
temperatures on these thick SiO2 layers, and identical results
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to those displayed in Figs. 1 and 2 are found, including the
presence of VLS grown NR at low percentage yields only for
growth at 900 and 950 °C �see inset of Fig. 8�b��. Cross-
sectional SEM data on these samples are shown in Fig. 8 �for
samples grown at 850 and 950 °C�. In both cases no evi-
dence is seen of any significant disturbance/breaching of the
thick oxide layers at regions where ZnO nanostructures are
grown. This is consistent with the lack of evidence for the
presence of Si either in, or close to, the Au tips of VLS NR
seen in the EDX data of Au caps shown in Fig. 5 for growth
on native oxide layers. EDX data �not shown� of Au tips on
VLS NR grown on thick SiO2 layers also display no evi-
dence of Si. These data in their entirety indicate that the
growth model involving alloying between Si atoms in the
substrate and the Au catalyst11,41 is not consistent with our
data. The data shown in Ref. 12 are consistent with our re-
sults, particularly in the case where graphite powder was
used for the carbothermal reduction, which is similar to our
growth reaction and we cannot rule out the possibility of a
reaction between the Zn atoms and the SiO2 layer to form
nanoscale zinc silicate islands as part of the initial NR nucle-
ation process. Our data are also consistent with the report in
Ref. 35.

IV. CONCLUSIONS

We have studied the growth of ZnO nanostructures on
Au-catalyzed Si substrates in the temperature range of
800–1150 °C. A wide variation in morphology is seen in
SEM, from high aspect 1D NR growth at low and interme-
diate temperatures to a porous 3D morphology at the highest
growth temperatures. The structural properties as revealed by
TEM show that individual NR are single crystalline and free
of defects such as twin boundaries and dislocations. The NR
long axis is parallel to the ZnO c-axis direction. PL studies
show UV excitonic emission and no evidence of deep level

emission. The growth mechanism is VS at both low and high
temperatures, and genuine VLS growth is seen only in a
narrow temperature band �900–950 °C�

We have proposed a simple growth model based on the
impingement and sticking of Zn atoms solely at the Au cov-
ered regions of the substrate initially, followed either by di-
rect oxidation to yield VS growth or formation of a Au–Zn
alloy followed by precipitation and oxidation �VLS� growth.
This simple model accounts for the wide range of observed
morphologies and successfully explains the main features
seen in all our samples. We have also discussed the origin of
the narrow temperature band in which VLS growth is ob-
served based on a lack of sufficient Zn supply combined with
insufficient thermal energy to enable Zn to diffuse into the
Au to maintain a Au–Zn alloy at low temperatures and re-
duced efficiency of incorporation of Zn into an alloy at
higher temperatures due to shorter dwell times and higher
oxidation rates. The potential effects of the Zn oxidation re-
action and the associated activation energy for this process,
which are aspects heretofore little mentioned, on the growth
morphologies have been discussed also. We have studied
growth on thick SiO2 layers and found identical results to
those on native oxide layers indicating that growth models in
the literature involving alloying between Si atoms in the sub-
strate and the Au catalyst are not consistent with our data.

Our data show that it is possible to reproducibly control
the morphology of ZnO nanostructures from high aspect ra-
tio NR to porous nanostructures by simply varying the
growth temperature in a simple growth method. This mor-
phology control via one parameter control using a simple
growth technique, and the understanding of the growth
mechanisms which underlie it, should enable reliable com-
mercial fabrication of ZnO nanostructures with various ap-
plicable morphologies.
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