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Z
inc oxide (ZnO) is recognized as one
of the most important photonic ma-
terials for applications in the

blue�ultraviolet region owing to its direct

wide bandgap (�3.37 eV) and large excita-

tion binding energy (60 meV at room

temperature).1�4 Stimulated by the recent

discovery of beltlike morphology5 and the

realization of room-temperature UV lasing

from ZnO nanowires,6 ZnO nanostructures

in the form of nanorods, nanowires, and

nanobelts have attracted a great deal of at-

tention from the research community. Espe-

cially, substantial effort has been devoted

to the fabrication of vertically aligned ZnO

nanowire arrays because these arrays dem-

onstrated superior optical and field emis-

sion properties that make them promising

candidates for applications in UV lasers,6

light-emitting diodes (LED),7solar cells,8

and field emission displays.9

To fabricate vertically aligned ZnO nano-
rod arrays, three main techniques were usu-
ally used so far. The first technique is based
on the well-known vapor�liquid�solid
(VLS) growth mechanism,10 in which gold
nanoparticles were used as the catalyst to
direct the nanowire growth, a-plane sap-

phire which has per-
fect lattice matchup
with ZnO c plane was
used as the growth
substrates, and the
growth was con-
ducted at relatively
high temperatures of
850�1000 °C.6,11,12

The second tech-
nique is metal�
organic chemical va-
por deposition
(MOCVD), in which
metal�organic zinc
precursor (diethyl zinc,
Et2Zn) was used as the
zinc source and
aligned ZnO nano-
wires were epitaxially
grown on sapphire
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Figure 1. Schematic diagram of the experimental setup.

Figure 2. SEM images of ZnO nanopillars formed on (a) zinc foil and
(b) zinc microsphere surfaces at the early growth stage, which act as
the seeds for subsequent ZnO nanorod growth. The broken nanopil-
lars film in panel A shows the cross section and thickness of the film.

ABSTRACT Vertically aligned, dense ZnO nanorod arrays were grown directly on zinc foils by a catalyst-free,

low-temperature (450�500 °C) oxidization method. The zinc foils remain conductive even after the growth of ZnO

nanorods on its surface. The success of this synthesis largely relies on the level of control over oxygen introduction.

By replacing zinc foils with zinc microspheres, unique and sophisticated urchin-like ZnO nanorod assemblies can

be readily obtained.
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substrates (or silicon wafers) at 400�500 °C in a low-
pressure MOCVD system.13�15 The third technique is
based on solution method, in which ZnO nanocrystals
(5�10 nm in diameter) were coated on a substrate (e.g.,
silicon wafer) to act as the seeds followed by hydrother-
mal ZnO growth in an aqueous solution of zinc nitrate
hydrate at 90 °C.16�19 The solution process is favored for
its low cost and the ease of scale-up (arrays on four-
inch silicon wafer and two-inch plastic substrates were
reported17) but suffers from the low crystalline quality
compared with the VLS- and MOCVD-grown nanowires.
In addition, some electrical and optical applications of
the above-mentioned ZnO nanowires remain con-
strained by the expensive and/or nonconducting sub-
strates (such as sapphire).

In this paper, we report the controlled growth of ver-
tically aligned ZnO nanorod arrays on metal zinc foils
(10 cm long by 1 cm wide) by a catalyst-free, low-
temperature (450�500 °C) oxidization method. More
amazingly, by substituting the flat zinc foils with highly
curved zinc microspheres, sophisticated urchin-like
ZnO nanorod superstructures, such as ZnO nanorod
balls/bowls whose surfaces were covered with dense,
uniform ZnO nanorods, can be readily obtained.

RESULTS AND DISCUSSION
The growth was conducted inside a tube furnace

system (Figure 1). Zinc powder was used as the source
material and zinc foils (or zinc microspheres) were used
as the growth substrates. To ensure the success of the
synthesis, the introduction of oxygen needs to be care-
fully controlled. The issues related to oxygen introduc-
tion include (i) the position of the oxygen tube, (ii) the
oxygen flow rate, and (iii) the time when the oxygen is
introduced, which can be summarized as follows.

First, the outlet of the oxygen tube should be posi-
tioned downstream of the source zinc powder but right
above the middle of the zinc foil. This avoids the oxi-
dization of zinc powder, while generating an efficient,
wide oxidizing region over the zinc foil to facilitate the
ZnO nanorod growth.

Second, the oxygen gas flow rate needs to be con-
trolled below 5 sccm (standard cubic centimeter per
minute). If the oxygen flow rate is too high, the concen-
tration of reactant species in the vapor will be so high
that a thick layer of byproduct (such as random ZnO
nanorods, ZnO tetrapods,20 or ZnO nanocombs21,22) will
be deposited on the surface of the nanorod arrays.
The optimum oxygen flow rates were found to be in
the range of 3�5 sccm.

Third, the oxygen gas needs to be introduced as
soon as the furnace temperature reaches 600 °C. At
this temperature the zinc powder located at the fur-
nace center can be efficiently evaporated to feed the
ZnO nanorod growth. Because of the temperature gra-
dient of the furnace, the temperature in the growth re-
gion was measured to be about 450�500 °C, at which

Figure 3. XRD pattern recorded from ZnO nanorod arrays grown
on zinc foil.

Figure 4. Vertically aligned ZnO nanorod arrays grown on zinc foils.
(a) Digital image of a zinc foil (10 cm � 1 cm) after growth. On the ba-
sis of the morphologies and sizes of the nanorods, four growth zones
were divided and labeled. (b) SEM image of a ZnO nanoneedle array
grown in zone 1. (c) A broken ZnO nanorod array formed in zone 2. The
inset is the top view of the nanorods showing hexagonal top surface.
Scale bar, 1 �m. (d) An enlarged image of the box area in panel c,
showing that the nanorods are grown vertically from a thin film of
ZnO nanocrystals. (e) Side view of a ZnO nanonail array grown in zone
3 showing nail-like nanorods with increased diameter from the bot-
tom to the top. (f) Side view and (g) top view of ZnO micronail arrays
formed in zone 4.
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point the surface of the zinc foil (or zinc balls) was in

the melting state and thus can be immediately oxidized

by oxygen to form a thin layer (�1 �m thick) of dense

ZnO nanopillars (Figure 2). Like the ZnO nanocrystal

seeds used in solution method,17 the ZnO nanopillars

formed at this initial growth stage are believed to act

as the seeds for subsequent nanorod growth. This as-

sumption was verified by the following two facts. (i)

When silicon wafers or alumina plates were used as the

substrates, only random ZnO nanorods were depos-

ited on the substrate surfaces (in an recent report by

Shen et al.23 quasi-aligned ZnO nanonails and nanopen-

cils were grown on silicon wafer surface by heating

zinc powder at 600�700 °C in a tube furnace system,

where the oxygen was probably from the system leak-

ing). (ii) When no external zinc source was provided, the

thickness of the ZnO nanopillars kept at �1 �m regard-

less of the growth time. The later fact also indicates

that the ZnO nanocrystal thin layer is seamlessly formed

and firmly attached to the zinc foil surface, which pro-

tects inner zinc from being evaporated and oxidized

during the nanorod growth process. Indeed, when the

foil is intentionally broken after 10�30 min growth, un-

reacted metal zinc layer can be easily seen.

After the growth, the surface of the 10 cm � 1 cm

zinc foil was covered with a thin white-gray layer. X-ray

diffraction (XRD) analysis (Figure 3) shows that the de-

posit is wurtzite (hexagonal)-structured ZnO with lat-

tice constants of a � 3.249 and c � 5.206 Å (JCPDS card

No. 35-1451). The strong intensity of the (002) peak in-

dicates that the ZnO structure has a preferential growth

direction along the c-axis orientation.

Scanning electron microscopy (SEM) observations

reveal that the entire substrate surface is covered with

dense, highly aligned ZnO nanorods with growth direc-

tion perpendicular to the substrate surface (Figures 4).

Because of the differences in temperature (from 500 °

to 450 °C) and oxygen concentration (from low to high)

from the left end to the right end of the zinc foil, the

morphologies and sizes of the as-synthesized ZnO

nanorods across the 10 cm long foil vary gradually. Al-

though there is no apparent boundary between adja-

Figure 5. SEM images of urchin-like ZnO nanorod balls grown on zinc microspheres. (a) Low-magnification SEM image of
ZnO nanorod balls. The inset shows the initial zinc microspheres. (b) High-magnification SEM image of several balls showing
each ball is covered with dense ZnO nanorods growing along the ball’s surface normal. (c) One 25-�m-diameter ZnO nano-
rod ball. (d) A broken ZnO nanorod ball showing ZnO nanorods growing along zinc core’s surface normal.
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cent regions, four distinctive deposition zones can be
identified on the basis of the morphologies and sizes of
the nanorods, as that labeled in Figure 4a. From the
left end to the right end, the morphologies of the prod-
ucts change from nanoneedles (zone 1; Figure 4b), to
uniform nanorods (zone 2; Figure 4c,d), nanonails (zone
3; Figure 4e), and finally micronails (zone 4; Figure 4f,g).
While the lengths of the nanorods formed in different
zones are almost the same (�5 �m), the average diam-
eters of the nanorods increase significantly from about
50 nm of the nanoneedles (Figure 4b) to about 200 nm
of the uniform nanorods (Figure 4d) and nanonails (Fig-
ure 4e), and to about 500 nm of the micronails (Figure
4f,g; the diameters of the nail caps are up to 1 �m). Even
though the growth temperature has some influence
on the diameters of the nanorods, the major contribu-
tion is believed to come from the difference in oxygen
concentration and thus the difference in ZnO reactant
vapor concentration. Since the growth was conducted
under 500 Torr of flowing argon gas and the outlet of
the oxygen tube is located right above the boundary of

zone 2 and zone 3, the oxygen concentration (and
thus the ZnO reactant vapor concentration) over zone
3 and zone 4 should be much higher than that over
zone 2 and zone 1 (due to back diffusion), resulting in
the formation of larger and nail-like nanorods at the
downstream region.23

The cross-sectional image of the nanorod array
shown in Figure 4c reveals that the aligned ZnO nano-
rods grow perpendicularly from a ZnO thin film. Close
observation (Figure 4d) clearly shows that the film is
composed of dense ZnO nanocrystals and that the
growth of ZnO nanorods was initiated from these
nanocrystals. This observation confirms our assump-
tion on the seeding function17 of the nanocrystals. The
top view images of the aligned ZnO nanorods (inset in
Figure 4c, and Figure 4g) display perfect hexagonal
cross section, indicating the preferential �0001�

growth direction of the nanorods, which is in good
agreement with the XRD result (Figure 3).

Besides the growth on flat zinc foils, our low-
temperature oxidization method can also be used to
grow dense ZnO nanorods on highly curved zinc sur-
face. By replacing zinc foils with zinc microspheres and
keeping the growth conditions unchanged, we were
able to grow sophisticated urchin-like ZnO nanorod su-
perstructures. Like the growth on zinc foils, the mor-
phologies and sizes of the ZnO nanorods grown on zinc
microspheres vary with the deposition regions. Accord-
ingly, spherical ZnO assemblies based on ZnO nanonee-
dles, nanorods, nanonails, and micronails can be readily
obtained. Figure 5a is a typical low-magnification SEM
image of urchin-like ZnO nanorod balls formed in zone
2 position. The sizes of the nanorod balls vary from sev-
eral micrometers to up to 100 micrometers, which are
determined by the sizes of the original zinc micro-
spheres (inset in Figure 5a). High-magnification SEM ob-
servations (Figure 5b,c) show that each ball is uni-
formly covered with dense, same length ZnO nanorods,
forming a unique urchin-like nanorod superstructure.
The ZnO nanorods always grow along the ball’s surface
normal regardless of the curvature of the zinc micro-
spheres (Figure 5d).

While majority of the ZnO nanorod balls are in
spherical shape and seemingly have a solid zinc core,
bowl-like ZnO nanorod superstructures can be fre-
quently obtained (Figure 6a), especially for samples af-
ter longer time (30 min) growth. These hollow balls
still exhibit perfect spherical shape and can be regarded
as a truncated hollow ball. High-magnification SEM ob-
servations (Figure 6b,c) show that ZnO nanorods were
grown not only on the outer surface with growth direc-
tion along the ball’s surface normal, but also on the in-
ner surface with growth direction toward the ball cen-
ter. The nanorods grown on both surfaces of the bowls
have almost the same diameter, length, and density
(Figure 6e,f). This unique growth phenomenon can be
understood as follows. At the initial growth stage, ZnO

Figure 6. SEM images of urchin-like hollow ZnO nanorod bowls. (a)
Low-magnification SEM image showing the presence of hollow ZnO
nanorod bowls. (b) High-magnification SEM image of one 40-�m-
diameter ZnO nanorod bowl. (c) One 130-�m-diameter ZnO nanorod
bowl. (d) High-magnification SEM image of the boxed area in panel c,
showing the surface of the bowl is covered with high density, uniform
ZnO nanorods. (e) SEM image of one 25-�m-diameter ZnO nanorod
bowl. The nanorods were grown on both the outer and inner surfaces
of the bowl. (f) High-magnification SEM image of the edge area of a
ZnO nanorod bowl showing dense, same size ZnO nanorods growing
from both the outer surface and inner surface.
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nanocrystals are formed on the zinc sphere surface,

forming a dense ZnO nanocrystals shell around the yet

melted zinc core. These nanocrystals act as the seeds for

subsequent nanorods growth by absorbing ZnO reac-

tants from the vapor. Because the temperature

(450�500 °C) at the deposition region is higher than

zinc’s melting temperature (419.5 °C), the zinc core will

eventually be melted and zinc vapor will be generated

inside the shell. If the shell is very dense and seamless,

the inside zinc vapor pressure will be high enough that

some shells will be broken and zinc will be evapo-

rated. Because of the presence of oxygen in the vapor,

the oxygen will diffuse into the cavity and react with

zinc vapor to form ZnO reactant vapor that feeds the

growth of ZnO nanorods on the shell’s inner surface.

Like the nanorods grown on the outer surface, the

nanorods grown on the inner surface are also seeded

by the ZnO nanocrystals.

The morphology and microstructures of the ZnO

nanorods were further studied by transmission elec-

tron microscopy (TEM). Figure 7a is a TEM image of

a ZnO nanorod. Even thought the present ZnO

nanorods were grown at a much lower temperature

than the previous high-temperature

processes,5,6,20�22 high-resolution TEM (Figure 7b)

and selected area electron diffraction (inset in Fig-

ure 7b) studies reveal that the nanorods are single-

crystalline with growth direction along �0001�. The

surface of the nanorod is clean, atomically sharp,

and without any amorphous sheathed phase.

The photoluminescence (PL) spectra of the

aligned ZnO nanorods were measured by using a

Xe lamp (325 nm) as the excitation source. Figure 8

shows a room-temperature PL spectrum recorded

from ZnO nanorods grown on zinc foil. A strong,

broad green emission peaking at �500 nm was de-

tected. The green emission from ZnO is commonly

referred to as deep-level or trap-state emission,24

which is generally attributed to singly ionized oxy-

gen vacancies,25 zinc vacancies and zinc intersti-

tials,26 or extrinsic impurities.27,28 Since our ZnO

nanorods were synthesized under the presence of

excess oxygen, Zn vacancies may be responsible for

the green emission.

CONCLUSIONS
In summary, we have demonstrated a catalyst-

free, low-temperature oxidization method to large-

scale growth of vertically aligned ZnO nanorod ar-

rays on zinc foils. The control of oxygen introduction

and the formation of ZnO nanocrystals on the zinc

foil surfaces at the early growth stage play critical

roles on the success of the synthesis. Besides the

growth on conductive zinc foils, this method may

also be applied to other substrates (such as silicon

wafer, sapphire, graphite, metals, etc.) by electron-

beam deposition (or thermal evaporation) of a zinc

thin layer on the related substrates. By replacing zinc

foils with highly curved zinc microspheres, unique

urchin-like ZnO nanorod superstructures were

readily obtained. The as-synthesized two-

dimensional ZnO nanorod arrays formed on zinc

foils and the three-dimensional urchin-like ZnO

nanorod superstructures formed on zinc micro-

spheres offer great opportunities for investigating

the effects of spatial orientation and arrangement of

one-dimensional nanorod building blocks on their

collective sensing, optical, electronic, and optoelec-

tronic properties.

Figure 7. TEM images of ZnO nanorods: (a) low-
magnification TEM image of a ZnO nanorod; (b) high-
resolution TEM image of the edge part of a ZnO nanorod.
The inset is the corresponding electron diffraction pattern.

Figure 8. Photoluminescence spectrum of ZnO nanorods
showing a strong, broad green emission peaking at about
500 nm.
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METHODS
The growth was conducted inside a tube furnace system

(Figure 1). Zinc powder was used as the source material and
zinc foils or zinc microspheres were used as the growth sub-
strates. In a typical run with a zinc foil as the substrate, �0.5 g
zinc powder was placed in an alumina boat which was then in-
serted at the center of an alumina tube, where the temperature
is set at 600 °C. A piece of zinc foil (10 cm long, 1 cm wide, and 0.5
mm thick) was placed at downstream part of the alumina tube
where the temperature is at �450�500 °C, right above the melt-
ing temperature of zinc (419.5 °C). Argon (flow rate: 100 sccm)
was used as the carrier gas to transport zinc vapor to the growth
zone, where the zinc vapor meets and reacts with oxygen (flow
rate: 3�5 sccm) to form ZnO vapor species to feed the ZnO
nanorod growth. The pressure of the tube was held at 500 Torr
and the growth time varied from 10 to 30 min.

For the growth using zinc microspheres as the substrates,
the zinc microspheres were deposited on a long alumina sup-
porting substrate (�10 cm long and 1.5 cm wide) by evaporat-
ing zinc powder at 600 °C under 200 Torr, 100 sccm of flowing ar-
gon for 15 min. The sizes of the zinc microspheres vary from
several micrometers to tens of micrometers (see the inset in Fig-
ure 5a). The subsequent nanorod growth procedure keeps the
same as the growth on zinc foils.

The morphology of the ZnO nanorods were characterized
by a FEI Inspect F field emission gun SEM operating at 15 kV.
The microstructure was investigated with a Hitachi HF-2000 TEM
operating at 200 kV. The crystal structures were measured by a
PANalytical X’Pert PRO X-ray diffractometer with Cu K� radiation.
The photoluminescence properties were studied with a Horiba
Jobin Yvon FluoroLog3�2iHR320 spectrofluorometer using a Xe
lamp as the excitation source. The excitation wavelength was
325 nm.
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