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Controlled synthesis and manipulation of ZnO nanorings and nanobows
William L. Hughes and Zhong L. Wanga!

School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
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sReceived 30 September 2004; accepted 10 November 2004; published online 19 January 2005d

An experimental procedure is presented for the controlled synthesis and manipulation of ZnO
nanorings and nanobows at high purity and large yield. Atomic force microscopy manipulation of
the nanostructures demonstrates their mechanical toughness and flexibility. Extensive bending of the
nanorings and nanobows suggests an extremely high deformation limit with the potential for
building ultrasensitive electromechanical coupled nanoscale sensors, transducers, and resonators.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1853514g
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Large yield and controlled synthesis of nanostruct
are key components for the manufacturing of nanodev
For nanomaterials, achieving higher purity samples is im
tant for studying their physical and chemical properties. S
thesis of carbon nanotubes with high purity and high yiel
well as high designability has, for example, been a very
tive field.1,2 Recently, we have reported the format
mechanism of ZnO nanostructures, including seam
nanorings,3 nanoloops,4 nanosprings/nanohelixe4

deformation-free nanohelixes,5 nanospirals,6 and nanobows7

which have potential applications as nanoscale electr
chanical coupled sensors, transducers, and resonators.
nanostructures are formed by minimizing the electros
energy contributed by the spontaneous polarization a
the thickness/width of the nanobelt building blocks owin
the unique structure of ZnO. Although the formation proc
and the growth mechanism have been fully investiga
high-yield synthesis of designed nanostructures rema
challenge. In this letter, we report a synthesis process
produces a high percentage of nanorings and nanobows
is important progress towards structure control and de
for nanostructure synthesis. Using an atomic force m
scope, the nanorings and nanobows are manipulated to
onstrate their superior mechanical toughness and flexib
This is the first group of experiments to show the extr
mechanical deformation of nanorings and nanobows, i
trating their much improved piezoelectric response for e
tromechanical coupled nanodevices.

Zinc oxide, a key functional material that exhibits se
conductive and piezoelectric properties, has important a
cation in optoelectronics, sensors, transducers, and bio
cal applications. ZnO exhibits numerous morpholog
configurations due to its unique crystal structure and p
surfaces. The nanorings and nanobows under investig
were synthesized by physical evaporation of ZnO pow
Two and a half grams of ZnO powder was used as the so
material and placed within the center of a horizont
aligned tube furnace where the temperature, pressure
evaporation time were manually controlled. Initially, the a
mina tube was evacuated to a base pressure of 10−2 mbar in
order to reduce the oxygen concentration during synth
Once the base pressure had been reached, argon was
duced into the alumina tube with a flux of 50 sccm. Arg

ad
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was chosen because inert momentum transfer helps pur
alumina tube of oxygen prior to sublimation and helps p
erentially grow nanostructures on one side of the alum
tube during ZnO evaporation. The furnace temperature
then raised at 15°C/min to 800 °C for 20 min to help for
a protective oxide around the resistive coils of the furn
Once the furnace stabilized at 800 °C, the pressure w
the alumina tube was raised and maintained at 300 m
The furnace was then heated at,15 °C/min and maintaine
at a temperature of 1350 °C for 2 h with a pressure
300 mbar. During evaporation, the products were depo
onto a catalyst-free polycrystalline substrate that was p
downstream within the alumina tube. Upon termination
the experiment, the pressure within the alumina tube
decreased from 300 mbar to,10−1 mbar in 5 s. The depo
sition temperature for the nanorings/nanobows was estim
to be ,500 °C. Once synthesis was complete, the
nanostructures were placed in isopropanal and disperse
a s100d silicon wafer for AFM manipulation.

The primary growth directions of ZnO nanobelts

k0001l, k011̄0l, andk21̄1̄0l. Their preferred crystallograph
orientation will change with variations in temperature
pressure because they are kinetically driven structures.
trol over the growth conditions, and therefore the gro
direction, will determine the morphology of the synthesi
product. Nanobelts dominated by largeh0001j surfaces hav
a large spontaneous polarization across their thick
which are referred to as polar nanobelts, while those d

nated byh011̄0j and/orh21̄1̄0j surfaces are called nonpo
nanobelts. We found that experimental differences rega
growing nonpolar nanobelts and polar nanobelts were
temperature ramp rates and the magnitude of the pre
gradients at the termination of synthesis. For example,
polar nanobelts were synthesized using a ramp rat
50 °C/min, a maximum temperature of 1350 °C; a gas
rate of 50 sccm, a pressure of 300 mbar, and agradual de-
creasein pressure during natural cooling of the alumina tu
It is important to note that variations in the time at the m
mum temperature only change nanostructure size an
nanostructure morphology. In comparison, nanori
nanobows, which were formed by the polar nanobelts,
synthesized using nearly identical procedures, howeve
ramp rate was decreased to,15 °C/min and arapid de-
creasein pressure was implemented during natural coo

of the synthesis vessel.
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Figure 1 depicts a series of scanning and transmis
electron microscopy images, taken along the edge of the
mina substrate, showing the ability of nanobelts to f
polar-surface-dominated nanostructures that grow from
vidual ZnO nanorods. Figure 1sad shows numerous rings a
bows grown from the tips of nanorods. A key observatio
that nearly every nanorod has a curly nanoring/nano
grown from its end. This configuration is created by vary
the growth condition as specified above towards the en
the growth process. This is clear evidence of large-y
growth of nanorings and nanobows. Larger magnifica
SEM images clearly show the potential configurations of
norings and nanobows grown from the tips of the nano
fFigs. 1sbd and 1scdg. The transmission electron microsco
image and corresponding electron diffraction pattern,
picted in Fig. 1sdd, shows that the nanorod and nanobow
a single crystal and that the nanorod grows along thef0001g
direction. The nanorings and nanobows are formed by ro
thec-plane dominated nanobelts. This process was drive
minimizing the electrostatic energy due to spontaneous
larization across the thickness of the nanobelt.

The polar nanobelts, responsible for the formation

nanorings and nanobows, grow along either thef21̄1̄0g or

f011̄0g direction. However, a critical point is that the top a
bottom surfaces are always theh0001j polar surfacesfFig.
2sadg. A ring is formed by folding a polar nanobelt so that

FIG. 1. sad Large-scale, high-yield and controlled growth of nanorings
nanobows at the tips of ZnO nanorods/nanowires by a sudden cha
growth pressure towards the end of the experiment, so that the grow

tion switched fromf0001g to f011̄0g or f21̄1̄0g. The polar surface dominat
nanobelts bent to form nanorings and nanobows;sbd, scd nanorings an
nanobows formed at the tips of the nanowires;sdd TEM image and th
corresponding electron diffraction pattern showing the geometry and
tallographic structure of nanobow.
c-axis points to the center of the ringfFig. 2sbdg. A change in
Downloaded 20 Jan 2005 to 130.207.165.29. Redistribution subject to AIP
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growth direction from f011̄0g / f21̄1̄0g to f101̄0g / f1̄21̄0g
could result in the formation of two crossed rings at
anglefFig. 2scdg.

Manipulation is of critical importance for developi
nanostructure-based devices because of the inability to
one-dimensional nanostructures at site-specific loca
with crystallographic-specific orientations. It is therefore
purpose of this study to expand on manipulation techni
that will assist in the fabrication of oscillators and force s
sors using the ZnO nanostructures we have synthesized
viously, transmission electron microscopy and atomic f
microscopy have been used to cleave CdO nanobelts
ZnO nanobelts, respectively.8,9 As a continuation of th
above study, nanorings and nanobows were manipulate
ing an AFM. However, in contrast to the previous te
niques, these nanostructures were systematically defo
rather than intentionally sectioned. Deformation perpend
lar to the polar surfaces of ZnO was accomplished by “p
ing” the nanostructures parallel to the AFM scanning di
tion. The contact force was maximized when
nanostructures were pushedsscanned from right to leftd and
eliminated when pulledsscanned from left to rightd, or vice
versa. In other words, the AFM probe scans continuously
therefore should only contact the substrate and sample

FIG. 3. Series of AFM image showing the manipulation of a single

in
-

-

FIG. 2. sad TEM image of a polar nanobelt growing alongf21̄1̄0g; sbd a
nanoring formed by self-bending with thec-axis pointing towards the ce
ter; scd SEM image of crossed nanorings originated from the same nan
by changing growth direction.
nanoring into different shapes without causing fracture.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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scanning in the direction of the desired sample movem
This technique increases manipulation efficiency by el
nating counterproductive movements. The contact force
controlled by modulating the setpoint of the AFM. The na
structures were firmly attached to the silicon substrate p
bly because of capillary forces. The nominal spring cons
of the cantilevers used during manipulation was,0.5 N/m.

Figure 3 is an AFM image showing the chemical b
between the two ends of a ZnO polar nanobeltscircle re-
giond. The manipulation of the nanoring is shown by a se
of AFM images. The corresponding insets below Fig.sad
depict the ability of an AFM to stretch a nanoring along
scan direction, as well as its capability to form a kink in
nanoring by pushing from right to left through the imagin
center point of the ring. Remarkably, the nanoring did
fracture during manipulation, although there is an extrem
large strain stored within the nanoring.

Figure 4 is an AFM image showing the manipulation
a nanoring. The intent of the experiment was to pull apar
nanostructure at the physical bondscircled regiond were the
two ends of the nanoring overlapped. During manipula
the nanoring was made to collapse, upon itself, throu
series of pushing and pulling movements. Initially, the n
oring was pushed from the right-hand side and then p
from the left-hand sidefFigs. 4sad and 4sbdg, until it fractured
fFig. 4scdg. Finally, the remaining loop, shown within F
4sdd, was squeezed closed by a series of pulling maneu
As depicted in Fig. 4sfd, the nanoring fractured for a seco
time at the point of greatest strainsmaximum radius-of
curvatured rather than pulling itself apart at the physi
bond.

AFM is an effective technique to position and sec
ZnO nanostructures. Figure 5 shows a ZnO nanobow tha

FIG. 4. Series of AFM image showing the manipulation of a single
nanoring by fracturing at one side first and then fracture at the other s
small radius.
Downloaded 20 Jan 2005 to 130.207.165.29. Redistribution subject to AIP
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been cut and manipulated using an AFM. One side o
nanobelt was pushed and bent until fracture. Once agai
ability to section and move nanostructures will assist in
formation of nanobelt cantilevers and beams.9

In this letter, we have demonstrated a process for
thesis of structurally controlled nanorings and nanobows
high yield. We found that the pressure changes and/or
sure gradients are responsible for the drastic change in
phology at the end of ZnO nanorods. This sets the found
to expand the process for producing the nanorings
nanobows at a higher purity. AFM manipulation of the n
orings and nanobows demonstrates their superior mech
toughness and flexibility, suggesting their extremely high
formation limit with the potential for building ultrasensiti
electromechanical-coupled nanoscale sensors, transd
and resonators.
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FIG. 5. Series of AFM image showing the manipulation of a single
nanobow into different shapes.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp


