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LkH␣ 198 an opening angle of 45° without limb
brightening. Thus, our observations do not support the presence of evacuated cavities in the
envelope of LkH␣ 198. The observed morphology can instead be explained by the illumination
of a cavity-free, rotationally flattened envelope
by the central star; the bipolar appearance would
then arise from light escaping along the path of
least optical depth. However, these cavity-free
infalling envelope models have opening angles
that increase with wavelength, whereas we observe a constant opening angle, suggesting a
geometric rather than optical depth origin for the
observed morphology. This discrepancy may be
resolvable by varying the dust particle properties.
On the basis of these observations, LkH␣
233 is the more evolved of the two systems,
with well-defined cavities swept out by bipolar outflow and bisected by a very dark lane.
LkH␣ 198 is a less evolved system, which is
only in the early stages of developing bipolar
cavities and possesses lower extinction in the
apparent disk midplane.
The observed circumstellar environments are
consistent with the rotationally flattened infall
envelopes models developed for T Tauri stars,
indicating that the process of envelope collapse
has similar phases, despite the large disparities in
mass and luminosity between these two classes
of young stars. This morphological similarity
leads us to infer that the conservation and transport of angular momentum is the dominant physical process for both classes of stars. Alternate
formation pathways have been suggested for OB
stars that invoke new physical mechanisms, such
as magnetohydrodynamic turbulence (31) or
stellar mergers (32). The Herbig Ae stars studied
here appear to be below the mass threshhold at
which such effects become important.
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Single-Crystal Nanorings Formed
by Epitaxial Self-Coiling of
Polar Nanobelts
Xiang Yang Kong, Yong Ding, Rusen Yang, Zhong Lin Wang*
Freestanding single-crystal complete nanorings of zinc oxide were formed via a
spontaneous self-coiling process during the growth of polar nanobelts. The nanoring appeared to be initiated by circular folding of a nanobelt, caused by longrange electrostatic interaction. Coaxial and uniradial loop-by-loop winding of the
nanobelt formed a complete ring. Short-range chemical bonding among the loops
resulted in a single-crystal structure. The self-coiling is likely to be driven by
minimizing the energy contributed by polar charges, surface area, and elastic
deformation. Zinc oxide nanorings formed by self-coiling of nanobelts may be
useful for investigating polar surface–induced growth processes, fundamental
physics phenomena, and nanoscale devices.
Self-assembly of nanocrystals can be driven by van der Waals forces and hydrogen
bonding among the passivating organic
molecules on the particle surfaces (1–3).
For inorganic nanostructures that expose
charge-polarized surfaces, such as nanobelts of oxides like ZnO (4), electrostatic
forces can drive self-assembly, especially
in gas-phase environments where these
forces are unscreened by solvents. For crystalline nanomaterials grown in a solidvapor environment, one type of polar charge–induced helical and spiral ZnO structure
was previously reported (5). We now report
a distinct nanoring structure that is formed
by spontaneous self-coiling of a polar
nanobelt during growth. Nanoring growth
School of Materials Science and Engineering, Georgia
Institute of Technology, Atlanta, GA 30332– 0245
USA.
*To whom correspondence should be addressed. Email: zhong.wang@mse.gatech.edu

appears to be initiated by circular folding of
a nanobelt driven by long-range electrostatic interactions. Short-range chemical bonding among the loops leads to the final
single-crystalline structure. The self-coiling is driven by minimizing the energy
contributed by polar charges, surface area,
and elastic deformation.
Single-crystal nanorings of ZnO were grown
by a solid-vapor process. The raw material was a
mixture of ZnO (melting point 1975°C), indium
oxide, and lithium carbonate powders at a weight
ratio of 20:1:1, and it was placed at the highest
temperature zone of a horizontal tube furnace.
Before heating to a desired temperature of
1400°C, the tube furnace was evacuated to
⬃10⫺3 torr to remove the residual oxygen. The
source materials were then heated to 1400°C at a
heating rate of 20°C/min. ZnO decomposes into
Zn2⫹ and O2– at high temperature (1400°C) and
low pressure (⬃10⫺3 torr), and this decomposition process is the key step for controlling the
anisotropic growth of the nanobelts. After a few
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minutes of evaporation and decomposition, the
Ar carrier gas was introduced at a flux of 50
standard cubic centimeters per minute. The synthesis process was conducted at 1400°C for 30
min. The condensation products were deposited
onto a silicon substrate placed in a temperature
zone of 200° to 400°C under Ar pressure of 500
torr. The as-synthesized samples were analyzed
by scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HRTEM).
The as-synthesized sample was composed
of many freestanding nanorings at a significant percentage (⬃20 to 40%) of the yield
(Fig. 1A) and 70% reproducibility from run
to run. The rings had typical diameters of ⬃1
to 4 m and thin, wide shells that were ⬃10
to 30 nm thick. SEM images recorded at high
magnification clearly show the perfect circular shape of the complete rings, with uniform
shapes and flat surfaces (Fig. 1B). Energydispersive x-ray spectroscopy analysis indicated that the nanorings were ZnO (6).
Two types of nanoring structures were found.
The type I structure is presented in Fig. 2. A
TEM image (Fig. 2A) indicates that the nanoring
is a single-crystal entity with nearly perfect circular shape, although there is electron diffraction
(ED) contrast caused by non-uniform deformation along the circumference. The single-crystal
structure referred to here means a complete nanoring that is made of a single-crystal ribbon
bent evenly at the curvature of the nanoring.
Tilting the nanoring by ⬃20° clearly shows the
single-crystal circular shape (Fig. 2B). The corresponding dark-field TEM image (Fig. 2C)
shows the contrast produced by the equally
bending lines across the width of the nanoring
(Fig. 2C), which is caused by the tilting of the
atomic plane with respect to the electron beam.
Deformation in the nanometer-thick ribbon does
not necessarily introduce dislocations. An ED
pattern recorded from the center of the nanoring
(area a1 in Fig. 2A) shows that the radial direction of the nanoring is [12̄10], the tangential
direction is [101̄0], and the nanoring axis is
[0001]. HRTEM images recorded from the three
corners of the image in Fig. 2A (areas d, e, and
f in Fig. 2, D to F, respectively) show the distribution of the equally spaced planar defects nearly parallel to the nanoring plane. The planar
defects align from the top of the nanoring to the
bottom without interruption (Fig. 2, D and F).
The trace of the coiling nanobelt is best seen
through the side of the nanoring, as indicated by
arrowheads in Fig. 2F. The entire nanoring is a
single crystal, although the quality of the crystallinity varies slightly across the width of the
nanoring, as shown in the enlarged TEM image
in Fig. 2G.
The nanoring is made of coaxial, uniradial,
epitaxial coiling of a nanobelt. Careful examination of the image in Fig. 2A shows a loose end of
the raveling nanobelt, as indicated by a red arrowhead (7). The coiling of this nanobelt to form

the nanoring is shown in the enlarged image in
Fig. 2F, as marked by an arrowhead at the top.
Examination of the other side of the nanoring
found the other loose end of the nanobelt (indicated by an arrowhead in Fig. 2E). The ED

pattern recorded from the loose end of the nanobelt, as circled in the enlarged area a3, indicates
that the nanobelt has a growth direction of
[101̄0], side surfaces ⫾(12̄10), and top/bottom
surfaces ⫾(0001). The nanoring is made of coilFig. 1. (A) Low-magniﬁcation SEM image of
the as-synthesized ZnO
nanorings. (B) Highmagniﬁcation SEM image of a freestanding
single-crystal ZnO nanoring, showing uniform and perfect geometrical shape. The ring
diameter is 1 to 4 m,
the thickness of the ring
is 10 to 30 nm, and the
width of the ring shell is
0.2 to 1 m.

Fig. 2. Structure of the
type I ZnO singlecrystal nanoring. (A) A
TEM image of a ZnO
nanoring viewed with
the electron beam
parallel to the plane of
the nanoring. (a1) An
ED pattern recorded
from area a1 marked
in (A). (a2) Enlargement of area a2
marked in (A), showing a loose end at the
left-hand side. (a3) An
ED pattern recorded
from the loose end
(area a3 marked in a2).
(B and C) Bright-ﬁeld
and dark-ﬁeld TEM
images recorded from
the nanoring after it
was tilted by ⬃15°.
(b) The ED pattern recorded from area b
marked in (B). (D to F)
are the larger images
from areas d to f, respectively, marked in
(A), after the nanoring
was slightly tilted. (G)
An enlarged TEM image of the nanoring
tilted by ⬃10°. (H) An
enlargement of area h
indicated in (C), illustrating a uniform distribution of planar defects across the entire
width of the nanoring.
(I) HRTEM image recorded from the nanoring when the incident electron beam
was parallel to the
ring plane, showing
planar defects inside the nanobelt and at the interface between the coiled loops. The width of the
nanobelt is indicated.
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ing loops of the nanobelt, as in a child’s “Slinky”
spring (7), by interfacing its (0001)-Zn and
(0001̄)-O planes at the same crystallographic

orientation. The coiling of the nanobelt introduces a small helical angle of ⬃0.3°; this small
rotation is hardly detectable by the ED pattern.

Fig. 3. Structure of the
type II ZnO singlecrystal nanoring. (A
and B) Bright-ﬁeld and
dark-ﬁeld TEM images
recorded from the nanoring, with the incident
electron beam parallel
to the ring plane. (C) ED
pattern recorded from
the nanoring. The pattern shows vertical mirror symmetry, and the
extra diffraction spots at
the two sides are from
the cylindrical bending
of the single-crystal ribbon. (D) HRTEM image
recorded from the central symmetric line in
(A). (E) Enlarged TEM
images from area e
marked in (A), showing
the coiling layers. The
total number of loops
forming this nanoring is
100. (F) Dark-ﬁeld TEM
image recorded from
the nanoring after it was
tilted by 15°.
Fig. 4. (A) Structure
model of ZnO and the
corresponding crystal
planes discussed in the
text, showing the
⫾(0001) polar surfaces.
(B to D) Proposed
growth process and corresponding experimental results showing the
initiation and formation
of the single-crystal nanoring via self-coiling of
a polar nanobelt. The nanoring is initiated by
folding a nanobelt into a
loop with overlapped
ends driven by longrange electrostatic interactions among the polar
charges. Short-range
chemical bonding stabilizes the coiled ring
structure, and the spontaneous self-coiling of
the nanobelt is driven by
minimizing the energy
contributed by polar
charges, surface area,
and elastic deformation.
(E) Calculated energy
gain (⌬E ⫽ ⌬EDeform⫹
⌬EElectro) before and after folding of a straight
polar nanobelt into a
loop-structured nanoring as a function of the ring radius and the number of loops. Nanobelt width ⫽ 20 nm,
thickness ⫽ 16 nm, Young’s modulus ⫽ 50 GPa, and surface charge density ⱍⱍ ⫽ 0.057 C/m2. The
calculation gives the threshold radius under which initiation of the nanoring structure is energetically
unfavorable. The smallest nanoring observed has D ⫽ 0.8 m.
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The loose end of the nanobelt in Fig. 2F
has a (0001) planar defect located close to the
middle of its width, which suggests that the
planar defect was produced during the nanobelt’s growth and is the key for producing the
fastest growth of the nanobelt along its axial
direction (8, 9). We counted 33 coiling loops
in the dark-field TEM image displayed in
Fig. 2H. HRTEM indicates that, besides the
planar defect inside the nanobelt, a stacking
fault is formed at the interface between the
adjacent loops, which is introduced to match
the lattices of the Zn-terminated and O-terminated (0001) polar surfaces (10). The interface between the loops is coherent, epitaxial, and chemically bonded (Fig. 2I).
The type II nanoring structure is presented
in Fig. 3. Bright-field (Fig. 3A) and dark-field
(Fig. 3B) TEM images show that the complete
nanoring is a single crystal, which again implies
that the nanoring shell is a uniformly deformed,
single-crystal ribbon around the circumference.
Electron diffraction (Fig. 3C) and the corresponding HRTEM image recorded from the
central region (Fig. 3D) show that the radial
direction of the nanoring is [12̄13̄], the tangential direction is [101̄0], and the nanoring plane
is (12̄12) (see the model in Fig. 4A), and there
is no dislocation in the volume. Figure 3E
displays the enlarged view of the corner indicated in Fig. 3A, which shows an end of the
nanobelt (indicated by an arrowhead) and the
screw coiling of the nanobelt. The pitch distance for the coiling is 10 nm, and the total
number of loops is 100. The contrast produced
by stacking faults parallel to the nanoring
plane is visible, but the (0001) stacking fault
plane is at an angle of ⬃28° from the nanoring axis. The nanoring has a thin crystal wall
⬃15 nm thick, as clearly shown by tilting the
nanoring by 15° (Fig. 3F).
The growth of the nanoring structures can be
understood on the basis of the polar surfaces of
the ZnO nanobelt. The wurtzite-structured ZnO
crystal is described schematically as a number of
alternating planes composed of tetrahedral coordinated O2– and Zn2⫹ ions, stacked alternatively
along the c axis (Fig. 4A). The oppositely
charged ions produce positively charged (0001)Zn and negatively charged (0001̄)-O polar surfaces. The polar nanobelt, which is the building
block of the nanoring, grows along [101̄0], with
side surfaces ⫾(12̄10) and top/bottom surfaces
⫾(0001) (4), and has a typical width of ⬃15 nm
and thickness of ⬃10 nm (7). The planar defect
parallel to (0001) lowers the nanobelt energy and
is key to producing the fastest anisotropic growth
along [101̄0], but it does not affect the intrinsic
polarity of the nanobelt. Therefore, the nanobelt
has polar charges on its top and bottom surfaces
(Fig. 4B). If the surface charges are uncompensated for during growth (11), the nanobelt may
tend to fold itself as it lengthens, in order to
minimize the area of the polar surface. One
possible way to reduce the electrostatic energy is
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to interface the positively charged (0001)-Zn
plane (top surface) with the negatively charged
(0001)-O plane (bottom surface), resulting in
neutralization of the local polar charges and in
reduced surface area, thus forming a loop with
an overlapped end (Fig. 4B). The radius of the
loop may be a result of how the nanobelt folds
during its initial growth, but the size of the loop
cannot be too small to reduce the elastic deformation energy.
The total energy involved in the process
comes from polar charges, surface area, and
elastic deformation (12). The long-range electrostatic interaction is likely to be the initial driving
force for folding the nanobelt to form the first
loop on which subsequent growth is based. Calculations have been made to assess the possibility of balancing the increased elastic deformation
energy (⌬EDeform) by the decreased electrostatic
energy (⌬EElectro) at the initiation of the nanoring
structure (7) (Fig. 4E). If a nanobelt is folded to
form a single-loop complete ring (n ⫽ 1), the
energy gain ⌬E (⌬E ⫽ ⌬EDeform ⫹ ⌬EElectro) is
positive regardless of the size of the loop, suggesting that a single-loop complete ring is energetically unfavorable. For a 10% overlapped nanoring (n ⫽ 1.1), the nanoring structure is energetically possible if its diameter (D) is larger
than 600 nm. It is thus possible to form a singlelooped nanoring with overlapped ends at the
beginning of the growth caused by fluctuation
(Fig. 4B). For a 33% overlapped nanoring (n ⫽
4/3), the nanoring structure is possible if D is
larger than 360 nm. The diameters of the
experimentally observed nanorings are in the
range of 0.8 to 4 m, and no ring has D ⬍ 0.8
m. From the SEM images, we believe that
the first step (Fig. 4B) occurs before the nanoring lands on the substrate.
The presence of a planar defect within the
nanobelt (Fig. 2F) is likely to be the key to
producing the fast growth of the nanobelt along
[101̄0], because it lowers the energy in the
wurtzite-structured lattice (8). Planar defects
may be initiated by impurity atoms, such as Li
and In, introduced into the raw material. As
growth continues, the nanobelt may be naturally attracted to the rim of the nanoring by electrostatic interactions and then extend itself parallel to the rim of the nanoring to neutralize the
local polar charge and reduce the surface area,
resulting in the formation of a self-coiled, coaxial, uniradial, multilooped nanoring structure.
The self-assembly is spontaneous, which means
that the self-coiling along the rim proceeds as
the nanobelt grows. The reduced surface area
and the formation of chemical bonds (a shortrange force) between the loops stabilize the
coiled structure. The width of the nanoring
increases as more loops wind along the nanoring axis (Fig. 4C), and all of them remain in the
same crystal orientation.
Because growth is carried out in the temperature region from 200° to 400°C, “epitaxial sintering” (13) of the adjacent loops forms a single-

crystal cylindrical nanoring structure, and the
loops of the nanobelt are joined by chemical
bonds as a single entity. The loops that were
coiled first remained at the growth temperature
for a longer time, resulting in higher crystallinity,
whereas the ones that wound on later had less
time for sintering and thus had relatively poorer
crystallinity, forming the structure in Fig. 2G,
with two contrast regions across the width of the
nanoring. Finally, as the growth time was extended, the entire nanoring exhibited high-quality crystallinity, as shown by the diffraction contrast in Fig. 4D. A uniradial and perfectly aligned
coiling is energetically favorable because of the
complete neutralization of the local polar charges inside the nanoring and the reduced surface
area. The entire growth process may have no
relation to the substrate used for collecting the
sample. The thinness of the nanoring also prevents the determination of its polarity by convergent-beam ED (14).
The coiling process presented in Fig. 4
unifies the two types of nanoring structures
described in Figs. 2 and 3. If the (0001) polar
surface of the ZnO nanobelt is parallel to the
ring plane, self-coiling of the nanobelt at a
radial direction of [12̄10] forms the type I
structure in Fig. 2. Alternatively, if the nanobelt is tilted toward the nanoring center so
that the radial direction is [12̄13̄] (15), selfcoiling of the nanobelt produces the type II
structure in Fig. 3. The tilting of the nanobelt
may reduce the elastic deformation energy.
The model presented here can also be adopted to explain the helical nanostructure reported
previously (5). If the nanobelt in Fig. 4B is
flipped by 90° so that the radial direction of the
nanoring is [0001], which means that the polarization is in the radial direction, a bending of the
nanobelt into a circle slightly reduces the electrostatic energy, possibly in favor of forming an
in-plane spiral nanoring (5). Alternatively, as a
result of preserved polar charges on the inner and
outer arc surfaces, the circular loops of the nanobelt cannot be densely packed into a singlecrystal coil structure because of the electrostatic
repulsion among them; instead, a helical structure would be formed, with a pitch distance of
200 to 500 nm [much larger than the width (⬃20
nm) or thickness (⬃10 nm) of the nanobelt],
which is suggested to be a result of balancing the
electrostatic repulsive force between the loops
and the elastic deformation force.
The polar charge–induced nanorings presented here have potential applications in investigating fundamental physical phenomena, such as
the Aharonov-Bohm oscillations in exciton luminescence (16). The piezoelectric and semiconducting properties of ZnO predict that the nanorings could be used as nanoscale sensors, transducers, and resonators.
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