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S
tructure-controlled fabrication of
semiconductor nanocrystals has at-
tracted great interest because of their

targeted applications in various fields, such
as nanoelectronics,1�3 optoelectronics,4,5

and energy conversion.6,7 Despite signifi-
cant progress in past decades, fabrication
of complex nanostructures in a controllable
and predictable manner remains a chal-
lenge. In particular, the fabrication of semi-
conductor nanorings with high-crystallinity
has been hindered owing to their unique
geometrical shapes that would require un-
conventional synthetic approaches. Com-
pared with template-assisted methods, the
most frequently used approach for nano-
ring fabrication,8�10 direct synthesis of
closed ring-shaped nanostructures in vapor
phase, is much more difficult. ZnO nano-
rings11 were previously synthesized by epi-
taxial self-coiling of nanobelts driven by
minimization of polar surface energy. How-
ever, the method is only applicable to cer-
tain material systems (such as those with
polar facets). More importantly, the experi-
mental conditions are challenging, and
therefore this method11 presents some dif-
ficulties to reproduce.

Developing a facile and efficient method
for the synthesis of semiconductor nano-
rings would be of interest both for funda-

mental research and nanodevice applica-

tions. The vapor�liquid�solid (VLS)

approach,12 a versatile method that offers

excellent control of the nanowire (NW)

structural parameters,13 has been widely

employed for the synthesis of a broad range

of functional oxide NWs.14�17 In this re-

port, we demonstrate kinking-induced

structural evolution of VLS-grown metal ox-

ide NWs into single-crystalline nanorings.

We suggest that this method could poten-

tially expand the generality of vapor-phase

nanoring syntheses into a whole host of

other shapes and forms. Conventionally,

the VLS-grown NWs are usually straight

throughout the length. It was recently

shown, however, that it is possible to vary

the NW growth direction by vapor perturba-

tion, forming segmented NW chains.18,19

Herein we show that the intentionally and

controllably introduced kinks in NWs can be

used to fabricate single-crystalline nanor-

ings. The syntheses of two typical functional

oxide nanorings (including binary In2O3

and ternary Zn2GeO4) are demonstrated.

The facile and efficient method, described

here, may not only facilitate the fabrication

of a unique class of ring-shaped nanostruc-

tures, but also promote further studies of

their properties and applications in func-

tional nanodevices.

RESULTS AND DISCUSSION
First, the introduction of kinks in In2O3

NWs is demonstrated via pressure modula-

tion. The resulting kinked In2O3 NWs can be

categorized into two types: type I is the

kinking of individual NW itself, and type II

is branch kinking. Figure 1 panels a and b

are the typical TEM image and correspond-

ing electron diffraction (ED) pattern of the

single-crystalline kinked individual NW. The
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ABSTRACT We report an innovative method to fabricate single-crystalline nanorings based on the

conventional vapor�liquid�solid (VLS) mechanism. The controllable formation of kinks in functional oxide

nanowires (NWs) can be employed to fold the VLS-grown NWs into closed ring-shaped nanostructures. Successful

syntheses of single-crystalline In2O3 and Zn2GeO4 nanorings were demonstrated. The present work provides an

efficient method for nanoring fabrication based on NWs. The functional metal oxide nanomaterials with unique

ring-shaped structures are expected to find interesting applications such as wave-guiding and photonic circuits.

KEYWORDS: metal oxide · nanoring · kink · nanowire · semiconductor ·
vapor�liquid�solid
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NW is composed of multiple segments which show
preferential perpendicular orientations to each other.
The ED pattern (Figure 1b) along [101] zone axis indi-
cates that the kinked segments in Figure 1a grow along
the �100� and �110� directions of the cubic In2O3 phase
(JCPDS 06-0416: a � 10.118 Å). More importantly, it re-
veals that the whole NW structure is single-crystalline
despite the formation of multiple kinks. This was further
confirmed by high-resolution TEM (HRTEM) analyses,
where no bulk structural defects can be observed
either in the straight segments or the joint sections (Fig-
ure S1, Supporting Information). Figure 1c is a typical
example of type I kinking with �100�/�100� transitions.
Growth directions of the kinked segments were identi-
fied from the corresponding ED pattern (Figure 1d)
taken along [001] zone axis. The ED pattern also re-
veals clearly that the entire kinked NW structure is
single-crystalline. Further examinations showed that all
the type I kinking (also for type II kinking discussed be-
low) exhibited exclusively either �100�/�110� or �100�/
�100� transitions.

Interestingly, branched In2O3 NW heterostructures
were also successfully synthesized by our one-step
method with vapor perturbation, as shown in Figure
1e. Branch growth was guided by an Au catalyst, the
dark particle on NW tip in Figure 1e inset. Unlike the
growth under stable conditions, the vapor perturba-
tion would lead to the split of the initial Au catalyst on
the backbone tip. Consequently, the small Au clusters
attached to the side-facets of the backbone may direct
the homoepitaxial branch growth. It should be noted
that no branched structures were obtained under
stable growth conditions, such as, fixed pressure. This
vapor perturbation induced Au split and branch forma-
tion may shed light on an innovative and facile method
for the fabrication of branched metal oxide NW hetero-
structures. One-step synthesis of branched Si NWs were
reported previously20 due to the Au migration on NW
surface.20,21 However, the migration would be prohib-
ited at certain conditions, such as oxygen-abundant
environments,20,22 and limit its applicability on metal
oxide NWs. The present method could serve as an alter-
native method for one-step growth of branched In2O3

NWs, and may potentially be extended to other oxide
materials. It should be noted that the pressure modula-
tion induced kink formation was also observed in the
branches (Figure 1e), analogous to the kinking of NW
backbones shown in Figure 1a,c. The corresponding ED
pattern of the branched NW is shown in Figure 1f. The
regularly dotted pattern shows that the branches grew
epitaxially on the backbone. The ED pattern also shows
that the branches (with two segments) were kinking
along the equivalent �100� directions. Analogous to
type I kinking, �100�/�110� transition was also observed
for type II branch kinking, as shown in Figure 3.

Comparative experiments were carried out to eluci-
date the effect of pressure on In2O3 NW growth. Differ-

ent growth experiments were performed at constant

pressure (0.02 and 1.9 mbar, respectively) for 60 min,

with the other growth conditions kept constant. The re-

sults are shown in Figure S2, Supporting Information.

While straight and dense In2O3 NW arrays were grown

at 1.9 mbar, only thin films associated with microparti-

cles were deposited at 0.02 mbar, indicating a slow

deposition process at low pressure, probably domi-

nated by the vapor�solid (VS) mechanism. The Au-

catalyzed NWs obtained under constant growth condi-

tions exhibited exclusively �100� growth directions

(Figure S2, Supporting Information), and are straight

without kinking. Kinked In2O3 NWs can only be ob-

tained with vapor perturbation during growth (Figure

1).

The formation processes for the single-crystalline

kinked In2O3 NWs can be described as follows: Initially

the straight In2O3 NWs deposited at 1.9 mbar grew pref-

erentially along �100� directions, as has been observed

in previous reports.23,24 At this point, the Ar gas was

stopped during the perturbation phase, with the pres-

sure reduced to �0.03 mbar. While the partial pressure

Figure 1. TEM images and corresponding ED patterns of single-
crystalline kinked In2O3 nanowires. (a,b) Type I kinking with �100�/
�110� transitions. (c,d) Type I kinking with �100�/�100� transitions.
(e,f) Type II kinking with �100�/�100� transitions. Inset in panel e is
an enlarged view of the Au catalyst at the branch tip. Scale bar is 20
nm. The ED patterns in panels b, d, and f were taken along [101],
[001], and [001] zone axes, respectively.
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of In vapor was essentially unchanged under the con-

stant evaporation temperature, the modulation of to-

tal pressure changed the mean free path of In vapor;20

that is, the In vapor supply decreased with reduced to-

tal pressure, resulting in a lower supersaturation value

in the catalyst particle. Consequently, VLS growth (axial

elongation) of the NWs decreased significantly or even

ceased. When Ar gas was reintroduced into the furnace,

the supersaturation value in the catalyst particles would

increase gradually (from the low level at 0.03 mbar to

the high level at 1.9 mbar). During this process, prefer-

ential nucleation at the three phase (vapor/solid NW/

liquid catalyst) boundaries25 gradually changes the

catalyst orientation.19 The NW would grow along an-

other preferential direction (in our case, �100� or �110�)

when the supersaturation value resumed to its initial

level before perturbation. We suggest that the driving

force for the growth direction change is the thermody-

namic nucleation behavior at the phase boundaries/in-

terfaces. It is worth mentioning that Madras et al. re-

cently demonstrated the growth of kinked Si NWs

under stable conditions (with constant growth temper-

ature and vapor pressure).26 The kinking formation

was attributed to the kinetic driving force correlated to

the growth rate (mainly determined by pressure) and

other thermally activated processes (such as Si precipi-

tation at the liquid�solid interface).26 However, we sug-

gest that the formation of kinked In2O3 NWs is not ki-

netically induced, since the NWs grown under stable

conditions are exclusively straight without kinks (Fig-

ure S2, Supporting Information).

We suggest that the controllable formation of NW
kinks can be employed to fold NWs into single-
crystalline nanorings. To demonstrate its feasibility, the
successful synthesis of In2O3 nanorings is presented
(Figures 2 and 3). Because the nanorings were structur-
ally evolved from the kinked NWs, they are also catego-
rized into two types correspondingly: type I nanorings
formed by kinking and welding of an individual back-
bone NW (self-welding) and type II nanorings formed
by branch kinking and welding. Detailed structural
characterizations and formation processes of type I
nanorings are shown in Figure 2. As shown in Figure
2e inset, the initially straight In2O3 NW would kink to-
ward another perpendicular direction due to the vapor
perturbation. It is possible that the kinked tip would
contact and weld with its backbone after several pertur-
bation cycles. A representative nanoring with 3 kinks is
shown in Figure 2a. Its corresponding ED pattern (Fig-
ure 2b) reveals that the entire nanoring structure is
single-crystalline, with the kinked segments growing
along �100� and �110� directions. The formation of the
square-shaped nanoring can be attributed to the pref-
erential perpendicular kinking behavior for cubic In2O3

(see also Figure 1). The inner length of the square var-
ies from 786 to 840 nm due to the tapering of the NW,
which resulted from the uncatalyzed VS growth on the
NW sidewall.27 Here we focus on the structural analyses
of the tip-backbone joint section, since we have al-
ready shown that the kinking does not introduce any
structural defects (Figure 1 and Figure S1, Supporting
Information). An enlarged view of the tip-backbone
joint section is shown in Figure 2c. The tip growth direc-

Figure 2. Detailed structures of the type I nanorings formed by NW self-welding: (a) TEM image and (b) ED pattern of a typical
single-crystalline type I nanoring; (c) enlarged view of the tip-backbone joint section. Au catalyst can be viewed at the growth
front. (d,e) HRTEM images of the joint sections, showing the defect-free crystallographic structure. Inset in panel e is the sche-
matic diagram of the type I nanoring formation processes.
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tion was redirected to �100� direction after being in con-

tact with the backbone. The Au nanoparticle (diameter

�6 nm) verifies the VLS growth mechanism, as indi-

cated by the arrow in Figure 2c. It should be noted that

the tip successfully welded with the backbone and

formed a closed single-crystalline nanoring structure.

HRTEM images of the joint section are shown in Figure

2d,e. It can be clearly viewed that the tip and backbone

exhibit the same atomic arrangements. More impor-

tantly, no structural defects, such as twin boundaries,

were observed at the tip-backbone interface, which is

a solid evidence for the formation of single-crystalline

nanoring. The measured distance of 0.71 nm (Figure

2d,e) is consistent with the calculated spacing between

adjacent (110) planes of cubic In2O3.

A schematic diagram of the formation processes of

type II nanorings is shown in the Figure 3d inset. This

type of nanorings was formed via in situ branch growth,

kinking, and welding processes. The small Au clusters

(originating from vapor perturbation induced Au split-

ting) would direct the homoepitaxial growth of

branches. The branch may kink and weld with the other

branches in the vicinity consequently, analogous to

the individual NW in Figure 2. A representative low

magnification TEM image of the type II nanoring is

shown in Figure 3a, and an enlarged view is shown in

Figure 3c. The Au catalyst particle can also be observed

at the branch tip (Figure 3c inset). The entire nanoring

structure is single-crystalline, as confirmed by the ED re-

sult (Figure 3b). The branches initially grew along �100�

directions and then kinked toward �110� directions, par-

allel to the backbone NW. HRTEM images of the

branch�branch and branch�backbone joint sections

are shown in Figure 3 panels d and e, respectively. The

clear and continuous lattice fringes verify the defect-

free single-crystalline structure, consistent with ED re-

sult (Figure 3b).

One important phenomenon to be noted is the

nanowelding process between the NW tip and back-

bone, which is critical for the formation of single-

crystalline nanorings. A simplified model depicting the

nanowelding process is shown in Figure 4. The Au tip

would approach and contact with the backbone as the

NW growth proceeds (step 1 and 2 in Figure 4). In step

3, it should be highlighted that precipitation occurs at

both of the interfaces, that is, Au�tip and

Au�backbone interfaces, due to the identical

Figure 3. Detailed structures of the type II nanorings formed by branch-welding: (a) low-magnification TEM image; (b) ED
pattern along [101] zone axis; (c) enlarged view of the nanoring. Inset shows the Au catalyst at the tip of the branch. Scale
bar is 10 nm. (d,e) HRTEM images of the nanoring joints, showing the defect-free structure. Inset in panel d is the schematic
diagram of the type II nanoring formation processes.

Figure 4. Schematic illustration of the nanowelding processes,
including approaching (step 1), contacting (step 2), coprecipita-
tion (step 3), and welding (step 4).
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Au�In2O3 interfacial conditions. The freshly grown seg-

ments from both sides would contact and coalescence

into single-crystalline interfaces, as verified by HRTEM

analyses shown in Figures 2 and 3. Previous studies

showed that particle coalescence played an important

role in the formation of single-crystalline

nanocrystals,28�30 and this was further verified by in

situ TEM observations very recently.31 Colloidal nano-

crystals in contact with each other may merge into

larger nanocrystals or more complex structures.28�31

Similar phenomenon was also observed in vapor phase,

where single-crystalline ZnO nanorings were formed

by the contacting and coalescence of polar nanobelts.11

We expect a similar merging process for the In2O3 NW

tip and backbone when they are in contact at the high

growth temperature region (320�410 °C). Moreover,

the tip and backbone here are intersecting at the same

crystallographic planes, since kinking does not intro-

duce structural defects (Figure 1). Thus, the formation

of single-crystalline interfaces can be readily expected

according to the previous studies of oriented

attachment.28

Another type of In2O3 nanorings formed by the

welding of branch and backbone was also occasionally

observed (Figure S3, Supporting Information). However,

the frequency of occurrence is much lower than the

type I and II nanorings shown above. Previously, regu-

larly kinked zigzag chains were observed for the Si NWs

grown by chemical vapor deposition (CVD).19 We no-

ticed, however, that there was no obvious tendency for

the kinked In2O3 NWs to form regular zigzagged struc-
tures. For a typical growth round in this work, �60% of
the NWs were kinked, and part of the kinked NWs
(�20%) formed closed ring-shaped structures. It is
worth mentioning that not all the ring-shaped struc-
tures are fused/closed structures. In some cases, the NW
segments may deviate from the 2D plane where the
kinked NW lies in; and no welding happens at the tip-
backbone crossover section. A typical example of the
nonwelded nanoring is shown in Figure S4, Support-
ing Information. Although most of the kinked In2O3

NWs are 2D structures (Figure 1�3), 3D structures with
part of the kinked segments growing out of the 2D
plane were also observed (Figure S5, Supporting Infor-
mation). Similar preferential kinking within a 2D plane
was also observed previously for Si NWs although the
underlying mechanisms are unclear at the current
stage.19

We have also used our method to synthesize kinked
NWs and nanorings of another more complex ternary
oxide materialOzinc germanate (Zn2GeO4). Figure 5a is
a representative TEM image of the as-grown Zn2GeO4

NWs with multiple kinks. Note that in present work, the
changes of growth directions are treated as kinks, and
the kinked segments do not necessarily follow well-
defined crystallographic directions. The entire kinked
structure remains single-crystalline. We would like to
highlight that the preferential kinking behavior is highly
material-dependent. Unlike the strictly perpendicular
kinking observed for In2O3 NWs (Figures 1�3), erratic
kinking behaviors without obvious trends were typically
observed for the ternary Zn2GeO4 NWs (Figure 5). Not
only the kinking angles between straight segments
showed large variations (Figure 5), erratically curved
segments with “wormy” trajectories were also observed
(Figure S6, Supporting Information). However, the ex-
act reasons of why Zn2GeO4 NWs exhibited erratic kink-
ing behaviors instead of growing along preferential di-
rections are yet unclear and require further studies.

Successful welding of the kinked Zn2GeO4 NWs into
single-crystalline nanorings is shown in Figure 5b. The
numbers 1�4 indicate the sequential steps of the NW
elongation and welding processes. Unlike the square-
shaped In2O3 nanorings, the Zn2GeO4 nanoring shows
a circular shape, due to the erratic kinking behavior. HR-
TEM image of the crossover point of the two overlap-
ping segments (as indicated in Figure 5b) is shown in
Figure 5c. The identical lattice fringes of the two seg-
ments reveal clearly the single-crystalline structure of
the nanoring.

Finally, we compare our studies with literature. First,
very limited studies were previously reported to synthe-
size free-standing nanorings in vapor phase. Wang et
al. reported the synthesis of ZnO nanorings by epitax-
ial self-coiling of nanobelts.11 However, the method is
only applicable to certain material systems (such as
those with polar surfaces). The present report demon-

Figure 5. TEM and HRTEM images of single-crystalline kinked Zn2GeO4

NWs and nanorings. Unlike the preferential perpendicular kinking be-
havior for In2O3, irregular kinking was typically observed for Zn2GeO4

NWs, leading to the formation of circular nanorings.
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strates an innovative route for nanoring synthesis,

based on the kinking and welding of metal oxide NWs.

It is expected to facilitate the nanoring syntheses con-

sidering the vast and well-established synthetic method

for functional oxide NWs. Second, kinking was previ-

ously observed in Si NWs grown by CVD method, but

no closed ring-shaped Si nanostructures were

observed.19,26 As has been discussed above, the nano-

welding process is critical for the formation of closed

single-crystalline structures. Successful welding of the

tip and backbone (Figure 4) has a strict requirement of

the interfacial conditions, such as chemical composi-

tions and crystallographic orientations. Unlike metal ox-

ide NWs, nanowelding of elemental NWs (such as Si,

Ge) would be hindered since the NWs are usually asso-

ciated with surface oxides.32�34 Third, thermal evapora-

tion, a simple, less-toxic and cost-effective method,

has been widely used for metal oxide NW syntheses. It

offers, however, less controllability over the NW struc-

tures than the CVD approach. For example, delicate

modulations of the NW axial and longitude composi-

tions and doping were achieved,13,19 but this is not the

case for NWs grown by thermal evaporation. Analo-

gously, we have found that lengths of the In2O3 NW seg-

ments (Figure S7, Supporting Information) vary over a

large range even for the same growth time, in spite of

the fact that precise control of the segment lengths was

achieved in CVD grown Si NWs.19 The controllability

could potentially be improved by growing oxide NWs

using metalorganic CVD (MOCVD), which may also pro-

vide more flexibility for structural and compositional

variations. Fourth, the present study of kinking-induced

structural evolution would be of interest both for funda-

mental understanding and device applications. The

kinked NWs provide ideal platforms for direct observa-

tion of oriented attachment in 1D nanomaterials, which

has rarely been observed previously. Unlike the cases

in nanoparticles,28,29 oriented attachment of 1D NWs

are less encountered probably due to the difficulty to
contact two NWs with identical crystallographic facets.
The single-crystalline nature of the kinked NW ensures
that the two segments are intersecting strictly at identi-
cal crystallographic planes, enabling the successful for-
mation of a defect-free interface (Figure 4). The kinked/
curved NWs are also of interest for applications in future
integrated photonic circuits.35,36 The unique geomet-
ric structure of the kinked NWs can be used, for ex-
ample, to guide light around sharp and even acute
turns. Previously, NWs assembled into crossed struc-
tures were used for this purpose.35 However, the pro-
cesses required for NW assembly are usually time-
consuming and probably low-yield. Instead, kinked
oxide NWs are expected to serve as excellent alterna-
tive candidates. Moreover, the feasibility of synthesiz-
ing NWs with multiple kinks (Figure 1) enables easily the
guiding of light around multiple turns, which is not
readily achievable for assembled crossed-NWs.

CONCLUSIONS
We investigated the kinking-induced structural evo-

lution of metal oxide NWs into single-crystalline nano-
rings. The controllable formation of kinks by vapor per-
turbation can be employed to fold VLS-grown metal
oxide NWs into nanorings. Two types of typical kinking
and welding behavior of In2O3 NWs were discussed. We
explained in detail the nanowelding process, which is
critical for the formation of closed single-crystalline
structure. We also demonstrated the successful synthe-
sis of complex ternary Zn2GeO4 kinked NWs and nano-
rings, although the preferential kinking behaviors were
found to be strongly material-dependent. Fabrication of
the unique kinked and ring-shaped semiconductor
nanostructures based on the well-established and ver-
satile VLS method is expected to facilitate further stud-
ies of structure-dependent properties, as well as their
applications in functional electronic and optoelectronic
nanodevices.

EXPERIMENTAL SECTION
The NW syntheses were based on a double-tube

temperature-controlled quartz tube furnace as described previ-
ously.17 Si substrates precoated with Au thin film (6 nm) were
used to collect the products. In a typical synthesis process of
single-crystalline In2O3 nanostructures, mixed In and carbon
powder (weight ratio 2:1) was used as source material with Ar
as carrier gas. Carbon would prevent the melted In from agglom-
eration and hence maintain constant vapor pressure. The fur-
nace was heated up and held at 1000 °C. Then Ar gas was peri-
odically switched on (200 sccm, pressure 1.9 mbar) and off (no Ar
gas, background pressure 0.03 mbar) for typically 10 cycles. The
gas was turned on for 5 min and off for 5 min in each cycle. The
In2O3 nanostructures were grown at 320�410 °C. Zn2GeO4 nano-
structures were deposited at 400�500 °C by evaporating mixed
ZnO, GeO2, and carbon powders (molar ratio 2:1:3) at 1000 °C.
The perturbation conditions were kept the same as that for In2O3.
The products were characterized by field-emission scanning
electron microscopy (SEM, JEOL 7600F) and transmission elec-
tron microscopy (TEM, JEOL 2100F).
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