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In a previous study, we observed periodic polycrystalline-ZnO/amorphous-C multilayers
self-organized on the surface of Zn nanowires, which were dispersed on the amorphous carbon film
at ambient conditions after 1500 h. Such self-assembled multilayers with individual layer thickness
of �2 nm have been reproduced through a simple chemical reaction between the Zn nanowires and
the CO2 gas. Transmission electron microscopy is employed to investigate the evolution of the Zn
nanowire during its reaction with the CO2. A systematic study is carried out and a four-step
mechanism—gas phase diffusion, interfacial chemical reaction, phase separation, and
self-alignment—is proposed to explain the formation of such nanostructures. The parameters that
affected the self-assembly process including the crystallinity of the original native zinc oxide sheath
wrapping the Zn nanowires, the reaction temperature, and the reacting gases are discussed in detail
based on the experimental observations. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1957133�

I. INTRODUCTION

Self-assembled nanosized domain patterns have been
observed1–19 or predicted11,20,21 in a variety of material sys-
tems. Plass et al. reported the formation of nanoscale domain
patterns �clusters, stripes, etc.�1 on material surfaces as
driven by the periodic surface-lattice dislocations2 or by the
stress field in the substrate around each unit;3–6 Tober et al.
achieved lateral multilayer superlattices utilizing the film/
substrate interfacial strain-induced phase separation;7,8 sev-
eral pseudosuperlattices were demonstrated in the growth di-
rection of thin films as organized by growth-related driving
force;9–11 and Springholz et al. observed three-dimensional
quantum dot during the strained-layer epitaxial growth of
superlattices.12 In these systems, the mobility of atoms is a
crucial factor in the self-assembly process, and the domain
pattern formation is mostly driven by certain stress-related
field�s�. Another category of the self-assembly process usu-
ally involves specific chemical bonding between the target
material and the anchoring molecule�s�. Examples include
self-assembled Langmuir-like monolayer with short chain or-
ganic molecules,13–16 well-defined ferroelectric nanograins
on a substrate by self-assembly chemical solution deposition
method,17 self-organized patterns �islands, intermediate, and
continuous� based on the arrangement of alkyl chains on
mica surface,18 and quasiequivalent monodendritic side
groups attached to a flexible backbone as spherical and cy-
lindrical polymers,19 etc.

These observations, together with theoretical predic-
tions,11,20,21 have aroused tremendous amount of interest ow-
ing to the properties of these ordered nanosystems and their
potential applications in mechanical, magnetic, electrical,
and optical devices. With the urge of further increasing de-
vice density in limited space, and thus decreasing the size of
the device, the self-assembly of nanosized domain patterns

becomes one of the most prospective means in achieving the
final goal. Therefore, understanding the underlying physics
of the materials’ self-assembly process becomes critical in
achieving various self-organized nanostructures in the era of
nanotechnology.

In a previous study, we accidentally observed ordered
multilayers of ZnO and C self-organized on the surface of Zn
nanowires,22 where the Zn nanowires were fabricated by
thermal evaporation and were covered with an epitaxial sur-
face native oxide layer ��5 nm�.23 These nanowires were
then dispersed on amorphous carbon film and stored for over
2 months at ambient conditions, when well-organized
polycrystalline zinc oxide �p-ZnO� / amorphous carbon �a-C�
multilayers with individual layer thickness of �2 nm were
found to form periodically outside the Zn cores, taking the
place of the original surface ZnO. We refer to such ordered
structures as self-assembled multilayers �SAMs� in the later
sections.

Inspired by this observation, we carried out several ex-
periments in order to understand such self-organization pro-
cess. We have identified that solid phase diffusion of C is not
the major driving force for the SAM formation outside the
Zn nanowires, based on the experimental observation that no
SAM was observed in the carbon-coated Zn nanowires after
being stored for 2 months. The coating of the amorphous
carbon, if not completely prevents, at least slows down the
self-assembly process.22 As a comparison, we found that the
reaction between carbon-containing gases �e.g., CO2� and the
Zn nanowires resulted in the formation of SAM structures.

In this study, we have carried out a systematic study in
order to locate the critical parameters in the gas phase reac-
tion experiments, which lead to the self-assembly of ZnO/C
multilayers outside the Zn nanowire, so that the mechanisms
can be better understood. The growth model of the SAM
nanostructure is discussed in detail based on the experimen-
tal observations.
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II. EXPERIMENT

Zn nanowires were synthesized by thermal reduction of
zinc oxide using hydrogen in a vacuum tube furnace, the
settings of which had been described elsewhere.24 In brief,
ZnO powders �99.9% purity, Fisher Chemicals� were placed
in the center of tube as the source material, and Ar–5%H2

gas mixtures were introduced as the carrier gas during the
fabrication process. The tube was heated to 1000 and
1200 °C to produce Zn nanowires with different qualities. A
total pressure of 300 mbars was maintained throughout the
experiment. The final products were obtained in the low-
temperature region of the furnace.

The gas phase reactions between the Zn nanowires and
the carbon-containing gases are studied using a gas reaction
cell. The gas cell consists of a small chamber and gas feed
through �Fig. 1�. Carbon-containing gases �e.g., CO2� are
allowed to flux through the chamber over the Zn nanowires,
which were placed inside a small plastic container in the gas
cell. Samples of nanowires were taken out from the gas cell
for different reaction durations in order to study the evolu-
tion of the nanowires.

Several parameters were systematically examined in the
gas phase reaction experiments to investigate their possible
effect on the self-assembly process: �1� the crystallinity of
the ZnO sheath outside the Zn core in the nanowires �re-
ferred to as series A in later sections�, �2� the temperature
�series B�, and �3� the different reaction gases �series C�. In
series A, nanowires with different ZnO-sheath qualities
�single crystalline versus polycrystalline� were placed in the
reaction cell using CO2 gas at room temperature. Series B
was carried out using Zn nanowires with polycrystalline-
ZnO sheath in the same gas reaction cell with a hot plate to
provide elevated temperatures �100 vs 25 °C�. Series C was
carried out using Zn nanowires with polycrystalline-ZnO
sheath at 100 °C with CO and CO2 as the flux gases, respec-
tively. The evolutions of the Zn nanowires were compared
among the samples in each series.

Transmission electron microscopy �TEM, Philips
CM120 and Tecnai 20 FEG� was employed to investigate the
microstructure evolution of the nanowires at different experi-
mental conditions. The chemical compositions of the nano-
wires were examined by the energy dispersive x-ray �EDX�
spectrometer attached to the same microscope. Transmission
electron diffraction �TED� is used to examine the crystallin-
ity of ZnO in the native oxide sheath as well as that in the

SAM. Detailed microstructures and the interface�s� in the
nanowires are studied by high-resolution electron micros-
copy �HREM�.

III. RESULTS AND DISCUSSIONS

A. Freshly synthesized Zn nanowires

The chemical composition and the structure of the
freshly synthesized Zn nanowires were investigated using
TEM. The EDX results suggested that the as-synthesized
nanowires are composed of Zn and O. Figure 2�a� is a low-
magnification TEM image of a typical Zn nanowire synthe-
sized at 1000 °C. Dark/light contrast is observed in the core/
sheath region of the nanowires, suggesting the Zn-core/
ZnO-sheath nanocable configuration. The TED pattern taken
from the same nanowire in the inset of Fig. 2�a� suggests the
presence of single- crystalline Zn and ZnO. Figure 2�b� is the
corresponding HREM image of the same nanowire, which
discloses the structure details at the Zn/ZnO interface. To-
gether with the TED pattern, the high-resolution image re-
veals a good epitaxial relationship between Zn and ZnO with
both lattices relaxed. As a comparison, Fig. 3 shows the
TEM images of a typical nanowire synthesized at 1200 °C.
The ring TED pattern in the inset of Fig. 3�a� suggests the
polycrystalline nature of ZnO. This agrees well with the

FIG. 1. Schematic diagram of the reaction gas cell consisting of a small
chamber and gas feed throughs.

FIG. 2. �a� Low-magnification TEM image of a typical Zn nanowire syn-
thesized at 1000 °C. The TED pattern in the inset was taken from the same
nanowire, suggesting single-crystalline Zn and ZnO with epitaxial relation-
ship between them. �b� High-resolution TEM image of the same nanowire
showing the single-crystalline oxide sheath.
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HREM image taken from the same wire, where small grains
of ZnO ��5 nm� without any specific orientation to the Zn
core are observed in the sheath region.

B. Introducing carbon into the Zn nanowire: Gas
phase reaction with CO2

The ordered SAM started to appear in the sheath region
of the Zn nanowires, which had been placed inside a CO2 gas
reaction cell at 100 °C for 168 h. This is much more effective
compared to the over 2 months duration when the Zn nano-
wires were stored on the carbon film at ambient conditions.
Figure 4 shows a typical SAM on the Zn nanowire as in-
duced by exposure in CO2 gas. EDX taken from the nano-
wire indicates the existence of Zn, O, and C. Figure 4�a� is a
low-magnification TEM image of such structure revealing
the light-dark-light striations in the sheath region of the wire.
The corresponding high-resolution image in Fig. 4�b� shows
the well-defined multilayer structures, where the dark layer
��2 nm� appears to be polycrystalline and the light layer
��2.5 nm� appears to be amorphous. The diffraction pattern
of the same nanowire in the inset of Fig. 4�a� suggests the
existence of single-crystalline Zn �one set of diffraction
spots� and polycrystalline ZnO �diffraction rings�. Similar

results were obtained when using CO as the fluxing gas. The
difference between using CO2 and CO will be discussed
later.

The evolution of the SAM structure as a function of the
exposure time to the gas phase has been previously de-
scribed; details can be found in the published work.22 After
examining a large number of nanowires, it is found that the
outmost surface of the sheath could be terminated by either
ZnO or carbon �Figs. 5�a� and 5�b�, respectively�. The dis-
continuity of the multilayer along the axial direction of the
nanowire �as marked by arrows in Fig. 6� is commonly ob-
served in the SAM.

The above results suggest that the carbon phase in the
ZnO/C multilayers can be effectively introduced into the Zn
nanowires by gas phase reaction with CO2. In general, the
carbon-containing gas could diffuse to the Zn/ZnO interface,
where it reacts with the metal Zn to produce ZnO and C,
which finally leads to the self-organized ZnO/C multilayers
outside the Zn nanowires.

A four-step mechanism—gas phase diffusion, interfacial
chemical reaction, phase separation, and self-alignment—has
been proposed to explain the formation of such
nanostructures.22 Briefly, the diffusion of CO2 to the core/
sheath interface may resemble that of O2 during the further
oxidation process of an already oxidized Zn surface.25 The

FIG. 3. �a� Low-magnification TEM image of a typical nanowire synthe-
sized at 1200 °C. The TED pattern of the nanowire �in the inset� suggests
the polycrystalline nature of the ZnO sheath. �b� High-resolution TEM im-
age of the same nanowire.

FIG. 4. �a� Low-magnification TEM image of a nanowire with typical SAM
structure, which is induced by CO2 exposure. The TED pattern of the nano-
wire in the inset shows one set of diffraction spots �single-crystalline Zn�
and several diffraction rings �corresponding to polycrystalline ZnO�. �b�
HREM image of the nanowire showing the ordered layer structure of SAM.
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fact that the native oxide layer is usually oxygen deficient,
together with the possible defects associated with the nano-
wire cylindrical configuration, serves as the driving force for
O2 �CO2 in this case� to diffuse through the original oxide
sheath to the Zn core for reaction.

Once the carbon-containing gas diffuses to the Zn/ZnO
interface, carbon may be produced from the following
chemical reaction:

2Zn�s� + CO2�g� → 2ZnO�s� + C�s�.

The change in Gibbs free energy for such a reaction �at
room temperature� is calculated to be negative,26 which im-
plies that the reaction is thermodynamically favorable. The
small size of the Zn nanowire may promote the reactivity of
the above reaction. More importantly, ZnO is the other prod-
uct of the same reaction, which, in fact, suggests an ever-
increasing amount of ZnO as the reaction continues. This is
consistent with the experimental observation that the total
thickness of the ZnO layers in the SAM can be much larger
than that of the original ZnO sheath.22 Nevertheless, the
above reaction does not represent the possible intermediate
processes, in which other chemical reactions among Zn,
ZnO, and different carbon-containing species may be in-
volved �may include ZnO itself, defect formation, and vari-
ous intermediate species�,27–29 which cannot be directly ob-
served experimentally.

As ZnO and carbon would be continuously generated at
the original Zn/ZnO interface by the above chemical reac-
tion, one would expect phase separation of ZnO and C owing
to the immiscibility of the two phases. At the same time,
these newly formed C and ZnO at the core/sheath interface
would push the original oxide layer laterally, being away
from the core region. This would lead to the fracture of the
original oxide sheath due to the stress that resulted from the
sheath’s lateral expansion.

Thermodynamically, the system does not favor the small
ZnO particles/amorphous carbon configuration, which is as-
sociated with high interfacial energy. This serves as one of
the major driving forces of the self-organization of the ZnO
and C into layered structures, which can be achieved by
short-range migration of the two phases and resulting inter-
facial energy reduction in the system. The dynamic process
of continuous ZnO and C formation at the interface and the
inner-out motion of the sheath materials make it difficult for
an ordered layer structure formation in regions close to the
interface, and suggests that the equilibrium is first reached in
the outmost surface of the nanowire, which becomes the first
site for the ordered multilayer to appear on. Once the multi-
layers are formed at the outmost surface region, further
“pushing” process can be realized through pseudodislocation
�discontinuous ZnO layers throughout the multilayer struc-
tures� movements without destroying the already formed
multilayer structures. The observation that both ZnO and C
act as the termination surface layer in SAM �Figs. 5�a� and
5�b�� agrees with the proposed model, which must involve
the “damage” of the original native oxide layer, the migra-
tion of different phases, and the establishment of the short-
range equilibrium.

Several factors that affect the SAM formation processes
were investigated systematically.

1. Crystallinity of original oxide sheath „series A…

The as-synthesized Zn nanowires with different oxide
sheath crystallinities �single crystalline versus polycrystal-
line; details can be found in part of the freshly synthesized
Zn nanowires� are used to study the effect of the ZnO crys-
tallinity on the SAM formation. Similarly, samples were
taken out from the gas reacting cell at room temperature for
different durations. In general, ordered SAMs are observed

FIG. 5. SAM with �a� ZnO and �b� carbon as the termination surface layers.

FIG. 6. Discontinued ZnO layers �pseudodislocations� observed along the
axial direction of the nanowire �as marked by arrows�.
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in both types of nanowires when the reaction time in the gas
cell is long enough �usually after 240 h�. Nevertheless, the
SAM formation appears to be faster in the samples with the
polycrystalline native oxide sheath. A representative com-
parison is shown in Figs. 7�a� and 7�b�, which shows the
morphologies of two types of Zn nanowires after a 168-h
duration in the gas cell. It is observed that one or two of
ZnO/C alternating layers have formed in the case of the
nanowires originally with the polycrystalline sheath, while in
the case of nanowires originally with the single-crystalline
sheath only ZnO particle/carbon matrix configuration or
some ill-defined layers appear.

The above observations suggest that the SAM formation
favors the Zn nanowires with polycrystalline oxide sheath.
This is explained by the diffusion process of CO2 through the
original oxide layer. CO2 can only diffuse through the bulk
ZnO crystal in the case of Zn nanowires with single-
crystalline ZnO sheath. In the case of ZnO nanowires with
the polycrystalline oxide sheath, grain-boundary diffusion is
another route. It is known that grain-boundary diffusion has
much lower activation energy, and thus a faster rate, which
contributes to the faster SAM formation in the polycrystal-
line case.

2. Temperature „series B…

The effect of temperature on the SAM formation is stud-
ied by performing the same experiment �Zn nanowires with

polycrystalline native oxide sheath and CO2 gas� at different
temperatures �100 vs 25 °C�. Samples were collected after
different reaction durations to investigate the formation pro-
cess of the SAM structure. The SAM structure formed faster
at 100 °C compared to that at 25 °C. Representative TEM
images that demonstrate the differences of the SAM forma-
tion at the two temperatures are shown in Fig. 8. Figs 8�a�
and 8�b� show the two samples after a 72-h exposure; small
ZnO particles embedded in the carbon matrix are observed in
the sample reacted at 100 °C, and the total outer layer thick-
nesses also increase from the original �5 to �15 nm; while
in the case of the reaction at 25 °C, only a slight increase in
the outer layer thickness is observed without any obvious
morphology change. Figures 8�c� �100 °C� and 7�a� �25 °C�
show the two samples after a 168-h duration. Several ordered
ZnO/C alternating layers are formed at the outer sheath re-
gion of the nanowire reacted at 100 °C, with an average
outer-layer thickness increase to �20 nm. As a comparison,
the sample reacted at 25 °C only demonstrates one or two
less-ordered alternating layers.

Based on the above observations, we found that the
SAM formation favored an elevated temperature. It is intui-
tive that the gas diffusion process would be enhanced at el-
evated temperatures, especially in the early stage while the
sheath layer is thin. Nevertheless, the Zn core in the nano-
wire is extremely active, which would evaporate at higher
temperatures. This makes further investigation at higher tem-
peratures inappropriate.

3. Different reaction gases „series C…

CO and CO2 are two of the common carbon-containing
gases which can induce the SAM formation. Their effect on
the self-organized process is compared in series C by inves-
tigating the SAM formation on polycrystalline-sheathed
nanowires in the two mediums at 100 °C. Similar to the other
two series of experiments, samples were taken out from the
gas cell after different reacting durations and CO2 is found to
be more effective in terms of SAM formation. Figure 9�a�
shows the morphology of the nanowires reacted in CO2 for

FIG. 7. HREM images of the Zn nanowire originally with �a� polycrystal-
line native oxide sheath and �b� single-crystalline sheath. Both were taken
from the CO2 reacting cell at 25 °C after 168 h.

FIG. 8. HREM images of Zn nanowire �originally with polycrystalline na-
tive oxide sheath� exposed in CO2 reacting cell at �a� 100 °C after 72 h, �b�
25 °C after 72 h, and �c� 100 °C after 168 h. The arrows indicate the position
of ZnO particles.
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168 h, where a couple of ZnO/C alternating layers already
formed in the sheath region. As a comparison, only one or
two ZnO/C layers are formed on nanowires reacted in the
CO medium after a long reaction time of 500 h �Fig. 9�b��.

Similar to CO2, CO gas would react with the Zn at the
core/sheath interface, generating ZnO and C,

Zn�s� + CO�g� → ZnO�s� + C�s�.

The above reaction is thermodynamically favorable due to
the negative Gibbs free energy.30 Nevertheless, the result is
somewhat surprising as CO is expected to diffuse faster
through the sheath region to the core/sheath interface due to
its smaller size compared to that of CO2. However, similar to
those mentioned previously, the simple reaction mechanism
between CO and Zn nanowire does not take any possible
intermediate process into consideration. In fact, Moller et al.
had evidenced the CO oxidation on the ZnO �0001� surface
and the formation of �CO2

−� chemisorption complex during
the photodesorption process of CO and CO2.27 These reac-
tions may also contribute to the final overall chemical reac-
tions. On the other hand, the cylindrical configuration of the
nanowire �defects are expected in the sheath in order to
maintain the cylindrical configuration� provides an easy path
for the gas phase diffusion, which makes the size of the gas
molecule a less important parameter in the diffusion process.

In addition, the SAM formation rate may be affected by
other kinetic factors.

IV. CONCLUSIONS

In conclusion, periodicpolycrystalline--ZnO/amorphous-
C multilayers can be self-assembled on the surface of the Zn
nanowires via a simple chemical reaction between Zn and
CO2 �CO�. Such self-assembly process is governed by a
four-step mechanism—gas phase diffusion, interfacial
chemical reaction, phase separation, and self-alignment pro-
cess. The chemical reaction that takes place in the core-
sheath interface of the nanowires results to an inner-out
pushing force. Together with the immiscible nature of ZnO
and C phases and the large interfacial energy associated with
the ZnO-particle/C-matrix configuration, the inner-out dy-
namic process leads to the formation of the periodic multi-
layers. We also found that the SAM formation favors nano-
wires with polycrystalline native oxide sheath, elevated
temperature, and CO2 as the reaction gas.
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