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Vertically aligned ZnO nanowires (NWs) can be reconstructed on large scales by a solvent-evaporation-
induced method. The morphologies of the nanowires are regulated by changing the concentration of the
solution. Possible mechanism, which the compressive residual stresses and wires/wires self-attraction
can be responsible for the surface reconstruction, is addressed. Furthermore, we compare the structural

properties of ZnO nanowires before and after reconstructed.
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1. Introduction

Large-scale and controlled arrays of nanostructures are key
components for the manufacturing of nanodevices. A lot of
researches are attached on the discovery and development of
new nanoscale structures with an emphasis to control accurately
in morphology, size and structure, because these characters will
define and control the physical and chemical properties. Since
it is difficult to manipulate the morphology of the fabricated
nanostructures at large scales, most of these researches are focus
on the control over the nanostructures during the growth pro-
cess [1-6]. The morphological deformation of one dimensional
nanostructures such as silicon nanocolumns could be reversely
actuated by hydrogel which swells and contracts depending on the
humidity level [7]. Based on the remarkable physical properties of
nanoscale zinc oxide, such as semiconducting, piezoelectric (PZ),
mechanical and biocompatible properties, ZnO NWs were attracted
much attention recently. A variety of functional devices based on
ZnO nanostructures, such as gas and chemical sensors, ultraviolet
lasers, light-emitting diodes (LEDs), photodetectors, and piezoelec-
tric nanogenerators have been fabricated [8-12]. In this letter, we
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present here a facile approach with large scale processing capability
to reconstruct ZnO nanowire arrays via a solvent-evaporation-
induced process.

2. Experimental

The ZnO NWs used in our experiments were fabricated via a
simple vapor-phase transport process on Si (001) substrate in a
horizontal tube furnace described previously [13]. A mixture of
commercial ZnO and graphite powders in a certain weight ratio
(1:1) was loaded in a quartz boat served as source material. Synthe-
sis was carried out at 990 °C under a constant flow of Ar (99.99%)
with the flow rate of 100sccm for 30 min. The Si substrate was
laid above the source material with a vertical distance of 4mm. A
thin layer of ZnO was deposition on Si surface by electron beam
evaporation method with the thickness of 70 nm which used as
the nucleation template and also control the growth direction of
ZnO nanowires. After deposition a white gray layer was found
on the ZnO thin film/Si substrate surface. Field-emission scan-
ning electron microscopy shows that the as-grown nanowires are
well-aligned along the normal direction of the substrate. The as-
grown samples are vertically oriented, uniform nanowires with
diameter d=100-200 nm, height h=10-13 pm, and aspect ratios
h/d=50-130 (as shown in Fig. 1).

Poly(N-vinylcarbazole) (PVK) is a hole transport organic semi-
conducting polymer. It has been widely used as an electronic and
optical material. After tried several polymers and solvents based
on their solubility and compatible properties, PVK and chloro-
form were chosen. The commercial PVK powders were sonicated
in chloroform for 1h at room temperature with three different
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Fig. 1. FESEM images of the as-grown ZnO NW arrays on ZnO film/Si (00 1) substrate (with different magnification (a) and (b)).

concentrations (A: 10 mg/mL, B: 20 mg/mL and C: 30 mg/mL). By
dripping the macromolecular solution on the surface of the NW
arrays, the morphologies of the vertically aligned ZnO NWs were
bended during the solvent-evaporation process.

3. Results and discussion

The morphology of NWs varied with different PVK concen-
trations was monitored by the field-emission scanning electron
microscopy (FESEM) (as shown in Fig. 2). The SEM image reveals
that the adjacent NWs attach together as a result of polymer shrink-
age in lower concentration (10 mg/mL, here is labeled sample A
showninFig.2(a)). Ahoneycomblike pattern on the surface controls
the formation of a complex structure in arrays of perpendicular ori-
ented NWs by increasing the concentration of solution to 20 mg/mL
(labeled sample B, Fig. 2(b)). With the increasing of solution concen-
tration, more polymer remains on the sample surface. The fracture
can be seen from the root of some NWs in each comb (see the white
circle in the inset image of Fig. 2(b)) due to the large deflections.
The cleavage plane perpendicular to the NWs axis, that is, parallel to
the (000 1) planes [14]. Since the observation of the NWs is made
particularly difficult by the presence (and thickness) of the poly-
mer, which strongly reduces the image contrast [15]. The largest
concentration of solution (30 mg/mL, labeled sample C) makes the
polymer layer thick enough to cover the whole surface of the NWs.
And there are no clear images shown here. We found that the PVK
polymer residues on the top end of the NWs played an important
role in providing structure support to the ZnO NWs.

Trying to remove the effect of the polymer, the samples were
rinsed in pure chloroform solvent to dissolve the PVK residues.
As shown in Fig. 3(a), the morphology of the sample A did not
change after rinsing process (the inset image verified that there
was nothing left in the ZnO NWs), even after the annealing treat-
ment at 700°C for 1h in air or deposited in air for 30 days. The
similar case appears on other samples, in addition to the broken
NWs dispersed on the sample surface which is due to the absence
of polymer support (Fig. 3(b)). Especially for the sample C, a large
amount of fractured NWs can be seen on the substrate (not shown
here). Since there was no strenuous vibration used in the rinsing
process, we deduce this broken phenomenon must occur before
rinsing due to large stress may generated from polymer shrinkage
in largest concentration of the solution (30 mg/mL).

According to preliminary results shown here, we suggest
the surface reconstruction phenomenon observed is due to: (i)
compressive residual stresses resulting from polymer shrinkage
during the solvent-evaporation process, and (ii) wires/wires self-
attraction when the bended NWs attached each other. Regarding

hypothesis (i) above, the applied stress is transferred to the NWs via
a polymer chains twisting process. With the increased nanowire-
polymer affinity, the macroscopic stress transferring phenomena
are dominant [16]. Based on our previous report [17], the as-
grown ZnO NW arrays interface are hydrophobicity. This result is
further confirmed by contact angle measurements, in which the
PVK-chloroform solution filled ZnO NW arrays exhibited a contact
angle less than 15°. Therefore, it is much easier for PVK chains to
twist the whole nanowires and fill in the interspace of nanowires.
Because of the low boiling point of chloroform solvent (60 °C), the
evaporating process of solvent was fast and the polymer PVK was
left on ZnO NWs. The compressive residual stresses resulting from
polymer shrinkage transferred to the NWs via polymer cohesion
process, which leads to the bending of nanowires. Meanwhile, with
the increasing of concentration, the stresses transfer from polymer
to NWs may be sufficiently large to fracture some NWs due to the
large deflections. The apparent bending angles measured from the
SEM images range from 20° to 50°, with a majority of the angles
centered around 20-30° in sample A. The largest bending angle
in sample B is about 50° (the actual values may deviate due to the
uncertainties in the exact NWs tilting angle with respect to the elec-
tron beam). Here, we suggest that the residual strain resulting from
polymer shrinkage may contribute to the permanent deformation
and fracture of NWs (especially, in higher concentration). How-
ever, in our knowledge, many researches [6,13,18] on the bending
strength and flexibility of ZnO materials indicated that such bend-
ing angles shown in our experiment (in sample A) cannot form
plastic deformation. Recently, Wang’s group observed the dense
well-aligned epitaxial ZnO nanorod bundles to be self-attracted
after preparation for 20 days [19]. Although the bending feature in
virtue of self-attraction between the ZnO nanorods is not clear yet,
this phenomenon has been verified. Therefore, we deduce that the
solvent-evaporation process may accelerate the self-attraction pro-
cess. Evenif we rinsed the polymer, the wires/wires self-attractions
cannot be released. We deduce that both hypothesizes mentioned
above are all responsible for the surface reconstruction. In addition
to other structural parameters, such as aspect ratios h/d or the area
density of the NWs, cannot be negligible. The higher aspect ratios
and area density are, the easier the deflection of the NWs occurs in
our experiment. The mechanism of the bending properties is still
under investigation.

Furthermore, we characterized the structural properties of as-
grown ZnO NWs and bended ZnO NWs (rinsed sample A). Fig. 4
shows the X-ray diffraction (XRD) spectra of the as-grown ZnO NWs
and bended ZnO NWs. Both samples are c-axis preferred orienta-
tion, which can be confirmed by only ZnO (00 2) diffractive peak
appeared in the spectra. In contrast to the as-grown ZnO NWs, the
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Fig. 2. FESEM images of the ZnO NW arrays after dripping the macromolecular solution on the surface with different concentrations (a) for sample A, 10 mg/mL, (b) for

sample B, 20 mg/mL (the inset images shown at high magnification).

Fig. 3. FESEM images of the ZnO NW arrays after rinsing the PVK residues (a) for sample A, (b) for sample B (the inset images shown at high magnification).

bended NWs have a weaker intensity of (002) diffractive peak.
Obviously, the PVK treatment deteriorates the well-aligned ori-
entation of as-grown ZnO NWs. Meanwhile, compared the (002)
diffractive peak position of as-grown ZnO NWs(20=34.52°) with
bended one(26 =34.45°), the (00 2) positions have a little deviation.
Itis suggested that there may be some residual strain in bended ZnO
NWs during the reconstruction process.

(a)as-grown ZnO NWs
(b)bended ZnO NWs
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Fig. 4. XRD results of: (a) as-grown ZnO NWs and (b) bended ZnO NWs (rinsed
sample A).

Fig. 5 shows resonance Raman scattering spectra for (a) as-
grown ZnO NWs and (b) bended ZnO NWs at room temperature.
The first-order LO modes of ZnO resonance Raman peaks are mea-
sured to be 570 cm~!. Compared to as-grown sample, the position
of LO mode nearly maintained unchanged, but bended ZnO NWs
have stronger Raman signals. The vibration orders of ZnO resonance
Raman peaks are also increased from 4 orders to 5 orders accompa-
nied with bandwidth broadening (inset of Fig. 5). The phenomena
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Fig. 5. Resonance Raman spectra of: (a) as-grown ZnO NWs and (b) bended ZnO
NWs excited with 325 nm He-Cd laser.
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of enhancing the Raman signals have been observed in multiple-
quantum-well and superlattices structures [20,21]. Such Raman
process is due to Frohlich-interaction electron-phonon scattering
activated by the strain-generated electric fields that occur in the
multiple-quantum-well structures. To the wurtzite structure crys-
tals, stress induced in the crystals affected the E, (high) phonon
frequency obviously [22]. In our experiment the weak peak around
437 cm~!, which was contributed to the E; (high) mode, was almost
imperceptible in as-grown ZnO NWs compared with other (over-
lapping/stronger) resonance Raman scattering peaks. However, we
could also deduce that strain present in the ZnO NWs because of
the Raman phonon bandwidth broadening [23], which further val-
idates the above speculation for residual stresses.

4. Conclusions

In summary, it is demonstrated that the original vertically
aligned ZnO nanowire arrays can be large-scale reconstructed into
different morphologies via a simple solvent-evaporation process.
The compressive residual stresses and wires/wires self-attraction
can be responsible for the deformation. It enables the morpho-
logical alteration after the growth process on large scales to be
realized. In addition to its patterning benefits, there are a num-
ber of additional advantages associated with the present method.
Such solvent-evaporation-induced self-assembly nanocomposites
(consisting of inorganic nanoparticles and organic polymers) are
supposed to exhibit a host of optical, electrical, and magnetic
properties, which are far superior compared with those of the indi-
vidual components. And that, if we choose the biopolymer solution
and ZnO nanostructures (also biocompatible materials) which will
widen the scope of application to biomedicine further.
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