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ABSTRACT: A brushlike PbTiO; (PTO)/ZnO nanocomposite with ZnO
nanowires (NWs) grown epitaxially on the surface of single-crystal ferroelectric
tetragonal PTO NWs is successfully fabricated onto a flexible substrate via a
two-step hydrothermal process. In this nanocomposite, a ZnO NW grew along
[0001] on the (101) plane of the core PTO NW with a lattice mismatch of
1.06% to form an effective ferroelectric/semiconductor interface. It is found
that the ultraviolet photoluminescence emission of the nanocomposite could be
easily tuned by its bending curvatures at room temperature. This intriguing
phenomenon can be understood by the bending-induced polarization field from
the PTO NW, which could reduce the bending degree of the energy band of
the ZnO NWs through the interface. Throughthe design of an effective
interface, this kind of ferroelectric/semiconductor nanocomposite may find
potential applications in sensor and piezophotonic nanodevices.
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B INTRODUCTION

One-dimensional (1D) nanomaterials, such as nanorods,
nanowires (NWs), and nanotubes, have been the focus of
numerous studies to develop nanoscale and microscale
technologies.”> As a typical wide-band-gap (3.3 V) semi-
conductor, ZnO NW is demonstrated as an ideal building block
for fabricating various potential optoelectronic devices.>”®
Coupled with semiconducting properties, its piezoelectric effect
was explored to produce novel flexible nanodevices, such as
nanogenerators,7_9 sensors,'*™*? and piezoelectric field-effect
transistors.'® Recently, a flexible strain sensor has been achieved
on the basis of the piezoelectric nanocomposite material with
ZnO nanostructures embedded in a stable matrix of paper.'*
Besides, to improve the electromechanical coupling perform-
ance of the devices, perovskite-type ferroelectric PZT and other
piezoelectric materials with larger piezoelectric coeflicients have
also been investigated.ls’lé Over the past decades, 1D
perovskite ferroelectric nanomaterials have been extensively
explored because of their intriguing ferroelectric and piezo-
electric properties, such as vortex polarization, which pave the
way for promising application from nanogenerators to
ultrahigh-density memories."’~>° In addition to their intrinsic
properties, it was discovered that the reversed polarization
direction by an external electric field played a key role in
determining the transport property of the ferroelectric
materials.” For example, the ferroelectric polarization in
single-domain BiFeOj; crystals has been shown to switch the
photocurrent created by ultraviolet (UV)-light illumination.**
In the metal/ferroelectric/semiconductor heterostructures, the
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ferroelectric polarization has been determined to have an effect
on the height and width of the barrier at the interface, resulting
in corresponding low and high resistance states of the system.”
These important achievements encourage us to design a
nanoscaled ferroelectric/semiconductor heterostructure, where
some fascinating properties may be involved via the added
piezophotonic coupling at the interface.

Among ferroelectric oxides, lead titanate (PbTiO; or PTO) is
a typical material for its simple structure and very large
spontaneous polarization.”* In particular, a single-crystal PTO
NW, as a potential candidate for high-performance piezoelectric
application, has been reported numerously for its crystal
structure, doping modification, and ferroelectric phase trans-
formation in our preview work.”>™>” Combined with the facile
preparation of ZnO NW, we proposed the design of a flexible
nanocomposite with ZnO NW grown on the surface of a
perovskite PTO NW via a two-step hydrothermal method. In
this work, we report for the first time a high lattice match
degree of a single-crystal ferroelectric/semiconductor interface
at nanoscale. Interestingly, the photoluminescence (PL)
properties of the nanocomposite can be easily tuned by
bending-induced polarization effects at the interface, which
could be useful for the design and fabrication of piezophotonic
nanodevices.
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B EXPERIMENTAL SECTION

Single-crystal perovskite PTO NW powders were prepared via a
polymer-assisted hydrothermal method reported in our preview
work.”® The ZnO NWs were grown on PTO NWs through
embedding ZnO seeds onto PTO NWs, followed by a hydrothermal
process.””* The experimental details were listed in the Supporting
Information (SI).

The morphology and crystalline structure of the as-prepared PTO/
ZnO nanocomposite were characterized by a Hitachi field-emission
scanning electron microscopy (FESEM; model S-4800) at S kV and
high-resolution transmission electron microscopy (HRTEM; JEM
2010F) at 200 kV. Powder X-ray diffraction (XRD) patterns were
collected at room temperature on a Thermo ARL X'TRA powder
diffractometer with Bragg—Brentano geometry by Cu K «a radiation (4
= 1.54056 A) with 0.82 A resolution. The PL measurement of the
PTO/ZnO-nanocomposite-covered substrates bent to various curva-
tures was performed at room temperature using the 325 nm line of a
continuous-wave He—Cd laser as the excitation source.

B RESULTS AND DISCUSSION

Figure 1 illustrates the fabrication principle of the PTO/ZnO
nanocomposite. Such a layer of ZnO nanoparticle seeds with
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Figure 1. (a) Schematic depiction of the fabrication of a PTO/ZnO
nanocomposite. (b) SEM image of a typical PTO/ZnO brushlike
nanocomposite. The inset shows a high-resolution SEM image of the
composite. (c) XRD patterns of the PTO NWs (curve a) and PTO/
ZnO nanocomposite (curve b): (M) wurtzite phase of ZnO; (O)
tetroagnal peroskite phase of PTO.

diameters of 5—10 nm on the surface of PTO NWs can be
observed from the scanning electron microscopy (SEM) image
(Figure S2 in the SI). It is noted that the seed layer is necessary
because the PTO/ZnO nanocomposite cannot be attained
when this step is omitted (Figure S3 in the SI). Then ZnO
NWs are sprouted from the ZnO seeds by a simple
hydrothermal process (Figure 1a).*° The SEM images of the
ZnO NWs growing on PTO NWs are shown in Figure 1b. It is
clear that ZnO NWs, whose diameter and length are about 50

nm and 1 um, respectively, dispersed around the surface of
PTO NWs to form a ZnO/PTO nanocomposite (inset of
Figure 1b). Figure lc illustrates the XRD patterns of the core
PTO NWs (curve a) and composites (curve b) as a
comparison. Clearly, the crystal phase of PTO used as the
primary core material is tetragonal perovskite (JCPDS: 06-
0452). For the PTO/ZnO nanocomposite, all of the diffraction
peaks can be indexed as a combination of hexagonal wurtzite
ZnO (JCPDS: 036-1451) and the tetragonal perovskite PTO.

The hybrid structure was further examined using trans-
mission electron microscopy (TEM). The TEM image in
Figure 2a shows a portion of the PTO/ZnO nanocomposite. It
is noted that some branches were broken off from the surface of
the core PTO NW by sonication during the TEM sample
preparation process. A partial lattice image of branch ZnO NWs
can be observed in the inset of Figure 2a, and its corresponding
diffraction pattern obtained by fast Fourier transform (FFT)
along the [0010] zone axis is shown in Figure 2c. The 0.260
and 0.281 nm interval of the lattice fringes detected in the
image agree well with the spacing of the planes of (0001) and
(1000), separately. These results identify that the single-crystal
ZnO grows along the [0001] axis with surfaces enclosed by the
{1000} plane. Figure 2b displays the interface region of one
branch, from which the HRTEM image was achieved. Both the
branch and core are single crystalline with clear lattice fringes.
The lattice spacing of 0.284 and 0.390 nm for the core can be
indexed into the (010) and (101) planes of tetragonal
perovskite PTO. Besides, the single-crystal perovskite PTO
NW was determined to grow along the [001] axis with surfaces
enclosed by the {100} plane according to our preview work.”®
Parts d and e of Figure 2 show the FFT pattern of the lattice
image of the interface and the core PTO, suggesting that there
is an interfacial relationship between the (1000) plane of ZnO
and the (101) plane of PTO. In our experiment, the lattice
mismatch at the hybrid interfaces was evaluated to be 1.06%
along the [010] direction of PTO. The low lattice mismatch is
highly beneficial to the nucleation and growth of the branch
ZnO NWs on the PTO NWs by reducing the structural strain
in the epitaxial growth of heterogeneous structures by solution-
phase grow’ch.30 As a result, the ZnO nanocrystals, which tend
to elongate along the [0001] direction during solution growth,
prefer to nucleate and grow on the {010} planes of PTO NWs,
leading to the formation of a brushlike nanocomposite.

To better understand the growth of the ZnO NWs on the
surface of PTO NWs, the effect of the growth time was
investigated. Parts a—e of Figure 3 show the representative
SEM images of the PTO/ZnO nanocomposite after different
reaction times of 0.5, 1, 2, 4, and 6 h, respectively. With a short
growth of 0.5 h, some thin and sparse ZnO NWs began to
sprout from the seeds (Figure 3a). When the reaction time is at
1 h, the ZnO NWs vertically oriented on the surface of the
PTO cores became longer and denser, as shown in Figure 3b. It
should also be noticed that the nanocomposite has brushlike
morphology. With a further increase of the reaction time from
2 to 6 h, increases in the diameter, length, and density of the
ZnO NW branches (Figure 3c—e) can be observed. The
diameter and length of the ZnO NWs varied in the ranges of
30—200 and 200—2000 nm, respectively. Therefore, in our
experiment, the morphology of the ZnO nanostructures can be
easily tailored by the growth duration. Furthermore, as shown
in the cross-sectional SEM image (Figure 3f), the core PTO
NW lies flat on the flexible substrate, where ZnO NWs were
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Figure 2. Microstructural characterization of the heterointerface. (a) TEM image of the partial PTO/ZnO NW. The inset shows the HRTEM image
of the ZnO branch. (b) HRTEM image of the PTO/ZnO interface. The corresponding diffraction pattern obtained by the FFT pattern of the
HRTEM images of the (c) ZnO NW branches, (d) the interface, and (e) the PTO core.

Figure 3. Growth manipulation of the PTO/ZnO nanocomposite
using different reaction times: (a) 0.5 h; (b) 1 h; (c) 2h; (d) 4 h; (e) 6
h. (f) Cross-sectional SEM image of the interface between the hybrids
and substrate.

hardly able to grow between the PTO cores and poly(ethylene
terephthalate) (PET) substrate.

The optical characteristics of the PTO NWs and PTO/ZnO
nanocomposite were investigated by PL spectroscopy at room
temperature where a He—Cd laser with 325 nm wavelength was
used as the excitation source. The samples display a relatively
weak UV emission peak centered at 384 nm and a strong and
broad visible emission centered at 623 nm, whereas PTO NWs
demonstrate no PL emission response (Figure S4 in the SI).
The UV emission peak originates from a direct band excitation,
and visible PL emission is typically assigned to the interstitial
oxygen of ZnO synthesized by a hydrothermal method.*" In
order to test the bending effect on the PL properties of the as-
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synthesized composite, the sample was subjected to a bending
force and excitation simultaneously. The photograph of the
flexible PET substrate grown with a PTO/ZnO nanocomposite
(Figure SS in the SI) shows that the sample was highly flexible
and robust, which could help it endure large deformation
without cracking. Figure 4a shows the PL emission spectra from
the deformed PTO/ZnO nanocomposite measured under
different bending curvatures. As indicated in Figure 4a, the
intensity of UV and visible emission shows an obvious
increasing trend when the bending central angle is increased
from a = 0° (unbent) to @ = 190°. The enhancement of the
visible emission intensity might originate from the increasing
amounts of defects due to deformation of the samples when a
bending load is applied. No shift or splitting of the UV emission
peaks is observed when the samples are bent, which indicates
that there is no change of the photon energy for the UV
emission induced by lattice strain in the ZnO NWs.>* As
depicted in the inset of Figure 4b, when the substrate was bent
and stretched under a certain curvature, the core PTO NW
whose bottom side is directly attached to the substrate
undertook a corresponding deformation, whereas vertically
branched ZnO NWs on the up side of the PTO NW were
hardly affected. The intensity ratio of the UV-to-visible
emission (Iy/L;) was calculated to eliminate the problem of
normalization of the intensity values. Figure 4b shows the plot
of the ratio Iy /I as a function of the bending central angle. It
can be observed that a clear transition of two linear-fitting
regions appears in the curve for I/, where the intensity
ratio varies slowly at low bending curvatures but sharply
increases when a > 130°. This indicates that the bending

dx.doi.org/10.1021/am5009024 | ACS Appl. Mater. Interfaces 2014, 6, 10935—10940



ACS Applied Materials & Interfaces

=0’

(2)

o

PL Intensity (a.u.)

T T T T T T T T
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)
(©)

PTO
A
PTO n-type ZnO
\ VB
U E
\ CB

(b) "

(d)

0.14 1 WALLL p, _ _ _,ZnO NWs
0.12 ~
- 0.10
3
S 0.084
2
= 0064 T
_D
0.04
0.02
0.00 T T T T T
0 50 100 150 200
o
A
PTO n-type ZnO
\—VB
E, E;
\—
k> | CB
Wy

Figure 4. PL study of the bending sample. (a) PL spectra of a PTO/ZnO nanocomposite on a flexible PET substrate bent to different curvatures (a
is the central angle of the bending circle, and @ = 0° represents for the unbent sample). (b) Intensity ratio curve of the UV emission (at 384 nm) and
the visible emission (at 623 nm) as a function of the bending central angle. The red lines indicate linear fitting areas. The inset shows the schematic
depiction for the cross-sectional structures of the bending sample at o =180°. Schematic depictions of the PTO/ZnO nanocomposite and its
corresponding potential energy profiles (c) at the original equilibrium state and (d) at the bending condition.

enhancement effect has a critical bending curvature at @ = 130°%;
in other words, the PL intensity of UV emission in the
composite could be largely improved when the bending angle
ranged from a = 130° to 190°. However, I/l tends to
decline when the bending angle is further increased to 220° (as
shown in Figure S6 in the SI), indicating that Iy/I; = 0.15 at
a = 190° is the maximum value (about 8 times that at a = 0°).
Thus, the PTO/ZnO nanocomposite displays a high level of
flexibility and presents a linear correlation between the bending
curvature and PL intensity of the composite, which makes them
attractive for potential applications in bending sensors.

We attempted to explain the observed results by the
polarization effect originating from the ferroelectric/semi-
conductor interface, as simply depicted in Figure 4c,d. Because
the PTO/ZnO nanocomposite is free of bending, the interface
will be governed by the alignment of the polarization potential
E, of the ferroelectric material with the electrochemical
potential Fermi level Ep of the semiconductor (Figure 4c).
Through the formation of an effective interface, the band
structure of the ZnO NW bended upward and a surface
depletion region formed through the accumulation of positively
charged oxygen vacancies near the surface of the ZnO NW.>
When a bending force is loaded on the PTO NW, as
schematically shown in Figure 4d, the core PTO NW
undertook a corresponding deformation while the ZnO branch
was not affected. Then, the outer and inner bending arc
surfaces of the PTO NW, enduring stretching and compression
on the two sides, would be charged g)ositively and negatively via
the polarization effect, respectively.”® Thus, a polarization field
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pointed toward the side of the ZnO NWs could be established
along the axial direction of the PTO NW. Meanwhile, the
positively bound charge at the ferroelectric/semiconductor
interface will attract more negative charge on the surface of
ZnO NWs, which can lower the bending degree of the energy
band and the width of the depletion region (Wg). A similar
effect was confirmed at the ZnO/electrolyte interface by
applying an external positive electric field.** As a result, under
UV laser illumination, the recombination of photogenerated
electron—hole pairs in a bent PTO/ZnO nanocomposite could
be promoted and hence led to an enhanced intensity of UV
emission. However, as shown in Figure 4a, the value of Iy /I
for the PTO/ZnO nanocomposites is not prominently changed
with a small degree of bending. For one possible reason,
enough bending deformation is necessary to realize the
polarization potential effect on improving the PL emission,
and the critical bending force was reached with bending degree
a = 130° in this experiment. For another reason, the
nanocomposites in this work were randomly arranged on the
flexible substrates. When the bending degree was low, only the
oriented ones parallel to the bending direction of the flexible
substrate would take responsibility for improving the PL
property. With an increase of the bending degree, the
nanocomposites grown along other directions would sub-
sequently begin to make considerable contributions to
enhancing the PL emission intensity because they were loaded
with enough component force along their axial direction.
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Bl CONCLUSION

In summary, the PTO/ZnO nanocomposite consisting of ZnO
branches with diameters of 30—200 nm and lengths of 200—
2000 nm grown on a perovskite PTO NW has been
successfully synthesized on a PET flexible substrate with a
two-step hydrothermal method. It is found that the interfacial
relationship between the (1000) plane of ZnO and the (101)
plane of PTO with a low lattice mismatch can make a
contribution to building an effective ferroelectric/semiconduc-
tor interface. Interestingly, when a bending stress was loaded
onto the as-grown sample, the PL intensity of UV emission in
the composite was enhanced with an increase of the bending
curvature. It is proposed that the piezoelectric polarization field
in the bent PTO NWs could lower the bending degree of the
energy band for the ZnO NWs through the interface. The
findings presented here may provide an opportunity for
developing piezooptonic nanosensors by introducing ferro-
electric/semiconductor interfaces into the nanomaterials.

B ASSOCIATED CONTENT
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Experimental details, SEM images of the PTO NWs, PTO-
implanted ZnO nanoparticle seeds, and samples obtained
without coating a ZnO seed layer onto PTO NWs, PL spectra
of the PTO core NW and PTO/ZnO nanocomposite excited
by a 325-nm-wavelength laser at room temperature, photo-
graph of the PET substrates grown with a PTO/ZnO
nanocomposite under bending force, and the intensity ratio
curve of I /I as a function of the bending central angle (a =
190—220°). This material is available free of charge via the
Internet at http://pubs.acs.org.
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