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O
ne-dimensional semiconductor
nanostructures have attracted
much research interest in the past

decade because of their unique properties
and superior performances. Rationally de-
signed heterojunctions in the axial,1 radial,2

and branch3 direction with modulated com-
positions are particularly interesting for ap-
plications in solar cells,4 high-performance
field-effect transistors,5 and versatile
devices.6,7 Lately, piezoelectric ZnO nano-
wire (NW) array based nanogenerators have
been demonstrated.8 ZnO NWs can effec-
tively convert mechanical energy into elec-
tricity by utilizing its coupled effect of piezo-
electric and semiconducting properties.
Different kinds of integrated nanogenera-
tors based on this principle have been
demonstrated.9�11 This significant discov-
ery not only stimulates other potential ap-
plications of nanomaterials but also pro-
vides a new possibility for building a self-
powering system in the future.12

As important wide band gap semicon-
ductors, ZnO and ZnS have a wide range of
applications for optical and electric de-
vices. Recently, the studies of ZnO�ZnS
heterostructures with various morpholo-
gies, such as nanorings,13 biaxial nanow-
ires,14 and saw-like nanostructures,15 have
been reported. However, the synthesis of
ZnO�ZnS heterojunction NW arrays re-
mains a challenge.

In this work, we report the synthesis of
axial heterostructured ZnO�ZnS NW arrays
for the first time by a thermal evaporation
process with the presence of residual oxy-
gen. Furthermore, pure ZnS NW arrays have
been obtained by selective etching of
ZnO�ZnS NW arrays. Using the received
NW arrays, we demonstrate the first applica-
tion of heterostructured ZnO�ZnS and

ZnS NW arrays for converting mechanical
energy into electricity. The results fully sup-
port the proposed energy converting mech-
anism for piezoelectric nanogenerator.16

Cathodoluminescence properties of
samples have also been discussed in detail.

RESULTS AND DISCUSSION
Figure 1a,b shows typical low- and high-

magnification SEM images of samples, re-
vealing that NWs are uniform and grown
vertically from the substrate. The entire
structure of NW arrays can be clearly seen
from the cleaved side of samples, as shown
in Figure 1c. Vertically aligned NW arrays
were grown on ZnS buffer layers rather than
directly on a Si substrate. The Au particles
originally deposited on Si substrate may
play a role as nucleation sites for the ZnS va-
por depositing on the Si substrate and form
a continuous film. As synthesis time in-
creased and the supply of vapor was gradu-
ally decreased, NW arrays were grown on a
ZnS buffer layer, then X-ray diffraction (XRD)
was used to examine the crystal structures
of samples, and the spectrum is shown in
Figure 1d. There are two sets of peaks ap-
pearing in the XRD spectrum; one is
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ABSTRACT Vertically aligned ZnO�ZnS heterojunction nanowire (NW) arrays were synthesized by thermal

evaporation in a tube furnace under controlled conditions. Both ZnO and ZnS are of wurtzite structure, and the

axial heterojunctions are formed by epitaxial growth of ZnO on ZnS with an orientation relationship of [0001]ZnO//

[0001]ZnS. Vertical ZnS NW arrays have been obtained by selectively etching ZnO�ZnS NW arrays.

Cathodoluminescence measurements of ZnO�ZnS NW arrays and ZnS NW arrays show emissions at 509 and 547

nm, respectively. Both types of aligned NW arrays have been applied to convert mechanical energy into electricity

when they are deflected by a conductive AFM tip in contact mode. The received results are explained by the

mechanism proposed for nanogenerator.
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wurtzite structured ZnS (W-ZnS), and the other is wurtz-
ite structured ZnO (W-ZnO). Considerably strong peak
corresponding to the (0002) plane of W-ZnS indicates
preferred orientation of ZnS NWs and buffer layer. Weak
ZnO peaks in the spectrum represent small amounts
of ZnO present in samples, which may be produced by
residual oxygen during the synthesis process.

The detailed crystal structures and compositions of
NW arrays were further investigated using transmis-
sion electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS). Low-magnification and en-
larged cross-section TEM (X-TEM) images of NW arrays
are shown in Figure 2a,b, indicating NWs are grown ver-
tically on the buffer layer. Figure 2c�e shows the
atomic resolution images of three distinguished seg-
ments of a single NW, as marked with rectangles in Fig-
ure 2b, to map out the distribution of crystal struc-
tures. Figure 2c,e is taken from the top and bottom
parts of the NW; the lattice fringes are 0.521 and 0.63
nm, which correspond to the (0002) plane of W-ZnO
and ZnS, respectively. The most striking part is the inter-
face segment of ZnO and ZnS, as shown in Figure 2d.
Lattice fringes with separations of 0.263 nm at the top
part and 0.316 nm at bottom part of this figure are ob-
served, revealing that they are W-ZnO and ZnS, respec-
tively. Moreover, an epitaxial growth of ZnO above
ZnS NW is observed at the interface. It can also be seen
that a thin intermediate layer is found between, which
is due to the large lattice mismatch between ZnO and
ZnS. The epitaxial relationship of ZnO and ZnS can be
further identified as (0001)ZnO//(0001)ZnS, (01�10)ZnO//
(01�10)ZnS, and [2�1�10]ZnO//[2�1�10]ZnS, identical
crystal orientation. EDS data were collected from two
selected areas along a NW, as labeled with rectangles
of c and e in Figure 2b, and the spectra are shown in
Figure 2f,g, respectively. The results show that the top
part of the NW mainly consists of Zn and O, and the bot-
tom part of the NW is composed of only Zn and S, re-
vealing that they are ZnO and ZnS, respectively. The Si
signal in Figure 2f may originate from contamination
during XTEM sample preparation. Thus, both TEM and
EDS results consistently prove the formation of
ZnO�ZnS axial heterojunction NW arrays.

Piezoelectric responses of the ZnO�ZnS NW arrays
were examined using AFM in contact mode. The experi-
mental setup is the same as first used for demonstrat-
ing the piezoelectric nanogenerator (NG).8 The AFM tip
scanned across the sample to deflect NWs and the out-
put electrical signals were monitored continuously
across an external load. The topography (red curve
with the solid square) and voltage output (blue curve
with the hollow square) line profiles recorded from one
scan process are shown in Figure 3a, illustrating the
electrical current generating process. The output volt-
age image shown in Figure 3b was recorded simulta-
neously when the AFM tip was scanned over the
aligned NW arrays, and the scan area was 30 � 30 �m2.

Figure 1. Structure of ZnO�ZnS heterojuction NW arrays. (a,b) Low-
and high-magnification SEM images of the NW arrays, respectively. (c)
Tilted SEM image revealing that NW arrays are grown vertically on a
buffer layer. (d) Typical XRD pattern of the sample indicating the pres-
ence of wurtzite ZnS and ZnO.

Figure 2. Structure of ZnO�ZnS heterojuction NW arrays.
(a) Low-magnification XTEM image of the whole structure.
(b) Magnified TEM image of a NW. (c�e) Atomic resolution
TEM images from the top part, interface, and bottom part of
a ZnO�ZnS heterostructure NW enlarged from the rectan-
gular areas outlined in b, respectively. (f,g) Corresponding
EDS spectra acquired from top part and bottom part of the
NW, showing local compositions of ZnO and ZnS,
respectively.

A
RT

IC
LE

VOL. 3 ▪ NO. 2 ▪ LU ET AL. www.acsnano.org358



Each peak represents an electric voltage/current that
was generated by deflecting the corresponding NW,
and output voltages were around 6 mV. The negative
signals indicate that accumulated electron charges flow
from the compressed side of the NW into the Pt-coated
AFM tip. According to TEM results, ZnO is at the top
part of the NW arrays by epitaxial growth on ZnS NW ar-
rays. Therefore, the voltage outputs of NW arrays mainly
result from the interaction between W-ZnO and the Pt
tip, and consequently, the magnitude of voltage output
is in the same range as that for ZnO NW.8 By compar-
ing the profiles of the topological image and the out-
put voltage image in Figure 3a, no voltage output was
detected if the tip started to deflect the NW. Once the
tip scanned across the NW’s top and reached the com-
pressed side of the NW, an obvious negative voltage
signal was observed. Then, the signal disappeared
when the NW was released by the AFM tip.

On the other hand, vertical ZnS NW arrays can be
successfully obtained by removing ZnO parts of ZnO/
ZnS NW arrays with dilute KOH solution. Figure 4a,b
shows the top-view and side-view SEM images of pure
ZnS NW arrays, respectively. Vertical morphology of
NWs is still maintained, and ZnS surfaces are also
slightly damaged after the selective etching process. In
addition, the XRD pattern of ZnS NW arrays is shown in
Figure 4c, in which all peaks can be indexed to typical
W-ZnS. This result shows that the ZnO parts are sub-
stantially removed from ZnO/ZnS NW arrays, and the re-
maining is pure ZnS NW arrays.

Like ZnO, W-ZnS is also piezoelectric and can be
used for generating electric power under mechanical
stress. The piezoelectric properties of ZnS NW arrays
were measured using AFM under the same conditions
as for ZnO�ZnS NW arrays. Although quasi-aligned ZnS
NWs have been reported previously by Lu et
al.,17 the piezoelectric responses of ZnS NW ar-
rays were measured in this work for the first
time. The topography (red curve with the
solid square) and voltage output (blue curve
with the hollow square) line profiles of ZnS
NW arrays shown in Figure 5a provide strong
evidence for charge accumulation and re-
lease processes when deflecting a ZnS NW.
The topography and the corresponding out-
put voltage images recorded by AFM tip
when scanned over the NW arrays across an
area of 20 � 20 �m2 are shown in Figure 5b,c,
respectively, revealing that the sharp output
peaks are uniformly distributed and have simi-
lar magnitude of around 2 mV. The output sig-
nal is significantly lower than that for ZnO be-
cause ZnS has smaller piezoelectric constants
and the NWs are shorter.18

The physical principle for creating electric
potential in the NWs arises from the materi-
als’ piezoelectric property; an effective charge

accumulation and output is governed by its semicon-

ductive property and Schottky contact with the tip, as

proposed previously for ZnO8 and CdS NW.19 The strain

field across the NW is created as the AFM tip touched

and started to deflect the NW; a positive piezoelectric

potential (Vs
�) owing to the polarization of the charged

Figure 3. Application of ZnO�ZnS heterojuction NW arrays
for energy generation. (a) Topography (red curve with the
solid square) and voltage output (blue curve with the hollow
square) line profiles across a heterostructure ZnO�ZnS NW
array received by a conductive AFM tip. (b) Three-
dimensional output of the voltage output image received
from the AFM scan across a heterostructure ZnO�ZnS NW ar-
ray with an area of 30 � 30 �m2.

Figure 4. Structure of ZnS NW arrays. (a,b) Top-view and tilted-view SEM images of
ZnS NW arrays, respectively. (c) XRD pattern of ZnS NW arrays.
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ions is produced at the tensile surface,
and a negative piezoelectric potential (Vs

�)
is induced at the compressed surface.
Since the electron affinities (Ea) of ZnO
and ZnS are 4.5 and 3.9 eV,20 respectively,
the work function (�) of Pt is 6.1 eV, and
the metal�semiconductor (M�S) inter-
face (Pt�ZnO or Pt�ZnS) is a Schottky
barrier that dominates the entire trans-
port process. The Pt metal tip has a poten-
tial nearly zero (Vm � 0), while the tip is in
contact with the tensile surface of the NW,
so the interface of Pt and the tensile sur-
face of the NW is negatively biased for �V
� Vm � Vs

� � 0. In this case, the M�S in-
terface is a reverse-biased Schottky diode.
Then, the Pt tip scans across the NW and
touches the compressed surface, and the
M�S interface turns to the forward-biased
Schottky diode due to a positively biased
interface of Pt and semiconductor (�V �

Vm � Vs
� 	 0). The electric current is cre-

ated by the flow of electrons in the exter-
nal circuit as driven by the piezoelectric
potential.21 The observed output voltage
is the difference in Fermi level between
the AFM tip and the grounded side of the
NW. Details of the energy generation
mechanism has been presented in ref 12.

Cathodoluminescence (CL) is a useful
technique for investigating the optical properties of
nanostructures. Room-temperature cathodolumines-
cence spectra of samples are shown in Figure 6a. The
CL peaks for the ZnS NW arrays and ZnO�ZnS NW ar-
rays are centered at 509 and 549 nm, respectively. In the
literature, the luminescence at 509 nm of ZnS was pro-
posed due to Cu or Au impurities.22,23 Au has been em-
ployed in our synthesis, thus the blue-green emission
may result from Au impurities. The emission from
ZnO�ZnS NW arrays is located in the green region,
with its maximum intensity centered at 549 nm. Ow-
ing to asymmetric shape of the peak, multipeak Gauss-
ian fitting gives two Gaussian bands, and the Gaussian
curve fits well to the experimental curve as shown at
Figure 6b. The blue-green peak supposedly results from
ZnS, and the origin of this emission was discussed
above. The other peak located at 557 nm is contrib-
uted from ZnO, and the emission arises from the recom-
bination between holes trapped at the surface defects
and electrons trapped at the oxygen vacancy.24 The in-
set of Figure 6b shows the SEM image and the corre-
sponding CL image of ZnO/ZnS NW arrays. The bright
area of the CL image reveals the luminescent positions,
and it can be found that the main light-emitting loca-
tions are consistent with the positions of NW arrays.

In summary, we have successfully synthesized
for the first time axial heterostructure ZnO�ZnS

Figure 5. Application of ZnS NW arrays for energy generation. (a) Topography (red curve
with the solid square) and voltage output (blue curve with the hollow square) line profiles
across ZnS NW arrays. (b,c) Topography and the corresponding output voltage images
were recorded simultaneously, respectively, when the AFM tip was scanned over the
aligned ZnS NW arrays.

Figure 6. (a) Room-temperature CL spectra of ZnO�ZnS NW
arrays and ZnS NW arrays. (b) Multipeak Gaussian fitting of
the received CL spectra. Blue-green and green emissions are
contributed from ZnS and ZnO, respectively. The inset shows
the SEM image and the corresponding CL image of
ZnO�ZnS NW arrays.
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NW arrays based on a one-step thermal evapora-
tion method. TEM studies indicate that ZnO NWs are
grown on the top of ZnS NWs via epitaxial growth,
and the epitaxial relationship of ZnO and ZnS can be
identified as (0001)ZnO//(0001)ZnS, (01�10)ZnO//
(01�10)ZnS, and [2�1�10]ZnO//[2�1�10]ZnS. More-
over, ZnS NW arrays were obtained by etching
ZnO�ZnS NW arrays with dilute KOH solution. Both

heterostructured ZnO�ZnS NW arrays and ZnS NW
arrays show the potential to be used for piezoelec-
tric energy generation. The power generation mech-
anism for the two types of NWs is the same as that
for ZnO-based nanogenerators.8 In addition, cathod-
oluminescence measurements of ZnO�ZnS NW ar-
rays and ZnS NW arrays show the emission at 509
and 549 nm, respectively.

EXPERIMENTAL PROCEDURES
Synthesis of ZnO�ZnS NW Arrays. The synthesis of ZnO�ZnS

heterostructure NW arrays was carried out by thermal evaporat-
ing ZnS powders in a vacuum tube furnace under controlled con-
ditions. One gram of ZnS powder was loaded in an alumina
boat and placed at the center of the tube. Si wafers deposited
with 15 nm Au film as substrate were placed 20.5 cm away from
ZnS powders at the downstream region of the tube. After the
system was evacuated to 100 mTorr for 1 h, 50 sccm high pu-
rity argon gas was kept flowing through the tube, and the pres-
sure of the tube was controlled at 5 Torr during the whole syn-
thesis process. Then, the furnace was heated to 800 °C at a 50 °C/
min rate for 10 min, followed by heating to 1100 °C at a rate of
20 °C/min and kept at this temperature for 60 min. Furnace is
naturally cooled to room temperature after the synthesis
process.

Formation of ZnS NW Arrays. ZnS NW arrays were successfully ob-
tained by etching ZnO�ZnS NW arrays with 1 M KOH solution
for 120 min.

Morphology and Structure Characterization. The morphology, crys-
tal structures,and chemical compositions of samples were char-
acterized with T-FESEM (LEO 1530 and LEO 1550), XRD
(PANalytical X’Pert PRO Alpha-1), and TEM (FEI Tecnai G2 F20).

Piezoelectric Measurements of NW Arrays. Piezoelectric measure-
ments were performed using AFM (model MFP-3 from Asylum
Research) with a conducting Pt-coated silicon tip, which has a
cone angle of 70°. The rectangular cantilever of the AFM had a
spring constant of 1 N/m. A constant normal force of 5 nN was
maintained between the tip and NW arrays in contact mode. For
the electric contact at the bottom of the NWs, silver paste was
applied to connect the film on the substrate surface with the
measurement circuit. The output voltage across an outside load
of resistance RL of 500 M
 was continuously monitored as the tip
scanned over the NWs. No external voltage was applied during
the experiment periods.

Cathodoluminescence Measurements. Optical properties of the as-
synthesized products were characterized by cathodolumines-
cence (CL) measurements in the FESEM, which was equipped
with an electron probe microanalyzer (Shimadzu EPMA-1500)
under an accelerating voltage of 15 kV at room temperature.
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