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ABSTRACT: CuS/PbS p−n heterojunction nanowires arrays have been
successfully synthesized. Association of template and DC power sources by
controllable electrochemistry processes offers a technique platform to
efficiently grow a combined heterojunction nanowire arrays driven by a
minimization of interfacial energy. The resulting p−n junction materials of
CuS/PbS show highly uniform 1D wire architecture. The single CuS/PbS
p−n heterojunction nanowire based devices were fabricated, and their
electrical behaviors were investigated. The independent nanowires exhibited a
very high ON/OFF ratio of 1195, due to the association effect of electrical
switches and diodes.

In the past decade, great effort has been devoted to the
construction of heterostructured nanowires of semiconduc-

tor with modulated compositions which enable the creation of
interfaces because of their unique structures and potential
application.1−20 One-dimension (1D) axial heterojunction
nanowires provide an opportunity to develop functional materials
for use as electronic and photonic devices.12−32 Achieving
finetunability in the optical properties of colloidal nanocrystals
is one of the main focuses of research in nanoscience. 1D
semiconductor heterostructure interfaces are divided into three
categories: inorganic−inorganic,33−35 inorganic−organic,36−39
and organic−organic.40 Most of 1D inorganic−inorganic semi-
conductor heterojunctions are limited to III−V materials, such as
GaAs/GaP33 and InAs/InP.34,35 Semiconductor heterojunctions
with tunable physical behavior have attracted considerable
attention in recent years.41,42 Among different classes of semi-
conducting materials, semiconductors of the metal sulfides family
are of considerable interest for using as light-emitting diodes,
photovoltaic cells, and optical devices. Therefore, systematic
tuning of the composition, crystal phase, phase match, size, and
shape of metal sulfide semiconducting heterojunctions represents
a new field for developing next-generation, low-cost, and high-
performance energy and electronic materials. Therefore, the
development of highly stable semiconductor heterojunctions
especially based on metal sulfides has been a great challenge. A
considerable effort has been made to show that metal sulfide,
especially Ag2S/Ag and Cu2S/Cu, nanofilms are a kind of
excellent resistive switching material in previous literature
works.43−45 These nanofilms show similar resistive switching
phenomena as well as work mechanism. An interesting pheno-
menon has been reported that a negative differential resistance

(NDR) behavior could be clearly observed in Cu2S/ZnO p−n
heterojunction nanowire array systems at reverse bias,43 which
shows there still is a low resistance state at the beginning of
applied voltage turning to reverse range. A similar NDR
behavior can be observed in material of Cu2S/Cu; however, the
NDR phenomenon was more obviously due to the rectification
effect of the p−n heterojunction. The result indicates that the
p−n junction is able to create a large and highly stable ON/
OFF ratio nanodevice. In fact, the diode property can be induced
to produce the high resistance in the p−n heterojunction
nanowire array film and independent nanowire. The high
resistance produced can further increase by the diode effect,
leading to a very large ON/OFF ratio of an electrical switch,
when the p−n heterojunction nanowires possess electrical switch
properties. As far as we know, the integration of electrical switches
and diodes in p−n heterojunction nanowires has not been reported.
In this work, we have successfully constructed the CuS/PbS p−n
heterojunction nanowire arrays and studied the electrical switch
properties of the independent nanowire. The independent nanowire
exhibited a very high ON/OFF ratio of 1195, due to the association
effect of the electrical switch and diode on the heterojunction of
CuS/PbS wires. The CuS/PbS p−n heterojunction nanowires were
first prepared for testing whether the solid heterojunction in the
wires can produce the strong junction effect for realizing synergistic
(“1 + 1 > 2”) performance.
A template with a DC power source by controllable of

electrochemistry offers an ideal platform to efficiently organize
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two kinds of nanowires for forming integrative 1D ordered
nanowires driven by a minimization of interfacial energy with
advantageous optical, electrical, and magnetic properties. This
research has been directed toward nanowire hybrids with
defined morphologies and showed excellent rectification
character at the forward bias and a typical electrical switching
properties with large ON/OFF ratios under reverse bias. The
assembly route of individual nanowires of PbS and CuS easily
creates a homogeneous CuS/PbS p−n junction nanowire.
Some elegant studies have been made in synthesizing pure
inorganic 1D CuS and PbS nanowires via assembly from
corresponding pure CuS and PbS powders. The CuS and PbS
are semiconductor that has been used extensively for making
thin film and other aggregate structures for electrical conduc-
tion,46 chemical-sensing capabilities,47 and solar energy absorp-
tion.48 PbS, as a n-type semiconductor, also has been widely
used in many fields such as ion-selective sensors,49 IR detectors,50

photography,51 and solar absorbers.52

■ EXPERIMENTAL DETAILS
Synthesis. The CuS/PbS p−n heterojunction nanowires were

synthesized by a template-assisted electrodeposition method. A layer
of Au was evaporated on the one side of the anodic aluminum oxide
(AAO) template as a conducting layer, and the template was put into a

homemade electrolytic cell as a working electrode with a platinum
counter electrode. CuS nanowires were first deposited into AAO
template at a current density of 3.9 mA/cm2 in a dimethyl sulfoxide
(DMSO) solution consisting of 0.05 M CuCl2 and 0.01 M sulfur at
130 °C. After deposition, the template was washed with hot DMSO
solution (about 130 °C). Then, PbS nanowires were deposited into
the AAO template at a current density of 2.4 mA/cm2 in a DMSO
solution consisted of 0.03 M PbCl2 and 0.01 M sulfur at 130 °C. After
the deposition, the AAO templates with the grown nanowires were
immediately rinsed with hot DMSO (about 130 °C), then washed with
deionized water, and air-dried at room temperature. The CuS/PbS p−n
heterojunction nanowires samples were prepared as follows. The AAO
templates containing nanowires were pasted on aluminum foil with
conductive adhesive. Then, the AAO templates were etched by NaOH
solution (2 M) for 30 min at room temperature. After dissolving the
template, the nanowires were freed completely standing on the Au layer
and washed with deionized water several times and dried in the air.

Characterization. The CuS/PbS p−n heterojunction nanowires
were characterized by scanning electron microscopy (SEM, Hitachi
S-4800, operated at 15 KV) equipped with an X-ray energy dispersive
spectrometer (EDS) and the X-ray diffractometer (XRD, Rigaku
Dmax200, Cu Kα). The scanning rate was 0.05°/s, and the 2θ range
was from 10° to 80°. The dispersed nanowires were transferred on Cu
screen and transmission electron microscopy (TEM) measurements
were conducted with JEOL 2010 transmission electron microscopes
using an accelerating rate voltage of 200 keV.

Figure 1. SEM images of CuS/PbS p−n heterojunction nanowires. (a) Scheme of fabricating CuS/PbS p−n heterojunction nanowires. (b) Low
magnification top view SEM image. (c) Low magnification side view SEM image. (d) High magnification side view SEM image. (e) Single nanowire
SEM image and linear scanning spectrum.
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Preparation of Nanowire Devices and I−V Measurements.
The single CuS/PbS p−n heterojunction nanowire based devices were
prepared as follows. First, the momodisperse CuS/PbS p−n
heterojunctions nanowires were transferred onto SiO2/Si substrate.
Then, a layer of photoresist about 100 nm was spinning coated on the
substrate. Postprocessing of localization was based on Raiph 150
scanning electron microscopy; the outlines of electrodes were etched
by using e-beam technology. After the Cu electrodes were deposited
on the ends of the nanowires, the photoresist was washed with
acetone. Three single nanowire based devices were fabricated. The
experimental I−V data were recorded with Kethley 4200 semi-
conductor characteristic system.

■ RESULT AND DISCUSSION
The as prepared CuS/PbS p−n heterojunction nanowires were
characterized by SEM (Figure 1). The top view SEM images
show all the nanowires are vertically aligned on the Au foils.
The nanowires of CuS side were synthesized with about the
length of 10 μm for 60 min (blue side) the part of PbS was
synthesized with about the length of 30 μm for 60 min (yellow
side). The large magnification SEM image (Figure 1d) shows
the nanowires are continuous but the interfaces are not clearly
(Supporting Information Figure S1). One single CuS/PbS p−n
heterojunction nanowire was characterized by element linear
scanning which shows the dispersion of Cu element (blue) and
Pb element (red) clearly. The EDS results collected from the
heterojunction nanowire display the detailed chemical
components, indicating that the heterojunction nanowire was
indeed composed of CuS and PbS.
For further investigation, the fine structure of nanowires,

CuS/PbS p−n heterojunction nanowires, were characterized by
TEM. The low magnification TEM image (Figure 2a) shows
that there are numbers of nanowires on the Cu screen. The
closeness (Figure 2b) shows that the interface is very flat and
the two components contact tightly. Selective area electron
diffraction (SAED) was used to characterize the components of

opposite sides of the interface and showed that both CuS and
PbS nanowire are crystalline. The HRTEM images show that
the left part of nanowire is composed by CuS with a lattice
fringe spacing of 0.19 nm corresponding to the (110) plane of
the hexagonal phase of a CuS crystal. The right part of the
nanowire is composed by PbS with a lattice fringe spacing of
0.21 nm, corresponding to the (220) plane of the hexagonal
phase of a PbS crystal.
The CuS/PbS p−n heterojunction nanowires were charac-

terized by XRD (Figure 3). In this measurement, we removed
the AAO templates from the CuS and PbS nanowires arrays to
avoid the effect of the AAO templates. The CuS XRD pattern is
compared with that of the standard powder diffraction pattern
of CuS (JCPDS 79-2321)53 with hexagonal structure. There is
only one strong peak (110) indicating that there was a (110)
preferred orientation during the growth of CuS nanowires. We
did not observe any phase in the XRD pattern, such as the
elemental copper, sulfur, and Cu2S. The PbS XRD pattern is
compared with that of the standard powder diffraction pattern
of PbS (ICSD Collection Code 53093)54 with cubic structure.
There are seven peaks, and the intensity of the peak (220) is
higher than other peaks, indicating that there was a (220)
preferred orientation during the growth of PbS nanowires.
The single CuS/PbS p−n heterojunction nanowire based

devices were prepared and their electrical behaviors were
investigated. Figure 4a shows one of the three CuS/PbS single
nanowire based devices (Supporting Information Figure S2)
with two copper electrodes deposited on both ends using
e-beam technology. The linear scanning spectrum showed that
the nanowire was composed by CuS and PbS. When the bias
voltage was applied from −2 to 2 V, the nanowire showed
excellent rectification character, and the rectification ratio of the
diode was about 44.9 (Figure 4b). When the bias voltage was
applied from −6 to 6 V (Figure 4c), the nanowire not only
showed excellent rectification character but also showed
outstanding electrical switching character. At the beginning,
the voltage applied on the PbS side was positive and increased
from zero. The current increased slowly through line OA
because that the nanowire was under reverse bias. When the
applied voltage approached 6 V, point A, the current suddenly
increased quickly and a drop in voltage occurred to point B.
The electrical switching takes place through line AB. Then, the
applied voltage was decreased to zero slowly and the current
decreased to zero through line BO. If we define line OA as
representing the “OFF” state and line BO representing the
“ON” state, the ON/OFF ratio was about 1195 at point B,
about 4.86 V. When the voltage applied on the PbS side turned
to negative, the nanowire was under forward bias. The applied

Figure 2. (a) Low magnification TEM image of CuS/PbS p−n
heterojunction nanowires. (b) Closeness of CuS/PbS junction. (c)
High-resolution TEM image of CuS side: (inset up) large
magnification image of HRTEM; (down) the SAED pattern. (d)
High resolution TEM image of PbS side: (inset up) large
magnification image of HRTEM; (down) the SAED pattern.

Figure 3. XRD pattern of CuS/PbS p−n heterojunction nanowires.
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voltage decreased from zero to −6 V and then increased to
zero. The nanowire showed excellent rectification properties,
lines OC and CO. The average rectification ratio of the diode
was about 1066. All measurements were repeated three times
with the same condition in the same devices, and the results
coincided each time. The fact that these results showed such
outstanding properties is due to the association effect of
electrical switches and diodes on the junction of wires.
The electrical switching behavior of CuS/PbS p−n

heterojunction nanowires can be explained as a solid-state
electrochemical process (Figure 5).45 There is an internal
electric field (Ein) at the interface of CuS and PbS. When the
p−n junction was under reverse bias, Ein was enhanced which
decreased the diffusion of majority carriers. Now, the CuS/PbS
device was at the OFF state (with high resistance state) of the
switch. At the same time, the Cu2+ ions in CuS near the bottom
electrode began to be reduced and gradually formed Cu
filaments toward the PbS side. And then, the Pb2+ ions in PbS
were also reduced and formed Pb filaments toward to the top
Cu electrode. When the metal bridges directly touched both of
the top and bottom electrodes, the CuS/PbS device was at the
ON state (with low resistance state) of the switch. The device
would be switched off when the applied voltage is swept back,
and the metal bridges would break from the metal electrodes.
We also investigated the electrical switching properties of

CuS and PbS nanowire based devices. Under the same con-
ditions, the ON/OFF ratios of CuS and PbS nanowires were
about 64 and 20 (Supporting Information Figure S3) which
were far less than the value of the CuS/PbS p−n heterojunction
nanowires. The reason for this should be due to the p−n
junction. At the OFF state, the resistance of CuS/PbS nanowire
was far larger than those of CuS or PbS nanowires because the
p−n junction was under reverse bias. But at the ON state,
the resistances of CuS, PbS, and CuS/PbS nanowires were at
same magnitude because at this moment only metal bridges
provided the resistance. So, the ON/OFF ratio of CuS/PbS

nanowires was greatly larger than the values of CuS and PbS
nanowires.

■ CONCLUSION
We have successfully synthesized CuS/PbS p−n heterojunction
nanowire arrays. The resulting p−n junction materials of CuS/
PbS show a highly uniform 1D wire architecture with tunable
length and diameter. The nanowires exhibited a very high ON/
OFF ratio of 1195, due to the association effect of electrical
switches and diodes. Our results provide new insights into the
fabrication of new heterojunction structured materials of
inorganic semiconductors to achieve properties and functions.
The results have confirmed that the p−n junction material of
CuS/PbS as produced has distinct properties that were not
observed in the individual CuS and PbS, thereby realizing
synergistic (“1 + 1 > 2”) performance.
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