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Abstract
p-type ZnSe nanowires (NWs) with tunable electrical conductivity were fabricated on a large
scale by evaporating a mixed powder composed of ZnSe and Sb in different ratios. According
to the structural characterization, the Sb-doped ZnSe NWs are of single crystalline form and
grow along the [001] direction. The presence of Sb in the ZnSe NWs was confirmed by XPS
spectra. Electrical measurement of a single ZnSe:Sb NW based back-gate metal–oxide
field-effect-transistor reveals that all the doped NWs exhibit typical p-type conduction
characteristics, and the conductivity can be tuned over eight orders of magnitude, from
6.36× 10−7 S cm−1 for the undoped sample to ∼37.33 S cm−1 for the heavily doped sample.
A crossed p–n nano-heterojunction photodetector made from the as-doped nanostructures
displays pronounced rectification behavior, with a rectification ratio as high as 103 at ±5 V.
Remarkably, it exhibits high sensitivity to ultraviolet light illumination with good
reproducibility and quick photoresponse. Finally, the work mechanism of such a p–n junction
based photodetector was elucidated. The generality of the above result suggests that the
as-doped p-type ZnSe NWs will find wide application in future optoelectronics devices.

S Online supplementary data available from stacks.iop.org/Nano/24/095603/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, one-dimensional (1D) inorganic semiconductor
nanostructures (e.g., nanowires, nanorods, nanoribbons,
nanotubes, etc) have attracted great scientific and technical
interest due to their unique optical, mechanical, chemical
and optoelectronic properties relative to their thin film and
bulk counterparts [1–3]. Considerable effort has been made
with respect to the fabrication of various nanostructured
semiconductors such as group IV (Si, Ge) [4, 5], group III–VI
(GaN, GaAs) [6, 7], group II–VI (ZnSe, CdTe) [8, 9] and
group VI (Se, Te) [10, 11] via chemical vapor deposition,

wet chemical routes and template-assisted methods [12].
On the basis of the these nanostructures, a great many
nano-optoelectronic devices including light-emitting diodes
(LEDs), visible or ultraviolet light photodetectors (UVPD),
logic circuits, chemical or biological sensors and solar
cells with exceptionally high performance have been
fabricated [13–15].

Amongst the various semiconductors mentioned above,
II–VI group nanostructures have received special research
interest [16, 17]. For example, zinc selenide (ZnSe), with
a direct band gap of Eg = 2.7 eV at room temperature,
has been extensively investigated as a candidate for blue
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light-emitting diodes and blue lasers for a long time [18,
19]. Like other II–VI semiconductor nanostructures, a
key feature of ZnSe NWs that has enabled much of
their success has been the growth of materials with
controllable electrical properties. By doping with metal
elements (e.g. Cl and Ga), namely incorporating metal atoms
into their crystal lattice, ZnSe nanowires with tunable electron
concentrations have been successfully synthesized [20–22].
Unfortunately, due to the strong self-compensation effect
and Fermi level pinning effect [23], p-type doping of ZnSe
nanostructures, in particular low resistive ZnSe nanostructures
with controllable electrical properties, is very difficult and
remains unresolved [24, 25]. Undeniably, this difficulty has
constituted the main obstacle to the development of ZnSe
based optoelectronic nanodevices. Herein, we report the
fabrication of highly conductive p-type ZnSe nanowires
with tunable Sb doping levels for crossed high performance
UVPD application. Structural characterization of the ZnSe:Sb
nanowires reveals typical single-crystal nature, with a growth
direction along [001]. Electrical property analysis of field
effect transistors (FETs) assembled from single nanowires
reveals that the conductivity of the p-type ZnSe NWs can
be readily tuned over eight orders of magnitude. A crossed
p–n junction device made from the as-prepared nanostructures
shows pronounced current rectification behavior, with a
rectification ratio as great as 103 at ±5 V. Moreover, it also
exhibits high sensitivity to visible light illumination with good
reproducibility and quick response. The working mechanism
of this new type of UVPD is finally elucidated.

2. Experiment

2.1. Synthesis of ZnSe:Sb and ZnO:Ga nanowires

The ZnSe:Sb NWs were synthesized by using ZnSe powder
(Aldrich Co., 99.99%) and antimony (Sb) powder (Aldrich
Co., 99.99%) as the source material and the p-type dopant,
respectively. In a typical experiment, a mixture of ZnSe and
Sb powder (0.2 g) was loaded into an alumina boat and
transferred to the central region of a horizontal quartz tube
furnace. Si substrates coated with 10 nm Au catalyst were then
placed down-stream, ∼10 cm from the evaporation source.
A constant H2 (5% in Ar) gas flow of 30 standard-state
cubic centimeters per minute (sccm) was fed and the pressure
in the tube was kept at 200 Torr throughout the growth
process. The evaporation source was heated up to 1000 ◦C
and maintained at this temperature for 1 h. After growth,
the system was cooled down to room temperature and the
Si substrates with a layer of yellow wool-like product were
taken out of the furnace. In this work, in total three samples
with varied Sb doping levels were synthesized and marked as
samples 1, 2 and 3, corresponding to the increasing antimony
powder mixture to ZnSe mass ratio of 0.5%, 5% and 10%,
respectively. The synthesis of the ZnO:Ga NWs in this study
was achieved by using a vapor phase transport process which
has been reported previously [26].

2.2. Structural characterization

The phase, morphology and crystal structure of the antimony
doped ZnSe nanowires were characterized using an x-ray
diffractor (XRD, Rigaku D/Max-γ B with Cu Kα radiation),
field effect scanning electron microscopy (FESEM, Philips
XL 30 GEG) and high-resolution transmission electron
microscopy (HRTEM, CM 200 FEG, operated at 200 kV)
equipped with selected area electron diffraction (SAED). The
chemical composition of the product was analyzed by x-ray
photoemission spectroscopy (XPS) which was performed on
a VG ESCALAB 220i-XL surface analysis system equipped
with a monochromatic Al x-ray (1486.6 eV) source. PL
analysis was performed on a Fluorolog3-TAU-P at room
temperature with an excitation wavelength of 325 nm.

2.3. Device fabrication and characterization

Single NW based field-effect transistors (FETs) were
fabricated for electrical property analysis. Briefly, the NWs
were first dispersed on a SiO2 (300 nm)/p+-Si substrate with
the desired density. Then, two parallel Au (70 nm) source
and drain electrodes were defined by photolithography and
an electron-beam evaporation method. Finally, the remaining
photoresist was removed by a simple lift-off process. During
device analysis, the deposited metal electrodes served as
source and drain, while the p+-Si substrate served as the
global back gate. To fabricate the crossed p-ZnSe NW/n-
ZnO:Ga NW junction device, ZnO:Ga NWs were firstly
dispersed on a SiO2 (300 nm)/p+-Si substrate with the desired
density. Then, two Ti electrodes (70 nm) connecting the NWs
were fabricated by photolithography and a metal evaporation
process. Replication of this process vertical to the ZnO NWs
leads to the formation of a crossed p–n junction diode. To
analyze the photoresponse of the device, monochromatic UV
light with wavelength of 365 nm from a Hg lamp was focused
and guided onto the sample perpendicularly. All the electrical
measurements were performed at room temperature using a
semiconductor characterization system (Keithley 4200-SCS).

3. Results and discussion

The as-collected ZnSeNWs on Si wafer were directly
transferred into an SEM chamber for morphology study.
Figures 1(a)–(c) show the representative FESEM images
of samples 1, 2 and 3, respectively, from which we can
see that the products are largely composed of wire-like
fibers with lengths of tens of micrometers, and no apparent
contaminants or impurities are visualized. Figure 1(d) shows
a typical TEM image of an NW with a diameter of ∼200 nm.
The corresponding lattice resolved image from HRTEM
(figure 2(c)) reveals a d-spacing value of 0.67 nm, in good
accordance with the c lattice constant of ZnSe. This growth
direction along [001] was further confirmed by the selected
area electron diffraction (SAED) pattern. Figure 1(f) depicts
the typical XRD patterns of both intrinsic and Sb-doped
ZnSeNWs, in which all of the diffraction peaks could be
assigned to wurtzite ZnSe (JCPDS No. 80-0008) and no
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Figure 1. SEM images of ZnSe nanowires with different Sb doping levels: (a) sample 1, (b) sample 2 and (c) sample 3. (d) A typical TEM
image of an individual ZnSe nanowire from sample 3; the inset shows the corresponding SAED pattern. (e) HRTEM image of the ZnSe:Sb
NW; the inset shows the fast Fourier transform (FFT) pattern. (f) The XRD patterns of the undoped and doped ZnSe NWs.

Figure 2. (a) The XPS survey spectrum of ZnSe:Sb NWs (sample 1). (b) The Sb 3p3/2 spectra of ZnSe nanowires with different doping
levels. (c) PL spectra of both undoped and Sb-doped ZnSe NWs.

impurity peaks were observed, indicating the high phase
purity of the products. In addition, the diffraction peaks of the
Sb-doped ZnSe NWs do not show obvious peak broadening
or peak shift compared with the standard ZnSe single-crystal
structure, suggesting that the introduction of impurity atoms
into the crystal lattice hardly influences the crystal quality of
the NWs.

The incorporation of Sb atoms into the ZnSe NWs was
checked by the XPS analysis. Figure 2(a) shows a typical
XPS survey spectrum of sample 1, in which four typical peaks
located at 285, 532.5, 55.5 and 1022 eV due to C 1s, O 1s,
Se 3d and Zn 2p, respectively, are observed. As is often seen
in other nanostructures, the presence of oxygen and carbon is

attributable to surface adsorption and, as usual, its influence
can be omitted. It should be noted that the binding energies
(BEs) of O 1s and Sb 4d, the characteristic peak of the Sb
atom, happen to be almost identical. Thus, the Sb 3p, as
opposed to Sb 4d, was scanned individually to further quantify
the doping level. Figure 2(b) shows the spectrum of Sb 3p3/2

from the three Sb-doped samples. The Sb contents in the ZnSe
NWs (samples 1, 2 and 3) are estimated to be 0.2%, 1.2% and
2.3% (wt%) from the XPS spectrum, respectively. Figure 2(c)
depicts the PL spectra of the ZnSeNWs, excited by the beam
of a 325 nm laser atan excitation power of 100 mW. It is
obvious that a dominant emission band ascribable to the deep
level (DL) emission of ZnSe at 624 nm (1.99 eV) is observed
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for all of the samples. Remarkably, the DL emission becomes
stronger upon Sb doping, which is probably due to increasing
DL defects, such as nonstoichiometric defects and/or stacking
faults and dislocations [27, 28].

To compare the electrical conduction of the as-doped
ZnSe nanowires, I–V analysis of single NWs was carried
out. In this study, Cu/Au metal was chosen as the electrode
material as it can form good contact with nominal contact
resistance [29]. Figure 3(a) depicts the typical I–V curves
measured from the samples with different doping levels.
The ideal linearity of the I–V curves confirms the Ohmic
contact between the ZnSe:Sb NWs and the Cu/Au electrodes.
Significantly, it is found that the introduction of Sb atoms
can greatly increase the electrical conductivity of the ZnSe
NWs. The conductivity of undoped NWs is as low as 6.36 ×
10−7 S cm−1, virtually electrically insulative for electron
transport. However, the conductivity increases dramatically
to ∼0.280 S cm−1 for sample 1, to ∼3.32 S cm−1 for
sample 2 and to ∼37.3 S cm−1 for sample 3. To check
the reproducibility of this doping method, similar electrical
characterization on 40 NWs (10 NWs for each sample)
was performed. The results are summarized in figure 3(b).
Basically, most of the slightly doped NWs (sample 1) show
conductivities between 10−2 and 10−1 S cm−1. For sample
2, most NWs have a conductivity value in the range of
1–10 S cm−1. For the heavily doped samples (sample 3),
the conductivity values fall in the range of 101–102 S cm−1.
Remarkably, for all the samples, the conductivities are
characterized by a narrow distribution.

Next, a back-Gate semiconductor field-effect transistor
(FET) based on an individual ZnSe NW was fabricated
to study the electrical transport properties of the Sb-doped
ZnSe NWs (figure 4(a)). Figure 4(b) shows the electrical
characteristics of a representative ZnSe NW FET fabricated
from sample 1. The source–drain current (IDS) versus
source–drain voltage (VDS) curves were measured under a
varied gate voltage (VG) from +40 to −40 V at steps of
40 V. It is noted that the device exhibits an apparent p-type
gating effect; that is, when VG decreases (increases), the
conductance increases (decreases) correspondingly. The inset
of figure 4(b) shows the corresponding transfer curves at 5 V.
The turn-on threshold voltage is derived to be 42 V by fitting
the linear part of the IDS–VG curve. Assuming a cylinder
on an infinite plate model for the ZnSe NW based FET, the
channel capacitance can be described by the formula C =
2πε0εSiO2L/cos−1(t/h), where t,L, r, d, t and εSiO2 represent
the distance between the substrate and the center of the NW
(300 nm), the channel length of the NW (∼5 µm), the radius
of the ZnSe NW (∼100 nm) and the dielectric constant of
SiO2 (3.9), respectively. Furthermore, the µh can be further
estimated from the channel transconductance (gm) of the
nano-FET by using the following equation:

µh = gmL2/CVDS. (1)

Based on these values, a hole mobility of ∼3.18 ×
10−2 cm2 V−1 s−1 for NWs from sample 1 is obtained. In
addition, the hole concentration is estimated to be 5.50 ×

Figure 3. (a) I–V curves of ZnSe:Sb NWs with varied doping levels
in the dark. The lower right inset shows the I–V curve of an undoped
ZnSe NW, the upper left inset shows a representative SEM image of
a single ZnSe NW connected by two parallel Cu/Au electrodes. (b)
Conductivity histogram for four kinds of samples, 10 NWs for each
sample; the measurements were all carried out in the dark.

1019 cm−3 from ρ = 1/σ = 1/nqµ. Similar p-type operating
characteristics were observed on FET devices made from
samples 2 and 3 as well. Analogous analysis of I–V data
leads to transconductances of 2.66 and 17.50 pS and a hole
mobilities of 2.19× 10−1 and 1.52 cm2 V−1 s−1 for samples
2 and 3, respectively (figures 4(c) and (d)). The moderate
increase in hole mobility with increasing doping level is
possibly associated with the change of semiconductor/metal
contact barrier. The key device parameters of the ZnSe:Sb NW
FETs with varied doping levels are summarized in table 1,
according to which it is found that with increase of Sb content
in ZnSe NWs, the transconductance, conductivity, hole
mobility and concentration are all improved considerably. It is
worth mentioning that the conductivity of the p-type ZnSe:Sb
NWs is about 2–3 orders of magnitude larger than those
of ZnSe:As and ZnSe:Bi NWs [24, 25]. More importantly,
the activation of doped atoms can be conveniently achieved
without resorting to post-treatment such as fast annealing,
suggesting that the Sb atom is a very efficient dopant for
p-type doping of ZnSe NWs.

In order to explore the potential for device applications,
p-type NWs from sample 3 together with n-type ZnO:Ga were
used to assemble complementary crossed p–n nanostructures.
The scheme in figures 5(a)–(d) schematically illustrates the
flow chart to fabricate a p-ZnSe:Sb NW/n-ZnO:Ga NW
junction. Briefly, the Ga doped ZnO NW was first dispersed
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Figure 4. (a) Schematic illustration of the back-gate ZnSe NW metal–oxide field-effect-transistor. Electrical transfer characteristics of
ZnSe:Sb NWs with different doping levels. (b)–(c) IDS–VDS curves of sample 1 (b), sample 2 (c) and sample 3 (d). All insets show the
corresponding IDS–VGS curves at VDS = 5 V.

Table 1. Summary of the key device parameters of the FETs based on ZnSe:Sb NWs with different doping levels.

Sample No.
Doping
density (%) gm (ns) σ (S cm−1) µp (cm2 V−1 s−1) p (1019 cm−3)

Undoped 0 — 6.36× 10−7 — —
1 0.2 0.385 0.28 3.18× 10−2 5.50
2 1.2 2.660 3.32 2.19× 10−1 9.47
3 2.3 17.50 37.33 1.52 15.30

on a SiO2 (300 nm)/p+-Si substrate; two Ti electrode contacts
(70 nm) were then deposited on the ZnO NW. To form
the crossed contact, a ZnSe:Sb NW was then mechanically
transferred across the ZnO NW using a contact printing
technique [30], followed by deposition of a copper–gold
electrode (4 nm Cu/70 nm Au). An SEM image of the p–n
junction device is shown in figure 5(e). For the sake of
convenience, the two electrodes connecting the ZnO NW are
defined as ‘1’ and ‘2’, while the two electrodes connecting the
ZnSe NW are defined as ‘3’ and ‘4’ (figure 5(d)).

Figure 6(a) shows the I–V characteristics of the crossed
hetero-junction diode. Obviously, the junction exhibits
distinctive rectification behavior which is characteristic of a
p–n junction. Specifically, little current (less than 6 nA) is
observed at a reverse bias of −5 V. The current begins to
increase dramatically at a forward bias of ∼0.9 V. Moreover,
the forward current (IF) of the junction at 5 V is 4.3 µA,
while the reverse leakage current (IR) at−5 V bias is less than
4.13 nA, yielding a rectification ratio (IF/IR) as great as 103

at ±5 V. For such a p–n junction diode, the rectification curve
can be expressed using the following equation:

Ipn = I0(eVpn/nKT
− 1). (2)

Figure 5. (a)–(d) Schematic illustration of the step-wise process for
the fabrication of a ZnSe:Sb NW/ZnO:Ga NW p–n junction. (e) A
typical SEM image of the p–n junction device.

In equation (2), the ideality factor n can be described by

n =
q

KT

dVpn

d ln Ipn
, (3)
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Figure 6. (a) The I–V characteristics of the crossed p–n junction measured at ambient conditions in the dark; the upper left inset shows the
semi-log plot of the rectifying curves and the lower right inset shows the testing mode (1–4). (b) The I–V characteristics of the individual
ZnO NW (1–2) and the ZnSe NW (3–4). (c) The photoresponse of the p-ZnSe:Sb NW/n-ZnO:Ga junction diode (1–4) under illumination
with 365 nm UV light. (d) The photoresponse of the single ZnO:Ga NW (1–2) and the ZnSe:Sb NW (3–4) under illumination with 365 nm
UV light. During the photodetection measurement, the light intensity and the bias voltage were kept at 100 µW cm−2 and −5 V,
respectively. The UV light was switched on and off manually.

where I0 is the reverse bias leakage current and K and T
are the Boltzmann constant and the temperature in kelvins,
respectively. By fitting the rectification curve, a value of n =
1.88 was obtained. This ideality factor is larger than unity, and
can be ascribed to the series resistance and various defects
as a result of the lattice mismatch between the ZnSe:Sb and
ZnO:Ga NW interfaces [31]. To unveil the origin of these
current rectification characteristics, the contacts of both doped
n-type ZnO:Ga NW/Ti and p-type ZnSe:Sb NW/Cu:Au were
also analyzed. Figure 6(b) shows the I–V data recorded from
electrodes ‘1’–‘2’ and ‘3’–‘4’, from which two linear and
symmetric curves were observed. This result suggests that
very good contact (Ohmic contact) without any barriers was
formed at the semiconductor/metal interfaces. Thus, it can be
concluded that the observed rectifying behavior is due to the
crossed p-type ZnSe:Sb NW/n-type ZnO:Sb NW contact.

Notably, when it was illuminated with UV light
from a Hg lamp (wavelength: 365 nm), the crossed
ZnSe:Sb NW/ZnO:Ga NW junction displayed pronounced
photoresponse. Figure 6(c) shows the time photoresponse
measured at room temperature under illumination. It is seen
that the electrical current increased sharply and stabilized in
a high-conduction state upon light radiation, but it decreased
quickly to a low-conduction state after the UV light was
turned off, with very good stability and reproducibility. The
current on/off ratio was as high as 60. It should be noted
that the performance of the p–n junction diode is superior to
that of photoconductive type PDs solely composed of ZnO
NW or ZnSe NWs (figure 6(d)). The cause of the weak or

blind photoresponse of ZnO or ZnSe NWs is probably the
short carrier lifetime of the photogenerated minority, as a
consequence of the presence of a huge amount of deep level
impurities that can act as effective recombination centers. In
addition to the relatively large on/off ratio, careful analysis
of the crossed junction device also reveals a rise and fall time
of less than 1.0 s, much quicker than that of a UVPD solely
made of a single ZnO:Ga NW. This quick photoresponse is
probably due to the unique working mechanism, as will be
discussed later.

To evaluate the device performance in a more quantitative
way, the responsivity (R), gain (G) and detectivity (D∗), three
essential parameters reflecting the sensitivity of a UVPD to
incident light, were calculated. For the crossed p-ZnSe:Sb
NW/n-ZnO:Ga NW junction UVPD, the three parameters can
be expressed as [32, 33]:

R (A W−1) =
Il − Id

Popt
= η

(
qλ

hc

)
G, (4)

G =
Nel

Nph
=
τ

τtr
, (5)

D∗ =

√
A

2qId
R, (6)

where Il is the photocurrent, Id is the dark current, Popt is
the incident light power, η is the quantum efficiency, h is
Planck’s constant, c is the speed of light, λ is the incident
light wavelength, A is the area of the UVPD and q is the
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Figure 7. (a) Energy diagrams of the ZnSe:Sb NW/ZnO:Ga NW p–n hetero-junction UVPD at zero bias (a) and reverse bias (b).

Table 2. A summary of the performance of the ZnSe:Sb NW/ZnO:Ga NW UVPD. Values from previous reports are also provided for
comparison.

Materials
Responsivity (R)
(A W−1) Gain (G)

Detectivity (D∗)
(cm Hz1/2 W−1)

This work 5.2× 105 1.77× 106 5.5× 1014

ZnO NW [36] ∼0.055 ∼102 7.43× 1011

ZnS:Al NW [37] 8.8× 105 4.3× 106 —
ZnS:Cl NW [32] 8.2× 105 4.0× 106 —
ZnSe [38] — — 1.4× 1010

ZnTe NW [39] 2.2× 103 1.5× 104 —
ZnTe:Sb NR [40] 4.8× 104 1.2× 105 4.8× 1013

ZnTe:Sb NR/Si [40] 1.8× 103 4.2× 103 —
CdS NR [41] ∼104 100 —
CdSe NW [42] 10–100 0.05 —

charge of an electron. Physically, the photoconductive gain
(G) is defined as the ratio between the number of electrons
collected per unit time (Nel) and the number of absorbed
photons per unit time (Nph), or the ratio of carrier lifetime
(τ ) to carrier transit time (τtr). The detectivity (D∗) represents
the normalized radiation power required to give a signal
from a photoconductor that is equal to the noise. Assuming
η = 1 for simplification, R, G and D∗ are estimated to be
5.2× 105 A W−1, 1.77× 106 and 5.5× 1014 cm Hz1/2 W−1,
respectively (cf the supporting information available at
stacks.iop.org/Nano/24/095603/mmedia). Table 2 lists these
key parameters from this work and other semiconductor
nanostructure based UVPDs. To the best of our knowledge,
the detectivity is the largest ever reported. Moreover, the
responsivity and detectivity of our device are comparable to
those of ZnS:Al and ZnS:Cl NW based UVPDs, but much
higher than those of UVPDs assembled from ZnO, ZeTe and
ZnTe:Sb NWs and visible light PDs from CdS and CdSe NWs.
Although the underlying reason for the very high responsivity,
gain and detectivity is not clear at this stage, we think that
the following factors are the possible reasons. (1) The novel
device configuration of the p–n nano-junction diode. Our
crossed device is largely relying on a tiny contact with an area
of less than 10−8 cm−2, in contrast to traditional nanostructure
based UVPDs in which a relatively long nanowire or a
nanoribbon with a relatively large working area is employed.
This feature makes it possible to detect UV irradiation
with high sensitivity. (2) The long photogenerated minority

carrier mean lifetime. As we will discuss later, electron–hole
pairs will be efficiently separated by the large electric field
formed at the space charge region. As a result, the carrier
lifetime is greatly prolonged due to reduced electron–hole
recombination.

Unlike the traditional single NW based photoconductive
type UVPD [34], our crossed junction UVPD is capable
of detecting UV light illumination in a different way.
Figures 7(a) and (b) illustrate the energy band diagrams of
the p–n hetero-junction diode at both zero and reverse biases.
As a result of the difference in energy levels, a built-in
electric field (Vbi) with the direction ZnO NW to ZnSe
NW is formed at the interface. When the diode is reverse
biased, namely, a positive value of VR is added to Vbi, the
UVPD will have a depleted region with a high electric field
which serves to separate the photogenerated electron–hole
pairs very efficiently (figure 7(b)). Upon incident UV light
(365 nm) illumination, a tremendous amount of electron–hole
pairs on both the ZnSe:Sb NW and ZnO:Ga NW sides will
be generated. When the electron–hole pairs diffuse to the
interface of the NWs, they will be separated by the huge
built-in electric field (Vbi+VR) and immediately collected by
the electrodes. These carriers continue to drift and finally form
the photocurrent in the circuit [35]. When the light is turned
off, the photogenerated minority carrier drops sharply and
the diode shuts off under reverse bias, thus the photocurrent
disappears very quickly.

7

Administrator
高亮

http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia
http://stacks.iop.org/Nano/24/095603/mmedia


Nanotechnology 24 (2013) 095603 B Nie et al

4. Conclusion

In summary, we have presented the large-scale synthesis of
p-type ZnSe NWs by using a simple thermal evaporation
method, in which Sb powder was used as the dopant.
Structural characterization indicated that the as-obtained ZnSe
NWs were of single-crystal type, with growth orientation
along the [001] direction. Electrical analysis of the Sb-doped
ZnSe nanowires revealed that by increasing the Sb content in
the source materials from 0.5, to 5, to 10%, controllable p-type
ZnSe NWs could be readily achieved, with the conductivity
increasing from∼0.28, to 3.32, to 37.3 S cm−1. In addition, a
crossed p–n junction diode was assembled from the as-doped
ZnSe:Sb NW and ZnO:Ga NW. It was observed that the
device exhibited distinctive rectification behavior, with a
rectification ratio as high as 103 at ±5 V. Remarkably, in
reverse bias, it was highly sensitive to 365 nm ultraviolet
(UV) light irradiation, with a response time of less than 1 s.
It is anticipated that these ZnSe:Sb NW building blocks will
open up significant potential for the assembly of nanoscale
optoelectronic devices.
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