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a b s t r a c t

Pb-doped ZnO nanowires (NWs) have been synthesized by modified thermal evaporation method. Effect
of Pb-doping on the morphology, structure, and optical properties of as deposited NWs have been inves-
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eywords:
nO
b-doped

tigated. The TEM images show that the doped NWs consist of cantilever-like with diameter in the range
of 20–150 nm. It has been found that the doped NWs are single crystalline grown along [1 0 1] direction.
The composition and valence state of Pb ions have been investigated through energy dispersive spec-
troscopy (EDS) and X-ray photospectroscopy (XPS), which demonstrate that the Pb ions are uniformly
doped into each NW and are in +2 oxidation state. In addition, photoluminescence spectra exhibit an
increased amount of defects with increasing Pb, which leads to a red shift in the UV region. Furthermore,

Pb-do

rystalline
hotoluminescence the band gap tailoring in

. Introduction

ZnO is one of the most promising materials because of a
irect wide band gap Eg = 3.37 eV and large exciting binding
nergy 60 meV at room temperature. It has been found useful in
any applications such as optoelectronic devices, surface acoustic
ave devices, field emitters, piezoelectric, transparent conduct-

ng materials and solar cells [1–7]. Recently, intensive research
as been focused on fabricating one-dimensional (1D) ZnO nanos-
ructures such as nanotubes, nanowires (rods), and nanobelts
rings) due to their shape induced novel properties and potential
pplications [8–10]. The synthetic methods reported of 1D ZnO
anowires and nanorods include chemical vapor deposition [11],

ow-temperature wet-chemical methods [12], thermal evaporation
13], and hydrothermal syntheses [14,15].

On the other hand, doping of semiconductor with selective ele-
ents [16,17] offers an effective approach to adjust the electrical,

ptical and magnetic properties, which is crucial for their practical
pplications. Although a mass of research has been done on nanos-
ructure doping, it still remains a challenge to achieve high quality
rystalline with excellent optical and electrical properties in doped

ne-dimensional ZnO nanostructures. Furthermore, although some
roups already focused their work on Pb-doping in ZnO [18,19],
owever, the detailed study of Pb-doping is still required to under-
tand the role of Pb in ZnO NWs. As the ionic radius of Pb2+ (1.19 Å)
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ped ZnO NWs makes their potential for optoelectronics devices.
© 2010 Elsevier B.V. All rights reserved.

is larger than Zn2+ (0.74 Å), Zn is more active in chemical reaction
then Pb. In vapor reaction Pb can be easily substituted by Zn and
become Pb-doped ZnO nanomaterial. The main focus of the present
work is to investigate the effect of Pb-doping in ZnO NWs for the
future optoelectronics applications.

2. Experimental

Synthesis of un-doped and Pb-doped ZnO NWs were carried
out in a horizontal quartz tube furnace via thermal evaporation
method, where the temperature, pressure and flow rates of working
gases are well controlled. In this process, a crucible containing the
mixture of metallic Zn powder (3 g) and Pb2O3 (99.998%, Aldrich)
powders (0, 0.5, 1, 2 g) were respectively added, placed in the cen-
tral region of the quartz tube furnace and heated to 550 ◦C for 3 h.
Ar carrier gas with an O2 content of 5% flows through the quartz
tube at a rate of 150 standard cubic centimeter/min (sccm). A Si
substrate cleaned carefully, followed by supersonically in acetone,
alcohol and de-ionized water for 30 min and mounted downward
region of the furnace where the temperature was 450 ◦C. Two sam-
ples were prepared in our experiments, i.e. ZnO nanowires with or
without Pb-doping. After the reaction completed, the as-prepared
products were examined by X-ray diffraction (XRD) with Cu K�
radiation, � = 1.5418 Å, scanning electron microscope (SEM-6301F

operated at 15 kV), high resolution transmission electron micro-
scope (HRTEM-JEM2011 operated at 200 kV), energy dispersive
spectroscopy (EDS) and X-ray photospectroscopy (XPS). PL mea-
surement was conducted at room temperature using the 325 nm
line of a He–Cd laser as the excitation source.

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:jzhu@mail.tsinghua.edu.cn
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and 143.8 eV corresponding to the electronic states of Pb4f7/2 and
ig. 1. XRD pattern of un-doped and Pb-doped with (3:1) ratio ZnO nanowires. The
nset shows the SEM images of the both products.

. Results and discussions

The crystal structure and phase purity of as deposited products
as been characterized using XRD. Fig. 1 shows the XRD patterns
f the Pb-doped and un-doped ZnO nanowires (NWs) grown on
i substrate. All the major diffraction peaks in the pattern can be
ndex to pure ZnO wurtzite crystal structure. The presence of two

eak Zn peaks in the pattern reveals that a small amount of Zn
owder remains phase separated during the experiment. It is also
ound that the intensity of (1 0 1) peak is much stronger than that
f other peaks. The high intensity of (1 0 1) peak shows that the
oped nanowires are preferably grown along the [1 0 1] direction.
he doped Pb does not alter the crystal structure but it causes the
light shift in all peaks. The evaluated c-axis lattice constant of the
b-doped NWs is 0.5240 nm, which is much larger than that of
n-doped ZnO (c = 0.5109 nm) NWs. The change in the lattice con-
tants confirms the successful substitution of Pb atoms into ZnO
attice. The increase in the lattice of doped NWs can be understood
s the ionic radius of Pb2+ (1.19 Å), dopant is larger than that of Zn2+

0.74 Å). Furthermore, there are also some changes in the intensity
f diffraction peaks as compare to un-doped NWs, which may be
ttributed to the crystalline quality of the NWs.

Field emission scanning electron microscopy has been
mployed to analyze the microstructural characteristics of the

s-grown products. Fig. 2(a) shows the morphology of as-grown
n-doped and Pb-doped NWs. The morphology of un-doped
ample shows that the product consists of oriented straight NWs
ith uniform diameter in the range of ∼50–300 nm and length

Fig. 2. Field emission scanning electron microscopy images: (a) un
Engineering B 174 (2010) 55–58

in the range of microns as shown in Fig. 2(a) inset. However, the
morphology of doped sample reveals the cantilever-like NWs with
a little amount of particles as shown in Fig. 2(b). The diameter of
doped NWs in the bottom region is uniform and in the range of
∼20–150 nm. Most of the NWs have length in the range of hundred
of microns. These results clearly indicate the effect of Pb-doping
on the morphology of ZnO NWs.

In order to further investigate the microstructure of prepared
samples, the HRTEM and SAED measurements have been carried
out over individual un-doped and Pb-doped NWs, as shown in
Fig. 3(a–c). It is observed that the un-doped NW has a wurtzite
structure and the growth direction is oriented along [0 0 1] as
shown in Fig. 3(a). The HRTEM image and corresponding SAED over
a dozen of Pb-doped NWs is performed as shown in Fig. 3(b). From
HRTEM images it is found that the surfaces of Pb-doped NWs have
ripple-like edges which may appear due to the Pb incorporation.
The interplanar distance of fringes is measured to be 0.24 nm, which
correspond to the spacing of (1 0 1) planes of wurtzite ZnO. The cor-
responding SAED pattern for each NW is found to be identical to
the entire part of Pb-doped ZnO NW as shown in Fig. 3(b) inset. The
doped NWs are found to be single crystalline grown along [1 0 1]
direction. These results are also consistent with the XRD measure-
ment, in which intensity of (1 0 1) diffraction peak is higher than
that of other peaks, suggesting that (1 0 1) crystal face should be
the primary face of the Pb-doped NWs. The surface of NWs looks
to be a little rough due to the influence of Pb particles as shown in
Fig. 3(c).

The amount of Pb-doping has been investigated through EDS
elemental analysis. Fig. 3(d) shows the EDS for single Pb-doped
NW from the area indicated by arrow in the TEM image (inset). An
oxygen peak at about 0.52 keV and Zn peaks at about 1.02, 8.67 and
9.60 keV can be observed in the spectra. The signals of Cu, C and
Cr peaks come from the surface of copper grid used for TEM mea-
surement. The Pb peaks also appear at about 2.34 keV as reported
[18]. Quantitative analysis reveals that the average amount of Pb
contents is about 2% in each Pb-doped ZnO NW. Statistical analysis
of EDS measurements over dozen of Pb-doped NWs demonstrates
that the variation of Pb content is rather small and the composition
of Pb dopant is uniform throughout the specimen. Therefore EDS
results further demonstrate that Pb is incorporated into ZnO, which
is also in good agreement with the XRD results.

The valence state of the Pb element has been analyzed by
XPS. Fig. 4(a) shows the XPS survey of the Pb-doped sample. The
Pb-doped sample shows that the Pb peaks are located at 139.2
Pb4f5/2, respectively, as shown in Fig. 3(b). The existence of small
satellite peaks in the spectrum show that Pb is in +2 oxidation state
and successfully substituted into lattice. From the peak position it
is observed that the Pb binding energy peaks are slightly shifted

-doped ZnO nanowires; (b) Pb-doped NWs with (3:1) ratio.
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ig. 3. HRTEM images and their corresponding SAED patterns (inset): of (a) un-do
irection. (d) TEM image of doped nanowires. (c) EDS spectra of Pb-doped ZnO nan

owards lower binding energy side with respect to the reported
20] and have the same energy difference about 4.6 eV. The shift
n binding energy peaks is due to the successful incorporation of
b into ZnO NWs. Furthermore, the average contents of Pb are also
onsistent with EDS measurements (Fig. 3d).

The doping in ZnO has great influence on tuning the optical and
lectrical properties of NWs. Fig. 5 shows the room temperature

L spectra of un-doped and Pb-doped NWs with ratios (3:0, 3:0.5,
:1, 3:2). The un-doped NWs consist of a strong UV band peak at
78 nm and a weak broad green band centered at about 530 nm.
s compared with un-doped NWs, the doped NWs exhibit three
ajor changes in the spectrum which makes it interesting for the

Fig. 4. XPS spectra of Pb-doped (3:1) ZnO na
anowire along [0 0 1] growth direction (b) Pb-doped (3:1) ZnO grown along [1 0 1]
s. Inset is a display of individual TEM image of Pb-doped ZnO nanowire.

discussion. Firstly, a large red shift of about 10 nm in UV emission,
secondly, the increase of green emission band (which usually cor-
responds to deep-level defect transitions) and thirdly the decrease
in the intensity of UV emission. The red shift in UV (inset Fig. 5),
in other words, the narrowing in the band gap with increase in
Pb-doping may be due to the strong sp–d exchange interactions
between the band electrons of ZnO and the localized “d” electrons

of Pb2+ ions, which form band impurity states near the bottom of
the conduction band [21]. The merging of these impurity states
with the bottom of the conduction band may give rise to the nar-
rowing of the band gap. The shrinkage of the band gap towards
the visible range is normally induced by the introduction of impu-

nowires: (a) complete survey, (b) Pb4f.
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ig. 5. Room temperature PL spectra of un-doped and Pb-doped ZnO nanowires
ith ratios [a = 3:0, b = 3:0.5, c = 3:1, d = 3:2].

ity into the semiconductor [22–25]. The origin of green emission
and in the ZnO band gap has been studied intensively and is con-
idered to be due to the singly ionized oxygen vacancies, which
re responsible for this emission results from the recombination
f a photogenerated hole with a singly ionized charge state [26].
astly, the decrease in the intensity of UV emission and increase in
reen emission intensity indicates that the amount of defects (like
n interstitials) may increase with the increase in Pb-doping [27],
hich suppresses the excitonic emission of the doped NWs.

. Conclusions

In conclusion, Pb-doped ZnO NWs have been successfully syn-
hesized via a thermal evaporation method. It has been found
hat Pb dopant has strong influence on the morphology, struc-
ure and the photoluminescence properties of the ZnO NWs. The

orphology of doped NWs is found to be cantilever-like nanos-
ructure. Furthermore, the Pb-doped NWs are found to be a single
rystalline along [1 0 1] growth direction. In addition, photolumi-
escence spectroscopy exhibits a red shift in the near band edge
NBE) due to the merging of impurity levels with edge of conduc-

ion band. The tailoring in band gap of doped nanowires makes their
otential for the fabrication of novel nanoscale devices. These NWs
ould be useful in the fabrication of future optoelectronic nanode-
ices such as nanosensors, scanning nanoprobes and field emission,
tc.
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