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Introduction

Recently, one-dimensional (1D) nanostructures have
become the focus of intense research, because they provide
a good system to investigate the dependence of electrical,
optical, and thermal transport or mechanical properties on
dimensionality and size confinement. In 1998, Lieber and
co-workers reported a laser ablation method for synthesiz-
ing crystalline semiconductor nanowires[1] and made a series
of attempts to assemble these nanowires into functional
structures.[2] Based on that successful preparation, various
kinds of prototype nanodevices, such as biological nanosen-
sors,[3] logic gates,[4] and address decoders,[5] have been de-
veloped. Later, Yang and co-workers synthesized self-organ-
ized, h0001i-oriented zinc oxide nanowire arrays,[6] which
were confirmed to be the first nanolasers acting under opti-

cal excitation. This structure was also used as a template for
the “epitaxial casting” approach to single-crystal gallium ni-
tride (GaN)[7] and silicon (Si)[8] nanotube arrays. At the
same time, the nanoribbon structure, a distinctly different
but general 1D nanostructure, was discovered by Wang
et al. ,[9] further enriching the family of nanoscale building
blocks.

In the past few years, nanowires have been developed
from uniform structures to ones which have their composi-
tion and doping modulated along the axial[10] and radial[11]

directions, and are being developed towards branched struc-
tures.[12] Even more applications and new functions might
emerge if these 1D nanocrystals could be synthesized in
shapes of higher complexity than the single-shaped ones
(wires, rods, and tubes) produced by current methods.[13–18]

Herein we report the synthesis of a three-dimensional, or-
thogonal lead sulfide (PbS) nanowire array, a nanostructure
building block, as well as PbS nanowire networks with vari-
ous shapes, by means of a simple, atmospheric pressure
chemical vapor deposition (APCVD) method. The intended
product, PbS, because of its unique properties as a p–p

semiconductor with a small band gap (0.41 eV) and a large
exciton Bohr radius (18 nm),[19] has been extensively studied
in solar cells,[20] electroluminescence,[21] photolumines-
cence,[22] and mode-locking in lasers.[23]

Various methods have been used to fabricate PbS crystals.
In the early 1970s, PbS whiskers about 400 mm long and
140 mm wide were synthesized by heating PbS at 800 8C in a
vacuum chamber.[24] These crystals could also be obtained
by the reaction of sulfur and lead in liquid ammonia at
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room temperature.[25] Recently, with the development of
nanoscience and nanotechnology, more and more interest
has been focused on the production of PbS nanoparticles
and nanowhiskers. Uniform cube-shaped PbS nanocrystals
(<10 nm) were produced by mixing metal-oleylamine com-
plexes with sulfur at 220 8C.[26] Larger particles (~50 nm)
were prepared by sintering the precursor in aerosols.[27]

Even microorganisms were used to yield nanocrystals
(~5 nm).[28] With respect to nanowhiskers, most approaches
involve solutions, such as the synthesis of PbS dendrites,[12]

nanowires,[29] and PbS nanostructures inside mesoporous
silica.[14] However, few reports refer to the gas-phase route.

Our synthesis was based on the chemical vapor deposition
process between sulfur and metal chlorides under atmos-
pheric pressure.[30–32] A furnace with a horizontal quartz
tube was employed for the synthesis reactions. Lead chlo-
ride (PbCl2) powder was placed in a ceramic boat in the
middle of the furnace, where the temperature could be ex-
actly measured and adjusted, and sulfur (S) powder was
positioned upstream of this. Under flowing argon, after
heating at about 650–750 8C for 2 h, the products were de-
posited on the (100) silicon wafer placed at the downstream
end of the furnace. The specific parameters for the various
samples are listed in Table 1. The as-deposited products

were characterized and analyzed (see the Experimental Sec-
tion for details) by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), energy-dispersive
X-ray spectroscopy (EDS), and Raman spectroscopy.

Results and Discussion

Epitaxial growth of PbS arrays : The SEM images in Figures
1a and b show a typical as-prepared unit of a PbS nanowire
array (sample 1), which was deposited on a (100) silicon
wafer that had been placed 11 cm away from the center of
the furnace. The SEM image reveals that the construction of
this unique unit consists of six bundles of well-aligned PbS
nanowires and an obvious cubic crystal seed. The cube is
about 1 to 3 mm in size, and the length of the nanowires
reaches 10 mm. Each nanowire bundle is perfectly perpen-

dicular to its neighboring ones within the same seed, and
they seem to grow out of the cube surface, which suggests
that the process might be classified as homogeneous, epitax-
ial growth.

A key parameter for adjusting the size of this unit is the
proper concentration of the source materials, which is
mainly determined by the carrier gas flow rate in our prepa-
rations. Figure 1c shows the morphology of the array units
(sample 2) prepared with the same parameters as Figures 1a
and b, but with a different flow rate. On increasing the flow
rate (from 100 to 150 sccm), the lengths of the nanowire
arms range from 10 to 40 mm, which illustrates that a greater
flow rate will favor whisker growth.

PbS nanowires : We also obtained large amounts of PbS
nanowires (sample 3, Figure 2) tens of micrometers in length
by using very similar experimental parameters. The as-pre-
pared nanowires could be classified as either of two species.
Nanowires deposited at a higher temperature (T=520 8C)
are usually hard and straight, whereas those deposited at a
lower temperature (T= 450 8C) are generally soft and
curved. This evident difference may be due to the different
growth rates in different temperature zones.

TEM images of individual nanowires provide further in-
sight into the structure of these materials. The nanowires
have a typical diameter of 30 nm (Figure 2d). To verify the
crystal characteristics and growth direction, a HRTEM
image of a PbS nanowire is given in Figure 2e, which shows
that the wire is structurally uniform and consists of a single
crystal. The crystal surface of the face-centered cubic (fcc)
PbS nanowire has been indexed by means of the electron
diffraction (ED) pattern (Figure 2e, inset), and it was found

Table 1. Specific experimental parameters for the synthesis of various
samples.[a]

Sample Furnace
temperature

Substrate
location

Substrate
temperature

Ar
flow
rate

Morphology

[8C] [cm] [8C] [sccm]

1 650 11 520 100 array/wire
2 650 11 520 150 array/wire
3 650 11–12 520–450 100 wires
4 750 11 620 100 networks
5 650 13–14 380–340 50 seeds
6 700 13–14 450–410 100 seeds

[a] The synthesis run time for each sample was 120 min.

Figure 1. a) and b) SEM images of the three-dimensional nanowire array
with an observable cubic seed; c) SEM image of units of the nanowire
arrays prepared under a larger gas flow rate.
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that the h200i direction is parallel to the wire axis.
The HRTEM image exhibits well-resolved (200)
lattice planes, and the experimentally measured
lattice spacing (0.29�0.01 nm) is consistent with
the 0.2966 nm separation in bulk crystals (JCPDS
No. 78–1058), which again confirms the growth di-
rection of the as-prepared nanowire.

XRD patterns of the substrate covered with PbS
nanowires without further treatment after prepara-
tion were measured (Supporting Information,
Figure 1). All peaks could be indexed by a fcc-
structured PbS crystal with a lattice constant of a=

5.93 �, consistent with the standard values for
bulk PbS (JCPDS No. 78–1058). No peaks due to
any other phases were detected, and only the pres-
ence of Pb and S atoms were detected by EDS
analysis, all of which indicated that the nanowires
were highly pure and well crystallized.

PbS nanowire networks with various shapes : When the tem-
perature of the furnace was raised to 750 8C, we obtained
several kinds of PbS nanowire networks (sample 4) with dif-
ferent shapes, such as sphere, octahedron (hexapod whisk-
ers; Figure 3), and pyramids (tri- and tetrapod whiskers;
Figure 4). The typical size of the network was in the range
of 20 to 30 mm, and the straight nanowires present were
highly oriented in three-dimensional space.

Although the shapes are very different, all of the net-
works have the same characteristic: the nanowires are paral-
lel or perpendicular to each other, forming an orthogonal
nanowire network in three-dimensional space. Taking spher-
ical networks as an example, the average diameter of the
sphere is about 20 mm (Figure 3a), and the whole network
consists of a large amount of uniform nanowires. A high-res-
olution SEM image (Figure 3b) shows that the nanowires

grow strictly along the x, y, and z axes. Each nano-
wire is parallel or perpendicular to the one nearby,
exhibiting high orientation. The same phenomenon
appears in the other networks.

It is interesting that the orthogonal morphology
is a common structural characteristic for the sam-
ples (samples 1, 2, and 4) prepared under similar
conditions. How does this orthogonal unit grow?

Growth process and mechanism : Before discussing
the formation of the orthogonal array of nanowires
and their networks, we should first study the “crys-
tal seeds” deposited far away from the center of
the furnace (Position B; see Figure 2 in the Sup-
porting Information) relative to the nanowires
formed at the center (Position A). When the tem-
perature of the furnace rises, the temperatures of
Positions A and B rise. At any point in time, Posi-
tion B has the same temperature as that which Po-
sition A had previously, due to the temperature

Figure 2. a)–c) SEM and d) TEM images of straight and curved PbS nanowires. e) A
HRTEM image showing that the wire grows in the h200i direction. The inset shows
the ED pattern taken parallel to the [022̄] axis.

Figure 3. a) and b) Spherical and c)–e) octahedral-shaped orthogonal PbS nanowire
networks.

Figure 4. Examples of pyramidal-shaped orthogonal PbS nanowire net-
works.
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profile of the furnace. If the direction of the gas flow and a
sufficient supply of the source material are considered, sam-
ples collected at Position B might have formed earlier at Po-
sition A; this relationship may be helpful to better under-
stand the growth process. Therefore, these crystal seeds
formed at Position B were also collected for observation.

Two kinds of crystal seeds were obtained in the low-tem-
perature zone (Position B). The first one was prepared at a
furnace temperature of 650 8C. It has an almost completely
cubic morphology, and has nanowire pillars growing out of
every crystal face of the cubic seed (sample 5, Figure 5). It is

conceivable that with a temperature rise and sufficient
supply of source material, the seed would gradually turn
into an array unit described above. However, the amount of
this kind of seed or the corresponding array unit was not
very large, because accurate control is needed for the forma-
tion of a perfect crystal seed and its balanced growth in
every direction. In most cases, irregular seeds and unbal-
anced growth led to all kinds of nanowire orthogonal net-
works. Figure 6 shows these irregularly shaped crystal seeds
(sample 6), which were generally found in every experiment
carried out under similar conditions . These seeds always
had an irregular shape, and nanopillars only grew along
three to four of the six orthogonal directions. It is suggested
that they might be the original form of the PbS nanowire
networks.

Combining the study of the growth direction and the anal-
ysis of the crystal seeds, the process should be classified as
homogeneous, epitaxial growth due to crystal growth in the

six equivalent directions of h200i. Consider the nanowire
array unit, for example (Figure 7). In the first step, evaporat-
ed S and PbCl2 form a small cubic seed several micrometers
in size, which has quite a lot of defects in its surface (Fig-

ure 7a). During the reaction process, the concentration of
the source material decreases to a low level, favoring crystal
growth as long whiskers. The surface defects might serve as
the active sites for the initial growth, and uniform PbS nano-
wires grow perpendicularly out of the seed surface. As the
cubic seed has six equivalent faces (200, 020, 002, …), and
the nanowire grows in the h200i direction, this process
should be classified as homogeneous, epitaxial growth. Only
a perfectly cubic crystal seed (Figure 5) and balanced
growth in the six equivalent directions brings the typical
nanowire morphology; while any disturbance, such as irreg-
ular seed shape and unbalanced growth (Figure 6), may lead
to the orthogonal networks with various shapes.

Figure 5. A cubic crystal seed displaying balanced growth of nanopillars
from all surfaces. The bars in each picture represent 1 mm.

Figure 6. Irregularly shaped seeds with unbalanced growth of nanopillars.

Figure 7. a)–c) The different stages of the growth process and d) a sche-
matic flow diagram of these stages.
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Raman scattering of PbS nanowires : It is well known that in
a crystalline semiconductor the observed Raman shifts usu-
ally correspond to the longitudinal optical phonons (LO),
whereas, other modes, such as the transverse optical pho-
nons (TO) and the surface phonons (SP), are, in general,
not observable because of symmetry restrictions and low in-
tensities, respectively. However, as the surface-to-volume
ratio is large for nanostructured materials, it is possible to
observe the SP mode by Raman scattering measure-
ments.[33–34] The surface roughness as well as the crystal size
also play important roles in modifying the Raman spectra.
Therefore, Raman scattering has become a unique probe for
the study of nanomaterials. As no reports on the Raman
properties of PbS nanowires have appeared to date, we car-
ried out some preliminary studies to enrich the available
knowledge of the properties of this nanomaterial.

Raman scattering measurements were performed at room
temperature (300 K) using the Ar+-ion laser with an excita-
tion wavelength of 514.5 nm. The Raman scanning spec-
trometer is equipped with a charge-coupled device (CCD)
detector. A typical Raman spectrum of the PbS nanowires
with 5 mW laser power is shown in the lower half of
Figure 8. According to earlier reports,[35–37] Raman peaks at

210, 271, and 451 cm�1 should be observed, corresponding to
a 1 LO phonon mode, a two-phonon process, and a 2 LO
phonon mode, respectively. In addition, the peak or should-
er at ~190 cm�1 has been identified to be due to the SP
mode, and its intensity greatly increases with decreasing
crystal size.

In our results, one strong peak at 190 cm�1 and one
shoulder at 451 cm�1 are clearly observed. The Raman peak
due to the SP mode is so intense that the peaks at 210 and
271 cm�1 become two small shoulders, which are difficult to
characterize. This phenomenon discloses a unique property
of PbS nanowire: the strongest Raman scattering peak ap-
pears at 190 cm�1. For PbS nanocrystals, only shoulders at
190 and 205 cm�1 were observed, corresponding to 1.5 nm
and 18 nm nanocrystals, respectively.

When the laser power was increased to 15 mW, one peak
at 966 cm�1 appeared due to the photodegradation of PbS. It
should be a characteristic peak for the oxidation products
PbSO4, PbO·PbSO4, 3 PbO·PbSO4, and 4 PbO·PbSO4. The
following reactions (Equations (1)–(5)) have been proposed
upon referring to an earlier report.[38] We also measured the
Raman spectra of bulk PbS powders under the same testing
conditions. The bulk PbS powders were prepared by a
simple precipitation reaction between Pb(CH3COO)2 and
Na2S, followed by an annealing process at 573 K. Only
Raman peaks at 142, 451, and 966 cm�1 were observed,
which is quite different from the results for PbS nanocrystals
and nanowires.

PbS hv, O2
���!a-PbOþ SO2 " ð1Þ

PbS a-PbO, O2
�����!PbSO4 ð2Þ

a-PbOþ PbSO4 ! PbO � PbSO4 ð3Þ

3 a-PbOþ PbSO4 ! 3 PbO � PbSO4 ð4Þ

4 a-PbOþ PbSO4 ! 4 PbO � PbSO4 ð5Þ

Conclusion

In the future, it would be worth adding further structural
complexity to the nanocrystal family of building blocks, as
well as investigating their relationship to a nanowire struc-
ture.[39] Herein we report the synthesis of a PbS nanocrystal
building block by means of a simple, APCVD method. De-
tailed research into the intrinsic growth characteristics of
the PbS crystal suggests that many useful semiconductor ma-
terials having a cubic structure, such as PbSe, ZnSe, CdSe,
and GaN, might also be fabricated to give the same shape as
the PbS nanowires synthesized here. With proper assembly,
these unique structures might serve as special connection
parts or optoelectric transformation parts in nanoscale devi-
ces of electronic and photonic transportation. Raman spec-
tra of PbS nanowires are, for the first time to our knowl-
edge, reported here, and the characteristic peak (not a
shoulder) at 190 cm�1 could be used as a unique tool for the
study of PbS nanomaterials.

Figure 8. An optical image of the PbS nanowires recorded by a CCD de-
tector (top), and Raman spectra obtained at different laser powers
(bottom).
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Experimental Section

Materials : Lead chloride (PbCl2) was prepared by the simple precipita-
tion reaction between sodium chloride (NaCl) and lead nitrate
(Pb(NO3)2). All reagents used in this work, including NaCl, Pb(NO3)2,
and sulfur powder, were A. R. reagents (>99.99 %) from the Beijing
Chemical Factory, China, and were used as-received without any treat-
ment. Single-crystal (100) silicon (Si) wafers were cleaned prior to use by
washing with ethanol and subsequently drying in air.

Synthesis : Our crystal growth apparatus consisted of a furnace with a
horizontal quartz tube. The temperature profile was measured previously
to determine the deposition temperature. PbCl2 powder (1 mm) held in a
ceramic boat was placed in the middle of the furnace, where the tempera-
ture could be exactly measured and adjusted. Sulfur powder (0.4 g) was
placed upstream, and the (100) Si wafer was located downstream of the
boat. The temperature was raised to a particular value by using a heating
rate of 10 K min�1 under flowing argon and remained at that point for
2 h. The furnace was cooled down to room temperature slowly (about
5 Kmin�1), and the products were deposited on the Si substrate.

Characterization : The samples were characterized by using a Bruker D8
Advance X-ray diffractmeter with CuKa radiation (l =1.5418 �). The size
and morphology of the as-prepared PbS nanowires were examined by
using a Hitachi Model H-800 transmission electron microscope, a
LEO 1530 scanning electron microscope, and a JEOL JEM-2010F high-
resolution transmission electron microscope. EDS was also carried out
with the transmission electron microscopes. Raman spectra were record-
ed with an RM 2000 microscopic confocal Raman spectrometer (Ren-
ishaw, England), which had a 514 nm laser beam and a charge coupled
device detector with a 4 cm�1 resolution. The spectra were obtained by a
1–2 mm laser spot being focused on the sample.
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