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One of the most fascinating areas of nanoscience is the study
of one-dimensional nanostructures.[1] From our materials
chemistry viewpoint the idea of bringing the size of nanowires
down to a point where nanoscale colloidal analogues of
polymers can be studied is most stimulating. This direction
has been the subject of intense study that promises to develop
a new class of materials in which the topological properties of
polymers can be coupled with quantum size effects and
inorganic crystalline materials.[2,3] Our strategy goes in a
singular direction: instead of connecting nanocrystals by
ligand chemistry[4] or dipole interactions[5] we aim to synthe-
size colloidal nanowires thin enough to display polymer-like
behavior.

Colloidal chemistry has in recent years shown that
virtually any composition can be obtained as colloidal nano-
crystals of the most diverse shapes.[6] Much work though still
needs to be done in the area of pnictide chalcogenides for
which very few syntheses are available for obtaining colloi-
dally stable products[7–10] and none to our knowledge has
shown fully demonstrated quantum size effects. Pnictide
chalcogenides (Bi2S3 in particular) are in fact known to show
extremely wide changes in the bandgap energy and conduc-
tivity with changes in stoichiometry.[11,12]

In the present work we report a “low”-temperature, gram-
scale route to Bi2S3 nanowires of unprecedented thickness
(< 2 nm), with a necklace architecture, strong excitonic
features never before seen in bismuth chalcogenides, and
extremely high extinction coefficients. The wires are colloi-
dally stable for months even after extensive purification.

The nanowires were obtained by injecting a solution of
sulfur in oleylamine into a saturated solution of bismuth
citrate in oleylamine at 130 8C (see Supporting Information).
The nanowires start nucleating immediately after injection
and are shown in Figure 1a. The wires are below 2 nm in
diameter and display remarkable size uniformity as well as a
lack of extensive branching (even though branching points
can be seldomly observed). The length of the wires could not
be measured rigorously due to their melting under e-beam
irradiation, but light scattering measurements indicate their
length can be in the order of several microns. Strikingly, the
diameter of the wires does not change during growth
(Supporting Information), as it will be later shown. In
Figure 1b we show a Z-contrast TEM image, which indicates
the melting the wires undergo upon e-beam irradiation. The
inhomogeneity in the droplet spacing is a hint to the
nanowire9s texture that will be highlighted later.

The HRTEM image obtained from the wires (Figure 1c)
shows some slightly elongated nanocrystals. The fact that only
certain parts of the wires show lattice fringes at a given time
indicates their polycrystalline microstructure. The lattice
spacing that is evidenced in Figure 1c corresponds to the
(021) planes of the Bi2S3 structure.

The reaction is highly scalable due to the high concen-
tration of the reagents and its high yield (> 60%): multigram
quantities can be routinely obtained in a laboratory environ-
ment. Figure 1d depicts over 17 grams of nanowires produced
in the course of a single reaction (ca. 350 mL).

Unlike for single-crystalline ultrathin nanowires,[13–15] the
powder X-ray diffraction (XRD) pattern for the Bi2S3 nano-
wires (Figure 2a) is devoid of relatively sharp features, which
seems to indicate a rather isotropic nanocrystalline compo-
nent. In ultrathin nanowires, the different coherence lengths
along the different crystallographic directions, which are due
to the high aspect ratio and small size, give rise to sharp peaks
on an broad background.[13–15] In this case, the XRD pattern is
more consistent with a spherical nanocrystal system: Rietveld
refinement of the XRD pattern was successfully accom-
plished by using the Bi2S3 unit cell as well as a spherical
particle model with a 1.6 nm size, consistent with the micro-
scopy data (Supporting Information). It is important here not
to overestimate the accuracy of Rietveld refinement when it
comes to nanocrystal shape determination but it is safe to say
that we are not dealing with a one-dimensional single crystal.
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Reasonably strong variations in nanocrystal size and shape
can also be expected: for example, the nanocrystals shown in
Figure 1c are elongated to about 5 nm along the wire. We
think—and the HRTEM and SAED investigations support
this idea—that this anomalous elongation allowed them to
resist e-beam irradiation without melting due to the greater-
than-average crystal volume. The elongated shape is not the
result of melting-recrystallization, as the melt forms spherical
droplets (Supporting Information), especially considering the
very high hydrophobicity which is expected of such a fluid.

Absorption spectroscopy allowed us to characterize the
quantum confinement effects in the wires. The UV/Vis
absorption spectrum of a representative sample is shown in
Figure 2b. A second derivative analysis of various spectra
from different samples allowed us to identify three peaks
within the band-edge absorption background. To claim that
the peaks are indeed due to quantum confinement effects, an
at least qualitative agreement with the effective mass
approximation (EMA) theory should be expected. Given
the extremely small size of the wires, the sensitivity to the e-
beam, and the consequent inaccuracy in the size determina-
tion, we relied on a test which would only rely on spectral
features.[16] If one plots the normalized confinement energies
(NCE) of the x transition (defined as (Ex�Eg)/(E1�Eg)) as a
function of the confinement energy of the first transition one
obtains the NCE plot. According to the EMA, the NCE
should be independent of the confinement energy of the first
transition thus giving a straight horizontal line on the NCE
plot.[17] As shown in Figure 2c, the NCE from the second and
third transitions are approximately constant, suggesting that

we are indeed observing quantum
confinement effects. The unprece-
dented oscillator strengths of these
transitions also strongly suggest
that we are facing a case of three-
dimensional quantum confinement
instead of the two-dimensional
quantum confinement expected
for nanowires. This is the first time
that excitonic features are clearly
identified in bismuth chalcogenides
at room temperature, and this is
likely due to the fact that structures
of this size and shape were never
obtained before. The only model
that justifies all the observed data is
a necklace model in which Bi2S3
nanocrystals of approximately
spherical shape are separated
within the wire by amorphous
regions or grain boundaries. Mon-
itoring the excitonic features during
nanowire growth confirmed that
the nanowires do not grow in thick-
ness in the reported conditions: the
excitonic peaks remained virtually
unchanged during the entire course
of a 3 h reaction (Supporting Infor-
mation).

At this point any statements on the possible growth
mechanism of the wires would be premature. One can though
speculate that we are not dealing with an oriented attachment
mechanism, as the wires are not single crystals. The stability in
thickness during the reaction also seems to indicate that at
about 1.6 nm the ribbonlike structure of Bi2S3 reaches a stable
configuration, much like in magic clusters, such that any
further growth in thickness is unfavored at least in these
thermodynamic conditions. The presence of such a minimal
building block is further corroborated by the observation of
very similarly sized nanostructures in the isostructural and
chemically similar Sb2S3.

[15,18] The mechanism by which these
building blocks attach forming nearly periodical interfaces is
unknown.

Amaterial property that is of fundamental importance for
practical and theoretical purposes is the extinction coefficient.
Compared to spherical nanocrystals, the particularly chal-
lenging aspect of measuring this quantity in these nano-
structures lies in the difficulty in determining their size with
enough accuracy. We thus decided to express the extinction
coefficient in terms of bismuth concentration.

The amount of bismuth was measured by two independent
techniques: inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and thermogravimetric analysis
(TGA). The resulting value of extinction coefficient from
both techniques is plotted in Figure 2d and the relatively
small difference between the two curves gives an idea of the
error that has to be taken into account in this sort of
measurements.[19,20] The extinction coefficient per cation at
500 nm was found to exceed 7400m�1 cm�1, nearly an order of

Figure 1. Microscopic characterization of Bi2S3 necklace nanowires. TEM (a) and ZC-TEM (b) of the
Bi2S3 nanowires deposited on a carbon coated grid; c) HRTEM of nanowire fragments—the ellipses
highlight the areas of the wire where the orientation of the crystalline lattice of the nanocrystals is
parallel to the beam—the lattice spacing of 0.298 nm highlighted in the Figure corresponds to (021)
planes of the Bi2S3 structure; d) demonstration of ultralarge scale synthesis obtained from a
�350 mL reaction: the wires depicted have been stripped off the ligand by hydrazine treatment.
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magnitude higher than what we observed in PbS nanocrystal
quantum dots, which are known for their high extinction
coefficient.[20] This result is somewhat unexpected since Bi2S3
has a considerably larger bandgap than PbS (1.3 eV vs.
0.41 eV) and a comparable refractive index[21] (� 4). The
reason might lie in the giant oscillator strength effect
predicted by the EMA which has thus not been observed
consistently in quantum dot systems.[19,20,22,23] This effect
predicts that the oscillator strength (per volume) of optical
transitions in semiconductors would be proportional to r�3

and thus would justify such a strong oscillator strength in such
diminutive structures as the ones we report here.[24]

While single-wire measurements are beyond the scope of
this report, the electrical properties of Bi2S3 nanowire films
could be easily measured and the results are shown in
Figure 3. To obtain these results Bi2S3 nanowire films were
spin-coated onto highly resistive glass slides, and two square
co-planar aluminum contacts (1 cm2), spaced apart by 1 mm,
were subsequently deposited by physical vapor deposition
onto these films. The current through these films was then
measured as different biases were applied across the pair of
aluminum contacts. As shown in Figure 3a the films were
found to be insulating due to the large interwire distance,
which is determined by the length of the oleylamine
molecules (� 2 nm): a 5 min treatment with 1m hydrazine

solution in THF increased the conductivity of the films by
three orders of magnitude, consistent with the results
obtained on PbSe nanocrystal films.[25] The conductivity of
the films after such short treatment in hydrazine was found to
be about 4 J 10�5 Scm�1. Longer treatments in hydrazine were
found to crack the films due to the shrinkage consequent to
the replacement of oleylamines with short hydrazine mole-
cules. Repeated deposition and hydrazine treatment cycles
did not seem to completely solve this issue. Ligands shorter
than oleylamine might need to be used to minimize such
shrinking upon hydrazine exposure.

The temperature dependence of the conductivity shows
that the nanowire films are semiconducting (Figure 3b). The
conductivity increases exponentially with temperature anal-
ogously to that previously reported for Bi2S3 thin films and
nanowires.[12,26] The spectral dependence of the photocon-
ductivity is shown in Figure 3c and compared to the
absorbance spectrum. The close resemblance of the two
curves proves that the photogenerated carriers are indeed
originating from quantum confined excitons generated within
the nanowires.[27]

In conclusion, we have demonstrated a facile and green
route to the gram-scale preparation of colloidally stable
ultrathin Bi2S3 nanowires showing quantum confinement
effects and a necklace architecture. Nanostructures such as

Figure 2. Optical and structural characterization of the Bi2S3 necklace nanowires; a) XRD pattern of the purified Bi2S3 nanowires; b) UV/Vis
absorption spectrum (solid) and its second derivative (dashed) of a solution of Bi2S3 nanowires showing the occurrence of three separate
transitions; c) normalized confinement energy plot of the three transitions consistent with the effective mass approximation theory; d) per cation
extinction coefficient of PbS quantum dots and Bi2S3 nanowires, measured by ICP and TGA.
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these are in our opinion of fundamental scientific interest and
of very high technological potential for thermoelectric
applications.
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Figure 3. Electrical conductivity of Bi2S3 nanowire films; a) IV curves of
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b) temperature dependence of conductivity; c) spectral response of
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