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imensionality and size are two factors that govern the properties
of semiconductor nanostructures1,2. In nanocrystals, dimensionality is manifested by the control of shape, which presents
a key challenge for synthesis3–5. So far, the growth of rod-shaped
nanocrystals using a surfactant-controlled growth mode, has been
limited to semiconductors with wurtzite crystal structures, such as
CdSe (ref. 3). Here, we report on a general method for the growth of
soluble nanorods applied to semiconductors with the zinc-blende
cubic lattice structure. InAs quantum rods with controlled lengths
and diameters were synthesized using the solution–liquid–solid
mechanism6 with gold nanocrystals as catalysts7. This provides an
unexpected link between two successful strategies for growing highquality nanomaterials, the vapour–liquid–solid approach for
growing nanowires8–12, and the colloidal approach for synthesizing
soluble nanocrystals13–15. The rods exhibit both length- and shapedependent optical properties, manifested in a red-shift of the
bandgap with increased length, and in the observation of polarized
emission covering the near-infrared spectral range relevant for
telecommunications devices16,17.
The rod architecture exhibits potential technological advantages
over spherical nanocrystals,as already demonstrated in the observation
of linearly polarized emission and lasing from quantum rods (QRs)
in the visible range18,19, and in improved photocell performance20.
The previously used surfactant-controlled rod-growth approach is
based on the presence of chemically dissimilar lattice faces that can be
selectively bound by coordinating ligands to achieve different growth
rates along different crystal axes3,21.The approach presented here for rod
growth is particularly needed for lattice structures that do not obviously
present such chemically dissimilar surfaces, as is the case for materials
with a zinc-blende cubic lattice. Our method uses the
solution–liquid–solid (SLS) mechanism that can be considered as an
extension of the vapour–liquid–solid (VLS) mechanism widely used for
growth of crystalline wire-like structures22, and more recently
nanowires8–12. In both methods, a liquid metal cluster acts as a catalyst
where reactants dissolve, subsequently leading to directed growth from
the supersaturated drop. The first reported use of the SLS mechanism
was in the growth of insoluble whiskers of III-V semiconductors at low
temperature6. Micrometre long silicon nanowires with diameters of
4–5 nm were also prepared in a pressurized solution system by using

gold nanocrystals as a catalyst7.In these reports,the control of length was
not achieved. Length control is desirable from the viewpoint of the
chemical processability of QRs that are soluble, unlike insoluble wires.
In spherical nanocrystals, such chemical accessibility enabled the use of
powerful self-assembly approaches to realize a wide range of
applications such as biological fluorescence23,24 and Raman-based25
marking, photovoltaics20, light-emitting diodes16,26 and lasers27.
Moreover, as we demonstrate here, controlling the length can provide
further tuning for the optical and electronic properties with both basic
and applied significance.
To obtain solution-processable QRs of III-V semiconductors with
controlled lengths and diameters, we employ gold nanoparticles to
catalyze and direct one-dimensional rod growth. For InAs QRs, we use
the reaction between tris(trimethylsilyl)arsine ((TMS)3As) and InCl3 in
trioctylphosphine oxide (TOPO),based on the successful procedure for
growing high-quality spherically shaped InAs nanocrystals (see
Supplementary Information, Fig. S1)14. Dodecanethiol-stabilized gold
nanoparticles with diameter of ~2 nm were prepared using known
methods28, these particles being readily soluble in the stock solution of
the rod synthesis. This allows for the injection of the gold nanoparticles
together with the precursors, which was found to be critical for shape
control of the InAs system.
In a typical experiment conducted under argon flow, a growth
solution was heated to 360 °C. A stock solution containing the reagents
and gold particles was then injected into the growth solution
within 0.1 s under vigorous stirring, leading to the decrease of the
reaction temperature to about 300 °C. Less then 3 s later, 2 g cold
trioctylphosphine (TOP) was injected to further quench the
temperature to ~220 °C, and the reaction was then cooled to room
temperature.The process yielded InAs QRs with a uniform diameter but
broad length distribution, along with by-products, including a small
fraction of InAs quantum dots, InAs nanowires and gold particles.
Optimization of the synthesis conditions was carried out in relation to
the relative gold content and the volume ratio between the stock solution
and the growth solution (see Supplementary Information).
The rods were purified and size-selected by centrifugation.QRs and
nanowires were obtained in different fractions. Figure 1a–c presents
transmission electron microscopy (TEM) images of three fractions of
nanorods, all with mean diameters of 4 nm, and varying mean lengths
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Figure 1 TEM images of the reaction products. a–c,The first to third fractions of InAs nanorods,respectively.The rods are seen to have different lengths but similar diameter.Some of
the rods,in particular longer ones,are kinked.d,The fraction with nanowires up to 20 nm in diameter and lengths ranging from 0.1 to 1 µm.e,HRTEM image of InAs nanorods 12 × 4 nm.
The measured distance between neighbouring planes along the growth axis is 3.5 Å,matching the d value for InAs [111] planes (3.48 Å).Stacking faults are seen,observed by the zig-zag
pattern. f,HRTEM image of part of a nanowire with total dimensions 200 × 12 nm.The wire,without stacking faults,grows along the InAs [110] direction.Inset,Fourier transform of the
image,indicating that the rod is viewed along the [111] zone axis of the cubic structure.

of 22.7 nm (Fig. 1a), 15.1 nm (Fig. 1b), and 9.4 nm (Fig. 1c). In Fig. 2,
histograms representing the diameter and length distributions in these
three nanorod fractions are shown, clearly revealing the similar
diameters and varying lengths. The width of the diameter distribution
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Figure 2 Size-distribution histograms for InAs quantum rods.The distributions of both
length and diameters,extracted from the TEM images for more then 300 particles for each
sample,are shown in frames a–c,corresponding to the three fractions of nanorods shown
in Fig.1a–c,respectively.Mean sizes and size distributions for length,diameter,are:
a, 22.7 ± 4.4 nm, 4.0 ± 0.6 nm. b, 15.1 ± 2.7 nm, 4.1 ± 0.7 nm. c, 9.4 ± 2.1 nm,
4.1 ± 0.6 nm.

is 15%, and the length distribution width is 20%. Gold particles, with
increased contrast,could be identified at the end of many of the rods (see
also Supplementary Information, Fig. S2). Figure 1d shows a TEM
image of a fraction of nanowires obtained from the first separation
stage.The method clearly provides length-controlled QRs,and was also
applied to InP, demonstrating its generality (see Supplementary
Information, Fig. S3). The as-prepared InAs nanorods were crystalline,
as indicated in the powder X-ray diffraction (XRD) pattern (Fig. 3a),
matching the bulk InAs peak structure, and in high-resolution TEM
(HRTEM) images of individual rods (Fig.1e).The planes perpendicular
to the rod axis are evenly separated by ~3.5 Å, matching the [111] dspacing of InAs. Stacking faults are observed, which are probably due to
the low growth temperature and short reaction time, which may also
explain the kinking in some of the longer rods.
Figure 3b shows the XRD pattern of the nanowires from Fig. 1d.
The InAs peaks are significantly narrower than those observed for the
rods, due to the larger crystalline domain size. Additionally, the [220]
and [311] peaks of InAs are stronger than the [111] peak,unlike the rods,
indicating that the growth of the nanowires takes place along the [110]
or the [311] direction. This is further supported by the HRTEM image
of the wires (Fig. 1f and Supplementary Information, Fig. S4).
The SLS and VLS mechanisms suggest that a liquefied metallic
particle acting as a catalyst is needed for one-dimensional growth6,8.
The reaction temperature in our method is surprisingly low (~700
degrees below the melting point of bulk gold).This is possible because of
the well-documented phenomena of a decrease in the melting
temperature of nanocrystals with reduced size29. Syntheses at a lower
reaction temperature of 300 °C, did not yield one-dimensional growth,
indicating that the conditions are at the onset of melting. This is
consistent with theoretical studies indicating that the melting
temperature for Au146 (diameter ~1.6 nm) was ~350 °C, increasing to
~480 °C in Au459 clusters (diameter ~2.5 nm), and before melting, there
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Figure 3 Powder X-ray diffraction patterns of the reaction products. a,InAs nanorods
with mean dimensions 22.7 × 4.0 nm as shown in Fig.1a.b,Nanowires shown in Fig.1d.
The lines represent the diffraction peaks of bulk InAs.

in the long rod axis. Owing to the significant difference in the electron
and hole effective masses (0.024mo and 0.4mo for the electron and hole,
respectively, where mo is the free electron mass), the electron
wavefunction is still delocalized over the entire rod (strong confinement),
whereas the hole is in a medium confinement regime, and the extent of
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is a region of temperature where increased atomic diffusion near the
surface takes place in the smaller clusters30,31. This may suffice for
achieving the required function of the gold particles as catalysts.
Notably, this temperature is below the boiling point of TOPO, a
coordinating solvent for synthesis of high-quality nanocrystals13,14,
allowing for the implementation of this method to achieve rod growth.
This allows a remarkable link to be obtained between the method of
growing nanowires in the gas-phase by the VLS mechanism, and the
colloidal approach of synthesizing soluble nanocrystals through
the pyrolysis of suitable precursors in coordinating solvents.
The importance of length and shape control for modifying the
optical properties of the QRs is demonstrated in Fig. 4a, presenting the
optical absorption and photoluminescence (PL) spectra of InAs rods of
different lengths, along with InAs dots with a diameter similar to that of
the rods. A gradual red-shift of the bandgap appears from dots to short
rods and to longer rods, indicating strong quantum confinement in the
length direction,to the extent that the PL of QRs can effectively cover the
telecommunications bands at 1.2–1.5 µm.The shift of the bandgap with
length is shown in Fig. 4b, along with a simulation of this effect using a
cylindrical particle-in-a-box model. The present case of InAs QRs
differs from the case of CdSe QRs, where minimal length-dependent
effects could be discerned in the optical spectra of rods longer than
~10nm32,33.The bulk exciton Bohr radius,5nm in CdSe,compared with
35 nm in InAs, provides an effective ruler for qualitative understanding
of this difference between the two materials. Whereas in the CdSe rods,
the length is governed by medium to weak confinement,in InAs rods the
length is still in a strongly quantum-confined regime.
The observed bandgap red-shift with length in InAs rods is
accompanied by a significant reduction in the PL intensity (Fig. 4c).
This is also a signature of the gradual evolution of the confinement
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Figure 4 Length-dependent optical properties of InAs semiconductor quantum rods. a,Room-temperature absorption (black lines) and photoluminescence (red lines) spectra in
toluene solution of (i) InAs quantum dots,4 nm in diameter; (ii) quantum rods 9.4 × 4.1 nm (mean length by diameter) as shown in Fig.1c; (iii) quantum rods,15.1 × 4.1 nm,as shown in
Fig.1b; (iv) quantum rods,22.7 × 4.0 nm,as shown in Fig.1a.The PL intensity was normalized for clarity of presentation.b,Shift of the bandgap of InAs quantum rods (taken as the peak of the
PL) as a function of rod length.Open circles,experimental results; solid line,model calculation results.The model assumes an infinite barrier cylindrical box with diameter of 4 nm,using the
bulk InAs effective masses.The shift was calculated relative to the bandgap of the infinitely long wire.The experimental data were offset accordingly,by 0.88 eV,as part of the fitting process.
c,Dependence of the PL intensity on rod length showing decreased PL in longer rods.The error bars signify the width of the length distribution for the samples.d,Polarized emission
measurements of InAs quantum rods and quantum dots.Solid lines are PL in InAs rods,and dashed lines are PL of the dots,both in stretched polymer (polyvinyl-butyral) films.The excitation
polarization was set parallel to the stretch axis,and the PL was measured either parallel (red) or perpendicular (blue) to this axis.Rods show a clear polarization dependence,unlike the dots.
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its wavefunction is more limited34. Therefore, the overlap between
electron and hole wavefunctions becomes smaller on increasing rod
length, leading to a reduced radiative rate, and as a result, decreased
luminescence efficiency.
An additional distinct signature of the change in optical properties
with the symmetry is demonstrated in Fig. 4d, showing polarized PL
measurements on 17×4nm InAs rods and 4nm dots,both in a stretched
polymer film. The dots exhibit unpolarized PL corresponding to their
spherical symmetry, whereas the rods show PL preferentially polarized
along the stretching direction of the polymer, in accordance with their
symmetry axis. This will enable the development of future QR-based
optoelectronic devices in the telecommunications range,with desirable
features such as polarized lasing or polarization-sensitive optical
detectors16,17. These characteristics clearly demonstrate that such InAs
quantum rods present possibilities for conducting new fundamental
studies,as well as for new applications.The approach can also be used to
grow InP nanorods, with potential importance in photovoltaic
applications. Further expansion of the present method to grow soluble
nanorods of additional materials, using a variety of possible metal
nanoparticles as catalysts, may also be considered.
METHODS
InAs ROD SYNTHESIS
In a typical preparation, a four-necked flask was used, containing 2 g TOPO as the growth solution.
The stock solution contained 100 mg (0.34 mmol) (TMS)3As, 0.57 g (0.68 mmol) InCl3/TOP solution
(0.3 g ml–1), and 0.5 g gold/toluene solution (6.7 mg g–1) in 1 g TOP. The raw product was diluted with
toluene and centrifuged in 5 ml vials at 6,000 r.p.m. (relative centrifugal force (r.c.f.) ~4,000g) for 20 min.
In this first step, nanowires were precipitated together with other big particles while the nanorods and
dots remained soluble. In the second step, nanorods were obtained. The particles were partially
precipitated by adding methyl alcohol and then centrifuged at 6,000 r.p.m. (r.c.f. ~4,000g) for 10 min.
The resulting precipitate was redissolved with toluene, and a fraction of nanorods with a mean length of
22.7 nm and diameter of 4.0 nm was obtained. This procedure was repeated providing a second and third
fraction of InAs QRs with mean lengths of 15.1 nm and 9.4 nm, respectively. Following this, a diluted
solution containing mostly InAs dots was left. The precipitate from the first step was re-dispersed by
ultrasonication in toluene with TOPO added to stabilize the solution. The solution was then centrifuged
at 4,000 r.p.m. (r.c.f. ~1,800g) for 20 min, and the supernatant mostly contained InAs nanowires with
length ranging from 100 nm to 1 µm and diameters up to 20 nm.
(TMS)3As was synthesized locally. All other materials were purchased from Aldrich. TOP and TOPO
were both purified by vacuum distillation. All other materials were used without further purification.

STRUCTURAL CHARACTERIZATION
Powder X-ray diffraction measurements were performed on a Philips PW1830/40 X-ray diffractometer
operated at 40 kV and 30 mA with CuKα radiation. Samples were washed with methanol and deposited as
a thin layer on a low-background-scattering quartz substrate. TEM measurements were performed on a
Philips CM 120 microscope operated at 100 kV. HRTEM measurements were performed on a JEOL-JEM
2010 electron microscope operated at 200 kV. Samples for TEM were prepared by depositing a drop of
sample toluene solution onto 400 mesh copper grids covered with a thin amorphous carbon film,
followed by washing with methanol to remove the excess organic residue.

OPTICAL CHARACTERIZATION
Absorption spectra were measured using a Shimadzu 1601 spectrophotometer for the region up to
1.1 µm, and above this wavelength with a home-built set-up using a monochromatized tungsten lamp
with a Ge detector and lock-in amplification. PL spectra were measured using a 635 nm diode laser for
excitation. The emission was collected at a right-angle configuration, dispersed by a monochromator and
detected by an InGaAs PIN photodetector with lock-in amplification.
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CORRIGENDUM
Synthesis and size-dependent properties of zinc-blende semiconductor quantum rods
SHIHAI KAN,TALEB MOKARI,ELI ROTHENBERG AND URI BANIN

Nature Materials 2, 155–158 (2003).
In this letter,Fig.1f and Supplementary Information Fig.S4 were partially wrongly characterized in relation to indexing the growth direction of InAs
wires that are found in the precipitate.Both figures are corrected below.We additionally comment that we observed in the powder X-ray diffraction
pattern of the precipitate containing InAs wires that the [220] and [311] peaks of InAs are stronger than the [111] peak,unlike the rods (Fig.3 in the
original paper). The strong relative intensity of the [220] peak indicates that the growth of the wires takes place along the <110> direction. This is
further supported by the HRTEM image of the wires (Fig.1f and Supplementary information,Fig.S4).The higher intensity of the [311] peak might
be caused by other, non-wire shaped, crystalline InAs structures in this fraction.
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Figure 1f HRTEM image of part of a nanowire with total dimensions 200 × 12 nm.The
wire,without stacking faults,grows along the InAs <110> direction.Inset:Fourier
transform of the image,indicating that the wire is viewed along the <011> zone axis of the
cubic structure.

Figure S4 HRTEM of an InAs nanowire,~200 × 5 nm in size.The wire grows along the
[110] direction,as also indicated in the Fourier transform of the image viewed along the
<112> zone axis.
nature materials | VOL 3 | JANUARY 2004 | www.nature.com/naturematerials

72
©2004 Nature Publishing Group

© 2003 Nature Publishing Group

