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Controlled Colloidal Growth of Ultrathin Single-Crystal ZnS
Nanowires with a Magic-Size Diameter**
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Semiconductor nanowires (NWs) with ultrathin diameter
below the exciton Bohr radius, especially those with magic-
size (i.e., less than 2 nm) diameter, have attracted significant
interest in the past few years because of their predicted
unique quantum confinement effects, quantum conductance,
ballistic conduction, low thermal conductivity, increased
surface area properties, and potential applications in thermo-
electric devices, sensors, catalysts, and other nanodevices.''?
Spherical magic-size semiconductor clusters (or ultrasmall
nanocrystals) with a well-defined number of atoms have been
extensively prepared by various techniques.>'®! However,
ultrathin semiconductor NWs with magic-size diameter have
been difficult to achieve previously.?!

Zinc sulfide (ZnS), an important semiconductor material
with a direct band gap of 3.6 eV at room temperature and a
large exciton binding energy of 40 meV, is widely used in
lasers, electroluminescent devices, flat panel displays, field
emitters, infrared windows, and UV-light detectors.!'”"!®] The
synthesis methods for ZnS NWs have been intensively studied
in the past few years.""?! For example, Lieber and co-
workers™® developed a gold nanocluster-catalyzed single-
source molecular precursor method to prepare ZnS NWs with
17 nm diameter. Yu et al.””! synthesized uniform ZnS nano-
rods with diameter of approximately 5nm and length of
around 21 nm by a colloidal chemical synthetic route, which
represents an exciting step towards the synthesis of ultrathin
semiconducting nanowires. To the best of our knowledge,
there has been no report describing high quality ZnS NWs
with diameters below 2 nm.

Herein, we report a simple, fast, green, and catalyst-free
colloidal method for the synthesis of single-crystal ZnS NWs
with diameter down to 1.2 nm, which is well below the exciton
Bohr radius of ZnS (2.5 nm). Unusual properties related to
the unique nature of the ultrathin ZnS NWs, such as large
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blue-shifted UV/Vis exciton absorption spectra, surface
defect state dominant photoluminescence emission spectra,
and geometry-related XRD pattern, were observed.

The current synthetic technique for ultrathin NWs was
developed from the green phosphine-free colloidal method
for the synthesis of spherical semiconductor nanocrystals.?>?
Briefly, ultrathin NWs were grown after injecting sulfur
oleylamine (OAm) precursor into Zn**~OAm precursor in
presence of 1-dodecanethiol (DDT). Details are described in
the Supporting Information. It is worth noting that we used
green and air-stable zinc nitrate salt as the zinc source for the
ZnS NWs synthesis. This precursor is chemically more stable
than the toxic and flammable diethylzinc used in the previous
study.?”

Transmission electron microscopy (TEM) images (Fig-
ure 1a and Figure S1 in the Supporting Information) show the
formation of NWs with large aspect ratio and lengths of up to
250 nm. The contrast of the TEM images is low, possibly
because of the extremely small diameter of the NWs. To
obtain better microscopic images, we used high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) to image these NWs, which gave much
higher image contrast (Figure 1b—d and Figure S2). The
STEM images also provide direct evidence for the formation
of higher-order structures. When the sample was dried on the
TEM grid, it is found that the NWs tend to align parallel to
each other to form closely packed array structures (Fig-
ure 1c), which was confirmed by fast Fourier transform (FFT,
Figure 1c¢ inset). In addition, overlapping layers of arrays
were also observed (Figure 1d). The formation of these
ordered arrays provides further evidence that the NWs have
highly uniform diameters.

High-resolution TEM (HRTEM) images (Figure 1e—g
and Figure S3) revealed that the NWs have a uniform and
narrow diameter of 1.2 nm. The NWs have preferred crys-
tallographic orientation of [111]. The well-resolved lattice
structure of individual NWs (Figure 1f,g) indicates that the
NWs are single-crystalline. The distinct lattice spacings were
measured to be approximately 0.31 nm, corresponding to the
[111] plane spacing of cubic zinc blende (ZB) phase of ZnS
(cell constant a=35.345 A; JCPDS Card No. 80-0020). This
result also indicates that the NWs grow along the [111]
direction. It should be noted that special care is needed to
image these ultrathin NWs because they tended to break into
spherical nanocrystals if they were exposed in a strong
electron beam for a few minutes (see Figure S4). The powder
X-ray diffraction (XRD) pattern of the NWs (Figure 2a) can
be indexed to a cubic ZB phase, which is consistent with the
HRTEM observations. The narrow (111) peak is due to the
very large size (ca. 250 nm) in the length direction, while the
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Figure 1. a) TEM image of the magic-size ZnS nanowires. b—d)
HAADF-STEM images of NWs; insets in (c,d) are their corresponding
fast Fourier transform (FFT) images, showing the formation of super-
lattice structures. e-g) HRTEM images of NWs; inset in (e) shows the
corresponding FFT image of (e); the white lines in (f,g) label the
boundary of individual NWs, showing the formation of single crystal
NWSs with diameter of 1.2 nm.

broad (220) peak is due to the very small size (ca. 1.2 nm) in
the width direction. The (311) peak intensity decreased
significantly relative to bulk ZB phase ZnS, indicating the
preferred crystallographic orientation of the product. These
unusual characteristics of the XRD pattern are consistent
with the unique geometry of the ultrathin NWs, which is
expected to exhibit overlap of extremely broad and sharp
features due to extreme difference of coherence lengths along
different crystallographic axes.”! The energy-dispersive X-ray
spectroscopy (EDS) spectrum (Figure S5) suggests that the
NWs are composed of Zn and S. Quantitative EDS spectrum
shows an atom ratio of Zn:S is 49.1:50.9, which is close to 1:1
and confirms the composition of the as-synthesized product is
ZnS.

The UV/Vis absorption and photoluminescence (PL)
emission spectra of the ultrathin ZnS NWs dispersed in
hexane were measured at room temperature (Figure 2b). The
distinct peak at A =286 nm (4.34 eV) is due to the first exciton
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Figure 2. a) XRD pattern of the magic-size ZnS nanowires and refer-
ence patterns (vertical lines) from JCPDS card No. 80-0020 (zinc
blende, bottom) and JCPDS card No. 80-0007 (wurtzite, top).

b) Room-temperature UV/Vis absorption (solid black line) and photo-
luminescence spectra (circles) of NWs. The dashed vertical arrow
points to the bulk ZnS band gap. c) PL excitation and emission spectra
monitored at different wavelengths; Em: 402 nm, emission monitored
at 402 nm; Ex: 335 nm, excitation wavelength at 335 nm. d) Room-
temperature PL emission decay curve (gray) of the NWs with 402 nm
emission and 355 nm excitation; the solid black line is the correspond-
ing fitting curve; and the dashed line is the instrument response
function curve.

absorption band of the ultrathin NWs. The large blue-shift
(ca. 0.74 eV) relative to the bulk zinc blende ZnS band gap
(3.60 V) indicates the existence of very strong two-dimen-
sional quantum confinement effect,'” which is due to the
ultrathin diameter of the NWs. The sharp absorption peak
also indicates that the NWs are uniform in diameter, which is
consistent with the TEM and STEM results. The PL emission
spectrum exhibits a broad band peak at 1 =402 nm (3.08 eV)
and a full width at half maximum of approximately 0.6 €V,
which could be assigned to the surface states.”™” To further
reveal the PL properties of the sample, the emission spectra
were collected with the excitation wavelength varied in
discrete steps in the range from 300 to 350 nm (Figure 2c¢).
The emission peak at 402 nm (3.08 eV) showed a slight red
shift (<5 nm) with longer excitation wavelengths, reflecting
an intrinsic surface-related states of the NWs. The excitation
spectrum with emission monitored at 402 nm revealed a
narrow PLE peak centered at A =335nm (3.70 eV), that is
more than 0.64 eV away from the exciton absorption peak.
This result further suggests that the emission originates from
the surface-related states, not from the direct band-gap
excitation. The magic-size diameter of the NWs causes a
significant increase of surface-to-volume ratio, which leads to
the increase in amount of surface states. The PL quantum

Angew. Chem. Int. Ed. 2010, 49, 8695-8698


http://www.angewandte.org

yield of the NWs was measured to be around 0.08, which is
higher than the surface-related PL emission of ZnS nano-
crystals (0.014) and nanorods (0.011) reported in the previous
study.”””! The room-temperature time-resolved emission decay
curve (Figure2d) at 402 nm fits well to a triexponential
function with three characteristic time constants 0.26 ns
(49%), 2.0ns (31%), and 7.3ns (20%). The amplitude
weighed average decay time is 2.2 ns.

The exact mechanism of growth of ultrathin ZnS nano-
wires is still largely unknown. We postulate that the formation
of ultrathin ZnS nanowires may be attributed to a ligand-
controlled oriented-attachment mechanism, as demonstrated
previously for the cubic (ZB) ZnS nanorods synthesized with
OAm as the capping ligand.””! Our ultrasmall ZnS nano-
crystals could coalesce during the oriented attachment
process to form the ultrathin ZnS nanowires with their
(111) planes perfectly aligned. This behavior might be
because the capping ligands (OAm and DDT) bind stronger
to planes such as {220} and {100}, but more weakly to the {111}
plane.#27-31 This preference is evidenced by the (111) growth
direction of the nanowires shown in the HRTEM image
(Figure 1 g). We found that with OAm but without DDT,
short nanorods and spherical nanocrystals (Figure 3a) were
obtained. Moreover, if overdosed DDT was used (molar ratio
of DDT:Zn~30:1, instead of around 5:1), the products were
short, branched, or wormlike nanorods (Figure 3b). OAm has
a double bond in the middle of the chain, which prevents the
formation of ordered monolayers stabilized by van der Waals
interactions,” whereas DDT, without the double bond, is

Figure 3. STEM images of different ZnS samples obtained by varying
the experimental parameters used for magic-size NWs growth.

a) Spherical nanocrystals and short nanorods grown without DDT.

b) Short, branched, and wormlike nanorods grown with overdosed
DDT (DDT:Zn=30:1); c) Large spherical nanocrystals grown at
increased temperature (at 260°C). d) Long nanorods grown with
overgrowth time. Insets in (b—d) show HRTEM images of the typical
products.
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likely to form more closely packed monolayers. DDT may
bind stronger on the sides of the ZnS nanowires than does
OAm, which will greatly reduce the surface energy of the side
planes (such as {220}), thus keeping it from growing wider. As
a result, ultrathin nanowires with large aspect ratios were
obtained.

Temperature is also important for the ultrathin NW
synthesis. When the synthesis was performed at the higher
temperature of 260 °C, instead of 230°C, only large (ca. 6 nm)
spherical nanocrystals were produced (Figure 3¢). Finally, if
the ultrathin NWs were aged at 230°C for a longer time (from
3 to 15 min), the NWs became thicker and shorter nanorods:
the average length shrunk from 250 to 40 nm; the diameter
grew from 1.2 to 3.0 nm; and the average aspect ratio of NWs
decreased from about 208 to 13 (Figure 3d). The volume of
the NWs remained constant at about 282 nm?, which implies
that the shape evolution is by a diffusion-controlled one-
dimensional to two-dimensional intraparticle ripening as a
result of the extremely high overall chemical potential of the
NWs shape. This result is consistent with the temporal shape
evolution of CdSe nanorods previously observed.® The
above results indicate that high quality magic-size NWs can
be synthesized by using the optimized experimental param-
eters in a well-controlled manner. The as-synthesized ultra-
thin NWs are stable in hexane at room temperature for
months if purified from the reaction mixture.

The absorption and emission spectra of the 3 nm diameter
ZnS nanorods are shown in Figure S6. Relative to the 1.2 nm
diameter ZnS nanowire, the absorption peak red shifts from
A=286nm to A=295nm (0.14 eV shift), and the emission
peak shows only a slight shift from 4 =402 nm to A =404 nm
(0.01 eV shift). This observation is consistent with the assign-
ment of the emission to surface states, which is expected to
experience less quantum confinement effect than the exciton
bandgap.

In summary, we have developed a facile colloidal chemis-
try for synthesis of ultrathin ZnS nanowires with magic-size
diameter of 1.2 nm. Strong quantum confinement effects
related to the unique nature of these ultrathin NWs were
observed. We believe these ultrathin NWs could find broad
use in sensors, photodetectors, host materials for diluted
magnetic semiconductors (DMSs), and other nanodevice
applications. These ultrathin NWs may also be used as a
model to study the strong quantum confinement effect in a
one-dimensional system. By choosing appropriate precursors
and synthetic parameters, it is reasonable to expect that the
present method could be extended to the synthesis of other
ultrathin semiconductor NWs with magic-size diameter.
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