6094 Chem. Mater2006, 18, 6094-6096

Single-Crystalline CdSe Nanostructures: from grains and are of polycrystalline structure. The grain bound-
Primary Grains to Oriented Nanowires ary scattering could greatly affect the optoelectronic perfor-

mance. Thus, the synthesis of highly crystalline and pref-
Lili Zhao," Tiezheng Lu} Maekele Yosef, erentially oriented nanowires is still a challenge. In addition,

Martin Stelnharﬁ,kMargn Zacharias, Ulrich Gosele] and the size and shape of inorganic nanocrystals widely affect
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their electrical and optical propertiésThe systematic
Max-Planck-Institute for Microstructure Physics, manipulation of the shapes of inorganic nanocrystals is
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by the foregoing, we demonstrate in this paper the synthesis
Receied August 25, 2006  of shape-controlled CdSe nanostructures from nanoparticles
Revised Manuscript Receed October 25, 2006  over nanorods to single-crystalline nanowires using a tem-

Nanostructured semiconductor materials are of great plate wetting approach.
interest because of their novel physical, chemical, optical, Template wetting, employing porous matrices as molds,
and optoelectronic propertiésys well as their applications is a simple and versatile method for the preparation of one-
in fabricating nanoscale electronic, photonic, electromechani- dimensional (1D) nanostructur&sNanowires and/or nano-
cal, and biomedical devicés? Cadmium selenide (CdSe) tubes with narrow diameter distribution and uniform depth
is the most extensively studied compound semiconductor have been obtain&tt4with this approach. In this work, CdSe
because of the versatile size-tunable properties of its nano-nanostructures were obtained by wetting of ordered porous
structures. In particular, CdSe nanowiré$and nanotubés  alumina templates with an organochalcogenolate precursor,
were applied in the fabrication of optoelectronic devices Cd(SePhy TMEDA (TMEDA = tetramethylethylenedi-
because the power conversion efficiency of nanowires hasamine), which was synthesized according to the literaure.
been demonstrated to be higher than that of quantumédots. p porous alumina template with a pore diameter of 25 nm
Moreover, nanowires with a preferred orientation may and a pore depth of 100m‘® was covered with a layer of
produce unique light-scattering and polarization effects, precursor powder, heated to 160 at a rate of 2C/min,
which are of considerable interest in the development of 54 kept at 160C for 2 h. At this temperature, the precursor

microemitters of polarized light and micrometer-scale po- melt infiltrated the pores. The wetted template was heated
larization-sensitive photosenséfé? It has been reported that 1, 500°C at a rate of 2C/min and held at this temperature
invidual CdSe nanorods possess excellent optical propertiesy ot least 2 h. This led to a complete decomposition of the
and up to 100% polarized photoluminescence (PIhere-  precyrsor into CdSe nanostructures. Finally, the template was
fore, a technology that allows for the controllable fabrication .,51ed to room temperature at a rate of°&/min. All

of nanowires both arranged in the right place and with the ,n04jing procedures were performed in corundum crucibles
appropriate orientation must be addressed. Shape—controlledunder an argon atmosphere. The wettiogystallization-

synthesis of CdSe nanorédand template-assisted synthesis cooling cycles can be repeated several times to customize
of CdSe nanowirgsand nanotub&have been demonstrated the morphology. The templates were selectively removed by

:Erough electrochemécal an<tj ct:)hem|cal approacr:jes;cHowever,etching with a 30 wt % solution of potassium hydroxide at
€S€ NANOWITES and Nanotubes are Composed of NANOSCaly o e resulting suspension was sonicated and subse-

quently washed with deionized water to neutrality.
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chemie.fu-berlin.de. _ _ In these experiments, the formation of a very thin shell of
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-~ . \iY “ Figure 2. (a) TEM image of one individual CdSe nanowire with a diameter
200 nnt N \ 200nm e of 25 nm; inset: SAED pattern with indexed Bragg reflections; (b) HRTEM
_— . /N — - image of the nanowire showing (002) lattice planes with a spaciry-of

Figure 1. TEM images of CdSe nanostructures: (a) nanoparticles obtained 35A
after one wetting-crystallization-cooling cycle; (b) nanorods obtained by

two cycles; (c) nanorods with higher aspect ratios prepared by three cycles; 14004

(d) nanowires obtained after four cycles. 1200 -

Using transmission electron microscopy (TEM) images of 2"
samples taken at different numbers of wettitgystalliza- & 800+
tion—cooling cycles and at different annealing times, one £ 00

can follow the shape evolution of the nanostructures (Figure
la—d). The CdSe nanoparticles shown in Figure la were

obtained by one wetting cycle and annealing at 30Cor e 30 40 50

5 h. Using two wetting cycles and annealing at S@for 26 (degrees)

11 h total, nanorods were strongly favored (Figure 1b). Figure 3. X-ray diffraction pattern of CdSe nanowires aligned in the porous

Nanorods with a higher aspect ratio formed after three cycles'®™Pate ¢/20 mode, indexing for wurtzite CdSe). _ _
and annealing at 50€C for 35 h (Figure 1c). precursor. These grains grow to nanoparticles with a certain

size distribution. The smaller particles are then consumed
| by the further growth of the bigger ones, as the Gibbs
Thomson effect provides a thermodynamic driving force for
large particles to grow at the expense of smaller dhé&s.
This stage is a typical Ostwald ripening proééssentually
leading to particles with a diameter close to the pore width.
These particles are large enough to show distinct crystal
facets so that a defined surface energy can be ascribed to

tures. - S X :
he i iqation of the isol . the individual particle surfaces. In the second stage of particle
The investigation of the isolated semiconductor nanostruc- g o th - anisotropic structures such as rods and wires are

tures by high-resolution transmission electron miCroscopy frmed. In contrast to solution systems where the nanocrys-
(HRTEM,) shqwed single-crystalline W|re§ without a common tals have free mobility in the ligiud phase that allows them
growth direction. A preference for tieaxis as the long axis  y, ge¢ close and attach to each other (oriented attach#efit),

of the wires was observed, but some other growth directions o ~4se nanocrystals in our system are confined in one-
were also found for a minority of nanowires. For the CdSe yinensional pore channels that hinder the nanocrystals from

nanowires with [001] as the long axis, an interplanar spacing gree moyement and rotation. Thus, we believe that the growth
(chw) of 3.50 A, corresponding to the (002) lattice planes of 1ochanism of nanowires occurring in our system is sub-

the hexagonal wurtzite phase of CdSe, was observed (Figuregiantially different from the one in solution. A tentative

2). Indexing of a typical SAED (selected area electron g, nanation may come from the idea that the transformation
diffraction) pattern (Figure 2a, inset) of the single-crystalline - ¢ 5 harticles to nanowires is associated with consecutive

CdSe wires could be done for this phase as well. The XRD wetting steps, bringing new precursor material into the pores,

pattern of the wires aligned within the pores and with the 5 \yith the thermolysis of the precursor melt in the presence
long axis parallel to the incident beam confirmed the presence ot me|t-nanoparticle interface. It can be expected that the

of the wurtzite phase for the complete product (Figure 3). ¢5mation of CdSe from the precursor melt will be facilitated

The relative intensity of the (002) reflection is higher than 4t the interface that has the role of a seed for the formation
for polycrystalline CdSe powder, confirming that thexis

of the hexagpnal nanocrystals is preferentially aligned along (18) Pelce, PDynamics of Cured Fronts Academic Press: San Diego,

the long axis of the pores rather than being randomly 1988.

oriented (19) McLean, J. G.; Krishnamachari, B.; Peale, D. R.; Chason, E.; Sethna,
’ J. P.; Cooper, B. HPhys. Re. B 1997, 55, 1811.
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. . - enn, R. L.; Bantield, J. kscienc .
nanostructures can be devided into two stages. In the first 55) ajyisatos, A. P.Science2000 289, 736-737.

stage, many small primary grains form from the molecular (23) Pradhan, N.; Xu, H. F.; Peng, X. Glano Lett.200§ 6, 720-724.

Finally, nanowires with an aspect ratio up to 75 (Figure
1d) were produced by four wetting cycles and an overal
annealing time of 83 h at 50T. All nanostructures have a
diameter of 25 nm, corresponding to the pore diameter of
the templates used. It is worth noticing that the overall
annealing time adding up with the number of cycles plays
an important role in controlling the shape of the nanostruc-
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of newly formed CdSe in the second wetting cycle (and in
the following ones). It is known from earlier wofkthat the
initial state of the degradation of the precursor is the
formation of small amorphous grains at 35C. These
crystallize at slightly higher temperatures. When the crystal-
lization is induced by the interface with an neighboring
nanoparticle, the crystallization is likely to be epitaxial,
giving the newly grown part of the nanostructure the same
origntatiqn as the nanoparticle formed in the first the_zrmolysis. wavelength (nm)

This ep|taX|a_1I growth can occur at e\_lery W_ettlng step Figure 4. Room-temperature photoluminescence (PL) spectrum of CdSe
performed with the templates. Thus, anisotropic elongated nanowires on a silicon wafeifax = 703 nm).

nanostructures such as rods or wires can be made stepwise

as single crystals starting from the products of the first PL band centered at 703 nm (Figure 4). This value coincides
thermolysis. The preference for tloeaxis as the long axis ~ With the center of the PL band of bulk Cd%erhe relatively

of the resulting wires can be explained by the fact that the narrow full width at half-maximum (fwhm) of 57 nm agrees
growth of a crystalline phase by attachment of nonaggregatedwell with the high crystallinity and purity of the CdSe
building units is normally favored at the faces with a highest nanowires produced by this approach.

surface energ$t For wurtzite semiconductors such as CdSe,  In summary, we presented the preparation of CdSe
this is the{001} pair of facet* When the presursor melt  nanostructures with tunable aspect ratio by a template wetting
covers different nanoparticles with different orientation in a method. For an annealing temperature of 30G@nd varying
given template pore, growth will preferably occur at the ones annealing times, CdSe nanostructures from nanoparticles over
with {001} surfaces, making this orientation the dominant nanorods to high aspect ratio nanowires were accessible. The
one for the anisotropic products. The same principle holds hanowires display excellent uniformity in diameter. Different
true for a potential diffusive growth of the nanostructures from other template-based approaches, the nanowires were
during the long annealing step at 5Q0. This will also favor single-crystalline and had theiraxis preferentially aligned
further crystal growth af001} surfaces over other orienta-  With their long axis, not oriented randomly. A more elaborate
tions. investigation of a potentially polarized PL will be subject

The chemical composition of the CdSe nanowires was also©f future work.
determined independently by EDX spectroscopy. The EDX

spectra revealed that the atomic ratio of Cd and Se is verychﬁgggg‘é":ﬁgi%r::h”;ﬁ E]re fSﬁé?r?;S (tshlsgkltf&[zﬁll:r?g\?v?relzsorasr; q
g:[?s(:etr;‘)’ 1:1 (see the Supporting Information for EDX (o0 be o (SCHL 520/2-2 and STE 1127/2-2)). We thank K.

Schwirn, S. Grimm, and K. Sklarek for technical support.
For optical characterization, photoluminescence (PL)
measurements were performed at room temperature using a Supporting Information Available: EDX spectrum and ad-
HeCd laser f = 325 nm, 15 mW) as an excitation source. ditional PL spectra of CdSe nanowires and nanoparticles. This mater-
The PL of CdSe nanowires that were transferred to a Si waferial is available free of charge via the Internet at http://pubs.acs.org.
was observed. As expected, the nanowires show a bulklike cp062014v
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