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Growth of CdSe Quantum Rods and Multipods Seeded

by Noble-Metal Nanoparticles**

By Ken-Tye Yong, Yudhisthira Sahoo, Mark T. Swihart,* and Paras N. Prasad*

Semiconductor nanocrystals (NCs) have emerged as an
important class of materials because of their tunable optoelec-
tronic properties that arise from quantum size effects. They
can be used as active components in functional nanocompos-
ites,[l] chemical sensors,[z] biomedicine,*! optoelectronics,[("ﬂ
and nanoelectronics.* ") More recently, NCs of different
shapes, including rods, bipods, tripods, tetrapods, and cubes'!
have been fabricated. These nonspherical NCs serve as ideal
model systems for studying anisotropic optoelectronic effects,
including polarized emission, and quantum rod (QR) lasing.
They may also serve as building blocks for complex nano-
structures in nanoelectronics and nanomedicine. Here, we
report the preparation of CdSe QRs and multipods via het-
erogeneous nucleation on noble-metal nanoparticles. This al-
lows their preparation at much milder conditions (225°C,
0.066M CdO) than previously reported (>260°C, >0.4m
CdO). The CdSe NCs initially grow as multipods that subse-
quently cleave to form freestanding QRs with very high
photoluminescence quantum yields (PL QYs).

Template-free shape control during the growth of NCs de-
pends on the ability to achieve different growth rates on dif-
ferent crystal faces within the same NC. This occurs in an
anisotropic crystal structure, such as the wurtzite structure of
CdSe, when a single growth direction is favored over others.
In this system, polymorphism is also possible, and a key
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parameter is the energy difference between different poly-
morphs.™? In the case of CdSe and CdTe, NCs may nucleate
with the zinc blende structure, followed by growth of the
wurtzite structurel™* on these nuclei to produce tetrapods.
The energy difference between the two crystal structures is
small enough that both are accessible at typical reaction tem-
peratures. This mechanism has been associated with the obser-
vation of kinetically promoted tetrapod structures of CdSe
and CdTe.">"

Generally, the colloidal growth of nonspherical NCs is
achieved by one of two methods. In one approach, the reac-
tion is carried out in the presence of two surfactants with sig-
nificantly different binding abilities to the NC faces, such as
phosphonic acid and a long-chain carboxylic acid or amine.
The strongly adsorbed phosphonic acid slows the growth of
the NC and results in a preferential growth along the c-axis of
the wurtzite structure. In this method, a high precursor con-
centration is maintained, often via multiple injections of the
precursors into the reaction pot during the growth of the NC.
A mixture of carboxylic acid and amine, without a phosphonic
acid, does not induce anisotropic NC growth, but yields spher-
ical NCs!'®! (Fig. S1 in the Supporting Information). Another
approach is the solution-liquid-solid (SLS) method, analo-
gous to the vapor-liquid-solid approach for growing nano-
wires from vapor precursors. This method uses metallic nano-
particles as seeds to promote anisotropic crystal growth.'”]
The metallic seed particles melt, precursor atoms dissolve in
them, and crystal growth occurs at the metal’s liquefied sur-
face. This provides a lower-energy path to nucleation than
homogeneous nucleation in the vapor or solution phase. NC
rods or wires of materials including InP/*®! InAs ™! and Si®?"
have been prepared using metallic nanoparticles as seeds.
Growth of CdSe wires by the SLS method using bismuth-coat-
ed gold nanoparticles has been reported,”" although those
experiments were carried out using technical grade (90 %)
trioctylphospine oxide containing phosphonic acids that may
also promote anisotropic growth.m] To the best of our knowl-
edge, the use of pure noble-metal nanoparticles to aid the
growth of nonspherical II-VI NCs has not previously been
demonstrated.

Here, we report a single-pot colloidal synthesis of CdSe
multipods and rods using nanoparticles of pure Au, Ag, Pd, or
Pt as seeds. The CdSe multipods occur both as simple homo-
geneous multipods and as heteromultipods with the Au parti-
cle at the center of the structure (where Au is the seed), as
shown schematically in Figure 1. The CdSe particles were pro-
duced using each type of metal nanoparticle (see Supporting
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Figure 1. Schematic models of CdSe QR and tripod growth on a gold
nanoparticle (Cd atoms are light green, Se atoms are yellow and Au
atoms are gold). a) Heterotripod with CdSe basal planes aligned with the
[117] planes of the gold nanoparticle. These can be brought into rough
epitaxial registration over a distance comparable to the rod diameter.
b) Nucleation of a zinc blende fragment on the surface of an Au nanopar-
ticle (see also Table of Contents image), followed by growth of wurtzite
arms to form a homotripod.

Information). In a typical reaction, cadmium oxide (1 mmol),
myristic acid (3 mmol), and hexadecylamine (1 mmol) were
added to 15 mL phenyl ether in a 250 mL three-necked flask.
Freshly prepared metal nanoparticles (~0.05 mmol metal
atoms) in an acetone—toluene mixture were added. The reac-
tion mixture was slowly heated under an argon atmosphere to
220°C, allowing the acetone and toluene to evaporate and
CdO to dissolve, then maintained at 220 °C for 40 min. Then
0.5 mL of 1M TOP-Se (ca. 0.5 mmol Se in 1.1 mmol trioctyl-
phosphine) was rapidly injected. Samples were withdrawn
after various reaction times and quenched with hexane. The
samples were washed with acetone to remove excess surfac-
tants, but no size selection was performed. The ratios of re-
agents, surfactants, and metal nanoparticles were the same in
all experiments reported here. We refer to NCs seeded with
Au, Ag, Pd, and Pt nanoparticles as CdSe(Au), CdSe(Ag),
CdSe(Pd), and CdSe(Pt), respectively. The present approach
does not use any phosphonic acids or trioctylphosphine oxide,
the surfactants most often used for anisotropic growth of NCs.
More importantly, the reaction temperature and reagent con-
centrations used here are much lower than those previously
reported for CdSe rod synthesis (0.4 M, 260 °C).*! The metal
seed particles facilitate nucleation and growth of CdSe at
these relatively mild conditions.

From transmission electron microscopy (TEM) image anal-
ysis, the estimated sizes of the Au, Ag, Pd, and Pt seed nano-
particles were 4.1+1.2, 7+1.1, 2.7£1.4, and 8.5+6.5 nm,
respectively (Fig. S2). In the presence of any of these nano-
particles, the CdSe NCs were obtained as multipods (bipods,

Adv. Mater. 2006, 18, 1978-1982

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

tripods, and/or tetrapods) and rods. Under exactly the same
conditions, but without the metal nanoparticles, only spherical
CdSe NCs were obtained (Fig. S1). The size and shape of the
CdSe NCs depend on the choice of the metallic nanoparticles
and the reaction time. CdSe(Au), CdSe(Ag), and CdSe(Pd),
samples withdrawn during the first 3 min of reaction con-
tained more multipod structures than rods (ca. 70 % multi-
pods). However, the CdSe(Pt) samples always contained less
than 5 % multipods (Fig. S3). Figure 2a—d shows TEM images
of multipods produced after short reaction times using Au,
Ag, Pd, and Pt nanoparticles as seeds, respectively (additional

Figure 2. Bipods, tripods, and tetrapods, obtained after a short reaction
time (ca. 3 min) in the presence of a) Au, b) Ag, c) Pd, and d) Pt nano-
particles. e) A high-resolution TEM (HRTEM) image of a single CdSe QR
growing out of a gold nanoparticle (heteromultipod) and a pure CdSe tri-
pod (homomultipod) with a lattice spacing of 3.5 A.

images are shown in Fig. S4). Note that when Au seeds are
used, an Au particle is sometimes present at the center of the
multipod structure (a heteromultipod) although homomulti-
pods constitute the dominant population (as shown for
CdSe(Au) in Fig. 2a). However, homomultipods are the only
multipods observed in other cases. For a given multipod, the
arm lengths are nearly equal. For several repeated syntheses
conducted for CdSe(Au), it was observed that most of the an-
isotropic growth took place during the first 2-3 min immedi-
ately after injection. The initial population of the multipods
decreased and that of the rods increased significantly as the
reaction progressed. After 20 min, the population was
ca. 98 % rods. The rod diameters were quite uniform
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(ca. 10 % standard deviation in diameter, see Table S1 in the
Supporting Information), whereas the rod length distribution
was broader (standard deviation of 20 % or more, Table S1).
The rod diameter and length distributions were not simply
correlated to the seed-particle composition, size, or polydis-
persity. Most notably, in the case of the highly polydispersed
Pt NCs, the multipods and rods retained fairly uniform rod
diameters and lengths.

Figure 3 presents TEM images of the QRs of CdSe(Au),
CdSe(Ag), CdSe(Pd), and CdSe(Pt) particles, from samples
withdrawn after a longer reaction time (ca. 15-25 min). The
QRs have lengths of 33.0+6, 30.0+6.7, 20.0+5.2, and
8.0£4.7 nm and diameters of 2.7+0.3, 3.0+£0.3, 3.4+0.4, and
3.5£0.3 nm, respectively. The aspect ratio decreased slowly
with increasing heating time, up to 40 min. Comparing
Figures S4 and 3d we see that the aspect ratio of the CdSe(Pt)
rods decreased from 3.7 after 3 min to 2.2 after 20 min. This
suggests that further heating after depletion of the Cd —myris-
tic acid precursor complex—results in ripening of the nano-
rods that would eventually reshape them into spheres. How-
ever, at the low reaction temperature used, this process is
relatively slow. Such ripening was not observed at room tem-
perature, where particle aspect ratios were stable for months.
After reaction was complete, the noble-metal particles had
detached from the rods (Fig. S6) and could be easily separat-
ed from the mixture through selective precipitation and cen-
trifugation.

High-resolution TEM (HRTEM) (Fig. 2e and f) and pow-
der X-ray diffraction (XRD) confirmed that the growth axis
of the rods was the c-axis of the wurtzite structure. The pow-
der XRD pattern of the CdSe QRs sample, with Au seeding,
is shown in Figure 4. The diffractogram has the hexagonal
wurtzite <100>, <002>, and <101> peaks of CdSe, with a

Figure 3. TEM images of QRs synthesized using a) Au, b) Ag, c¢) Pd, and d) Pt nano-
particles as seeds. Less than 2% of the rods have branched structures.
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dominant <002> peak!® that is much less broadened than the
other peaks, indicating longer-range order in that direction.
No peaks due to Au are present, because a negligible amount
of Au remains in the rodlike structures.

Absorption spectra (Fig. S7) of the multipods (Fig. S7a)
and rods of all the NCs (Fig. S7b) show the expected structure
with absorption onsets of 566, 589, 607, and 615 nm for
CdSe(Au), CdSe(Ag), CdSe(Pd), and CdSe(Pt) nanorods, re-
spectively. The absorption onset red-shifts with increasing rod
diameter, and the emission Stokes shift increases with increas-
ing aspect ratio, as expected for QRs. The PL QYs of
CdSe(Au), CdSe(Ag), CdSe(Pd), and CdSe(Pt) QRs were 2.7,
10.9, 7.3, and 8.8 %, respectively. These QYs are much higher
than the previously reported values for CdSe QRs. The QY
could probably be further improved by depositing a shell of a
larger-bandgap material (CdS or ZnS) on the QR, as shown
previously.**!

Metal particles have been used to induce one-dimensional
NC growth in other systems, including CdSe and PbSe with
Bi/Au core/shell matc:-:rial,[ﬂ’25 29l InAs with Au, Ag, or In,[”’w]
and Si and Ge with Au.”*?") In these cases, the growth is be-
lieved to occur via the SLS mechanism, first proposed by
Trentler et al.,®®! in which the metal nanoparticles melt and
serve as nucleation sites where a supersaturated precursor so-
lution is converted into a crystalline product. The material
being synthesized, or one of its components, dissolves in the
droplet and is expelled at a single point in the form of a nano-
rod or nanowire. Simultaneous growth might occur at multiple
points on the metal nanoparticle surface, giving rise to a het-
erogeneous multipod. In addition, the zinc blende crystal
structure may nucleate on the surface of the metal particle it-
self, followed by growth of wurzite arms from the (111) faces
of this nucleus, resulting in a homogeneous multipod (bipod,
tripod, or tetrapod). In the present study, particles
of Au, Ag, Pd, and Pt with bulk melting tempera-
tures of 1064, 962, 1554, and 1768 °C, respectively,
have been employed at temperatures below
225°C. The formation of QRs is observed in all
cases, indicating that something like the SLS mech-
anism is operative even at this temperature. How-
ever, it is highly unlikely that the seed particles are
molten at the temperatures used here. Even ac-
counting for size-dependent melting-point depres-
sion,?’) temperatures above 700 °C should be re-
quired to melt 4 nm gold seed particles. Significant
quantities of cadmium can dissolve in the noble
metals, and this alloying would also lower the melt-
ing point.”” However, complete melting at 220 °C
remains unlikely. Some molecular dynamic simula-
tions of small metal clusters suggest that before the
onset of melting, the relatively loosely bound sur-
face atoms can undergo a surface-melting transfor-
mation,®!! which could make a SLS-type growth
mechanism possible. Atomic surface and bulk dif-
fusion coefficients are also size dependent, and are
expected to be several orders of magnitude larger
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Intensity (a.u.)

anisotropic, and the preferred growth axis ob-
served is aligned with the unique crystallographic
direction. For PbSe, with the simple cubic (rock-
salt) crystal structure, anisotropic growth is ob-
served in spite of the fact that there is no such
unique crystallographic direction. The commonal-
ities and differences between these two systems re-
mains an interesting topic for further investigation.

In summary, the present study shows that noble-
metal nanoparticles can seed anistropic growth of

20 25 30 35 40 45 50
20

Figure 4. Powder XRD of CdSe (Au) rods. The 002 peak is narrower and more intense
than other peaks due to the extended domain along the c-axis of the rod. The angles

are measured in degrees.

in these nanoparticles than in the bulk.”” This could enable a
solid-state diffusion mechanism like that proposed by Persson
et al.’?! for vapor-solid-solid growth of GaAs and InAs un-
der conditions where the seed particles remain solid. Similar-
ly, catalytically seeded growth of Si and Ge nanowires using
solid seed particles has been reported to occur by a supercriti-
cal fluid-solid-solid mechanism.”?**** In the present case, if
the seed particle remains crystalline, then the rod growth may
occur on particular crystal faces for which pseudoepitaxial
growth is possible, as shown schematically in Figure 1. Be-
cause the lattice matching between the seed and the rod is
only approximate, this pseudoepitaxy is possible only over a
small rod diameter. This would explain the lack of correlation
between the rod diameter and the seed particle diameter. In
fact there is some limited correlation between the rod diame-
ter and the lattice constant of the seed particle; Ag and Au,
with lattice constants of 4.09 and 4.08 A, respectively, produce
somewhat smaller diameter rods than Pd and Pt, with lattice
constants of 3.89 and 3.92 A, respectively. This pseudoepitax-
ial growth could also lead to the observed cleavage of the NC
from the seed particle, since the crystal strain energy in the
growing NC, due to lattice mismatch, would increase with
nanorod length. When this total strain energy exceeds a criti-
cal value, it will be thermodynamically favorable for the rod
to cleave from the seed particle, relieving this strain at the
expense of creating new interfaces.

We have recently reported the noble-metal seeded growth
of PbSe rods,® and in that case we also observed that the
semiconductor NCs cleave from the noble-metal seed parti-
cles. The mechanism in that case may have features in com-
mon with the present case, but there are also notable differ-
ences. For PbSe, the concentration of seed particles found to
be effective in seeding growth of QRs is roughly a factor of
100 lower than that used here to seed growth of CdSe rods.
While Cd has appreciable solubility in gold, Pb does not, so
the solid-state diffusion mechanism that may be operative for
CdSe is probably not possible in that case. Another obvious
difference is that the wurtzite structure of CdSe is inherently
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60  high-quality CdSe NCs at lower temperature and
reagent concentrations than have been used in
other methods of preparing anisotropic CdSe
structures. The resulting QRs have unusually high
PL QYs. The ability to easily produce high-quality
QRs in high yield and to control their shape in this
way will be valuable in spectroscopic studies of the
rods and in applications such as bioimaging technologies,
light-emitting diodes, and photovoltaics.
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