A\C\S

ARTICLES

Published on Web 10/23/2004

Perfect Orientation Ordered in-Situ One-Dimensional
Self-Assembly of Mn-Doped PbSe Nanocrystals

Weigang Lu," Puxian Gao,* Wen Bin Jian,® Zhong Lin Wang,* and Jiye Fang*'

Contribution from the Department of Chemistry andvAdced Materials Research Institute,
University of New Orleans, New Orleans, Louisiana 70148, School of Materials Science and
Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245, and Department of
Physics, National Chung Hsing Urrsity, 250 Kuo Kwang Road, Taichung 40254,

Taiwan, Republic of China

Received June 1, 2004; E-mail: jfangl@uno.edu

Abstract: We demonstrate a novel approach for the large-scale, shape-controlled synthesis of one-
dimensional (1D) corrugated nanoarrays of Pb:-yMn,Se nanocrystals (0.002 < x = 0.008) through an
in-situ self-assembly without using either capping polymer or ionic surfactant. The one-step-prepared 1D
nanoarrays exhibit a well-defined morphology, single-crystal orientation, and clean surface without
amorphous contamination. The average diameter of the 1D nanoarrays can be controlled and varied from
<10 to 80 nm by finely tuning the assembly temperature and the growth time. Four growth models were
suggested to explain the in-situ self-assembly processes based on the fundamental building blocks of
octahedral nanocrystals by sharing {111} facets.

The synthesis of low-dimensional functional matefiaisvith hydrophobic interactions, chemsorption, surface tension, and
control of shape and si2és a most challenging preparation gravity!® in colloids. NCs can be, at room temperature, stable
due to the increasing theoretical interest and technological with respect to aggregation only if capping ligands provide a
demand8 To achieve 1D materidid®in diameters of quantum-  repulsive force of sufficient strength and range to counteract
confined limit!! colloidal self-assembly is a very promising the inherent van der Waals attraction between NCs. Based on
technique in modern materials chemidf# and nanotechnol-  this mechanism, NCs suspended in a pair of solvent/nonsolvent
ogy!* This strategy traditionally consists of preparing mono- (e.g., the octane/octanol system) can be precipitated by a
dispersed nanocrystals (N&%3¢ (including the synthesis and  controlled-evaporation of the solvent from the mixture and
possible size-refinement), surface passivation, and pattern-eventually self-organized into close-packed and locally ordered
organizatio&”18 (including self-organization of NCs at room 2D?%21 or 1D?? patterns. We have realized that, at high
temperature and possible postannealing process). The selftemperature, the attractive forces between the NCs may be
organization of NCs involves various forces such as hydrogen dominated by a driving force in a certain direction corresponding
bonding, dipolar forces, van der Waals forces, hydrophilic or to a specific nanocrystalline plane due to its relative low surface
energy. We therefore propose a methodologynesitu self-
assembly of NCs at high temperature to directly produce 1D
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in phenyl ether in the presence of oleic acid and trioctylphos- plasma (ICP) technique after a pyridine ligand-exchange. As
phine (TOP) as capping agents to stabilize the as-formedwill be depicted later, the concentration of fnfrom ligand-
colloids. The precipitation occurs between lead acetate andexchanged corrugated nanoarrays has also been estimated on
trioctylphosphine selenium (TOPSe) as reported by Wehrenbergthe basis of magnetic data. To avoid possible confusion &fMn

et al?® The thermal decomposition is based on#inSeMe}- concentration from several determinations, we define the
(CO),2426 which is in a minor amount in the system and was formula Ph_,Mn,Se on the basis of ICP results.
presynthesized from methyllithium, selenium, and Mn(¢BD) It is well known that for a certain size of NCs, there exists a

by adapting an established procedtf&/ Based on Mikulec’s  temperature limit that can trigger atom diffusion and crystal
reporf* and our experienc®, at high temperature the use of growth3133 To ensure the occurrence of thme-situ self-
the organometallic compound Mp-SeMe}(CO)g can mini- assembly, the solution temperature and the growth time as two
mize the problem of Mn segregation onto the particle surface of the key conditions have been optimized. We first focused
as the pre-existing SeMn bond may assist in “dragging” the  our study on a Mn-fixed component, P4adVing oosSe, and the
Mn?* into the PbSe lattice. According to the general catalytic investigation of PhggdVing.cosSe (PbMnSe) corrugated nanoar-
growth mechanism of nanowires proposed by Lieber ét al. rays formation indicates that th-situ self-assembly of
and the La Mer mode® many systems exhibit an Ostwald PbMnSe commences at 18GQ, and well-developed PbMnSe
ripening process, in which the high surface energy of the small corrugated nanoarrays can be observed from the sample grown
NCs promotes their dissolution, and the material is grown into at 250°C (see Figure S1 in the Supporting Information). The
the larger NC$°3° To provide enough primary clusters for yield of PoMnSe corrugated nanoarrays based on the inorganic
keeping a constant rate of the crystal growth, we employed ainput is higher than 94% when the self-assembly is conducted
dynamic injection techniqdéwhen simultaneously monitoring  at 250°C, and the reproducibility is-100% from run to run
the progress of the reaction. In a typical experiment, Pb(ac) under the specified conditions. As demonstrated in the Sup-
3H;0 (2.85 mmol), phenyl ether (15 mL), and oleic acid (3.0 porting Information (Figure S2), furthermore, an increase of
mL) were mixed and heated to 13C for 30 min under an  evolution time favors a morphology conversion from single rows
argon stream in a three-neck flask equipped with a condenser.of stacked NC arrays up to multilines of octahedral corrugated
After the solution was cooled to 4TC, it was subsequently  nanoarray$* To further understand the evolution mechanism
mixed with 2.4 mL of Mn(u-SeMe)(CO) precursor (0.05 M) of these orientation-ordered crystal arrays during thisitu
which was predissolved in trioctylphosphine (TOP, Aldrich, synthetic process, we have carefully examined all of the samples
90%) and 4.0 mL of TOPSe solution (1 M for Se) in a  taken from these PbMnSe corrugated nanoarrays self-assembled
glovebox to form a stock solution. After the first portion of at 250°C with different growth times (typically from 5 to 20
such a stock solution (10 mL) was rapidly injected into 15 mL min), by scanning electron microscopy (SEM) and transmission
of phenyl ether that was preheated to a certain temperature (fromelectron microscopy (TEM) using a field-emission scanning
180 to 250°C) for 5 min with agitation, a portion of the hot  electron microscope (LEO 1530 FE-SEM, operated at 5 and
reaction mixture (3.0 mL) was extracted from the flask, and 10 keV) and a field-emission transmission electron microscope
equal volume of the premixed stock solution of reagents was (Hitachi 2000 FE-TEM, operated at 200 keV), respectively,
injected into the flask under argon stream. These operations ofunless otherwise specified. Figure 1 shows typical morphologies
dynamic injections were successively conducted in an interval and structural characteristics of PoMnSe corrugated nanoarrays
of every 5 min at a constant temperature. Each product wasafter a short period of growth time (5 min). Two SEM images
retrieved from the original solvent by centrifugation with an (Figure 1a and b) demonstrate typical morphologies of the as-
equal volume of ethanol as a polar solvent, redispersed inprepared PobMnSe corrugated nanoarrays. The PbMnSe cor-
toluene, and monitored by TEM observation for checking the rugated nanoarrays were apparently self-assembled by uniform-
respectiven-situ self-assembly progress. To ensure the accuracy sized PbMnSe NCs according to specific stacking modes,
of the Mn composition determination, a surface ligand exchange displaying an array of stacked NCs with side-facets which
posttreatment was subsequently performed on all of the as-expose periodical zigzag corrugated side-surfaces. Figuré 1c
separated products by following Kuno’s procedt@articu- shows typical TEM images of PbMnSe corrugated nanoarrays.
larly, the corrugated nanoarrays were immersed into pyridine The stacking forms a one-particle array structure. The most
for 3 days with solvent-refreshing at least three times. After striking feature is that electron diffraction recorded from an array
the pyridine washing, all of the Mn ions that may physically composed of over 20 NCs shows a single-crystal structure
adsorb on the surface of products should be removed. The(Figure 1d), with the array axis [001], suggesting the precise
elemental composition in all of the products of,PMn,Se orientation alignment among all of the NCs. Furthermore, we
(0.002= x =< 0.008) was analyzed using an inductively coupled have never observed a defect on the structure of these nanoar-
- ] ) rays. The faceted shape of the NCs is apparent and can be
3) %Zhi%%%ar_g’ B. L.; Wang, C.; Guyot-Sionnest)Fhys. Chem. B002 directly indexed to be thgl11} facets (Figure 1e and f). High-
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Figure 1. Morphologies and structural characteristics of 58Mng gosSe corrugated nanoarrays after 5 min of growth. (a and b) SEM micrographs, indicating

that these corrugated nanoarrays were self-assembled by uniform-sized NCs according to specific stacking modes. (c, e, and f) TEM imaggs, displayin
arrays of stacked NCs with side-facets which expose periodical zigzag corrugated side-surfaces. (d) TEM micrograph and electron diffraxtshopdtie

a single-crystal structure based on an array composed of over 20 NCs. (g) HRTEM image, revealing the faceted shape of the NC and the well-defined
crystallographic planes and demonstrating that the surface of the NC is clean without amorphous contamination.

time (20 min). The corrugated nanoarrays have a uniform projection direction. The TEM image and the corresponding
morphology and uniform size 6£80 nm in diameter, 2 um electron diffraction pattern (Figure 2d and e) show the perfect
in length (Figure 2a). Each corrugated nanoarray is obviously orientation alignment among all of the NCs and the single-crystal
composed of four lines of square-based NC arrays, and the fifth structure of the entire array. The array axis is [001], and the
row is at the center (Figure 2b and c). The TEM bright field normals of the four side-surfaces afel OC]

image (Figure 2d) gives a [110] projected profile, where the  The structures of the corrugated nanoarrays have three
dark-contrasted paired areas along the growth direction [001] characteristics: each array is a single crystal and is composed
(as shown in Figure 2e) are due to the large thickness of the of orientation precisely aligned NCs; the surfaces of the NC
overlapped cores from two rows of assembling NCs in the are dominated by111} facets; and the axis direction of the

14818 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004
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100 nm

Figure 2. Morphologies and structural characteristics of BgVing gosSe corrugated nanoarrays after 20 min of growth:qeSEM micrographs, showing

the corrugated nanoarrays have a uniform morphology composed of four lines of square-based NC arrays and a fifth row of NCs in the center and a uniform
size of~80 nm in diameter, 2 um in length. (d) HRTEM image, giving a [110] projected profile and displaying the single-crystal structure of the entire
array. (e) The electron diffraction pattern recorded from the area selected in (d), showing the perfect orientation alignment among all of the NCs.

array is [001], and the side-surfaces dr&lC}. From the The principles for assembling the NCs are to face the same type
information provided by Figure teg and the images of  of faces, such a§ll1l} to {111}, and align them in the same
dispersive NCs, the shape of the NC is dominated by octahedronorientation to enhance the packing deng#§ resulting in a

and truncated octahedron (Figure 3a), the surfaces of which aresingle-crystal structure of the entire array. This is driven by
{111} and{10G, and the side-edges of the octahedror’ht€L] minimizing the interface mismatch energy by forming a coherent
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efficient way to minimize both the surface energy and the
interface mismatch strain. The longer time period of growth
tends to form NCs dominated by truncated octahedrons; thus
the stacking tends to share thgi00Z planes and1100]
intersection edges rather than thell} planes, because the
former two have higher energy than that{df11}.

It is reasonable to believe that there is a short time period of
growth at 250°C at which the modes of self-assembly could
be a mixture of the m m,, and m models. With an increase
of growth time, the m model tends to be the dominant self-
assembly mode of the larger sized PbMnSe corrugated nanoar-
rays. An increase in growth time increases only the transverse
size of the nanoarrays, but not their lengths. The different sizes
of NC presented in Figures 1 and 2 suggest that the NC building
blocks grow independently as free-standing particles in the
solution before the assembly, and no more growth is possible
after forming the single-crystal assembled arrays. This suggests
that the growth of the particles is a fast process atZ5@hile
self-assembly occurs only at the last stage. The structure models
my, mp, and my can be promoted only if the concentration of
the free-standing particles in the solution is constantly supplied,
as provided by the dynamic injections, whereas modeionld
Figure 3. Structure models of RlaedVino cosSe corrugated nanoarrays. (&)  only be transformed from either of imm,, and my models by

Drawings of octahedron (left) and truncated octahedron (right). (b) Proposed ; ; ; ; ;
growth models, m1, m2, m3, and m4, for forming linear PbMnSe corrugated introducing a transverse displacement of the NCs, which is

nanoarrays. The model m4 could only be transformed from either of the m1, unlikely to occur after forming a COherent _imerface bonding.
m2, and m3 models by introducing a transverse displacement of the NCs. Therefore, the self-assembly presented in Figures 1 and 2 might

occur at different moments of the growth.

The presentin-situ self-assembly strategy has actually
xtended the concept of nanocrystalline “self-assembly” from
conventional room-temperature to high-temperature region, by
providing a simple and fast procedure for a large-scale, high-
Jield preparation of 1D Pb,Mn,Se corrugated nanoarrays at
relatively low reaction temperature with a high orientation order
of single crystals, clean surfaces, diameter control, and high
preparation repeatability. This approach of 1D fabrication skips
both the traditional solid template and the ionic surfactant, as
well as avoids the violently high evaporation temperature that
is generally used in the vapeliquid—solid method. As a diluted
magnetic semiconductor, 1D Mn-doped PbSe with a quantum-
confined diameter has attracted an increasing interest in explor-
ing the spinr-spin interaction¥ 8 due to the technological
demand of building spintronic devices. We also demonstrated
that the diamagnetic term increases as the diameter of these

is composed of four square-based NC chains, and the fifth oneCorrugated nanoarrays decreases, which is consistent with the
is at the middle to reduce the void volume. The model is unique phenomenon in quantum dot systems that we recently

the dominant component in the sample grown for 20 min (Figure observed. In addition, the fou_r crystal evolution_models pre-
2). The shape of the particles in Figure 2 appears to be spherical-Seénted here can also be applied to the explanation of the 1D-

like due to the truncation of the NC by forming th&00} facets nanoarray-formation mechanism for other similar systems with
(see Figure 3a). building blocks of octahedral NCs. It is therefore believed that

Models m, my, and m are formed by partially sharing the this in-situ one-dimensional self-assembly approach in the

{111} facets, while m is formed by sharing th&l100edges. solution phase will be able to realistically extend to the 1D-
All of the Nés are perfectly aligned, and the entire array is a nanoarray-formation of other structure-similar systems such as

single crystal. After a long period time of growth (20 min) at Cubic PbTé and AgPRSbTe..n* which are very important

250°C, the self-assembled PbMnSe corrugated nanoarrays tend : :

to grow much larger than those after a short time period of ©¢7) %‘3?’5'2; yiascher, H. Kriechbaum, M.; Frank, N.; BaueRGys. Re. B

growth. The stacking mode of NCs then has to choose a more(38) Wolf, S. A.;; Awschalom, D. D.; Buhrman, R. A.; Daughton, J. M.; Molnar,
S. v.; M. L. Roukes, A. Y. C.; Treger, D. M5cience2001, 294, 1488.

(39) Harman, T. C.; Taylor, P. J.; Walsh, M. P.; LaForge, BSEience2002
297, 2229.

interface and reducing the exposed surface area. The sharinge
of the [1100Jedges is to minimize the dangling bonds on the
{110 type facets due to their higher energy for the cubic system.
There are four basic orientation ordered stacking models for
assembling PbMnSe NCs into array structures, as represente
by models m, mp, mg, and m in Figure 3b. By joining the two
octahedral into an array, one of the favorable configurations is
partially sharing a (111) plane, forming a linear chain (model
my in Figure 3b). This is the configuration revealed by the TEM
images presented in Figure -tfirecorded from the samples
with short growth time. The alignment of two;rohains forms
the model m, which can be identified in Figure 1b. Thesm
assembly is to form a twist helical while assembling the NCs
around its four equivalenf{111} facets, which have been
identified in Figure la. As the growth proceeds, several linear
chains can join together to form anymssembly model, which
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Adv. Mater. 1997, 9, 817.
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