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1. Growth of Oriented Nanocrystalline Films

Nanostructured films and coatings with controlled surface
area, porosity, crystalline orientation, grain sizes, and crystal
morphologies are desirable for many applications, including

microelectronic devices, chemical and biological sensing and
diagnosis, energy conversion and storage (photovoltaic cells,
batteries and capacitors, and hydrogen-storage devices), light-
emitting displays, catalysis, drug delivery, separation, and opti-
cal storage. Meeting the demands of these potential applica-
tions, however, will require reliable and economic processes
for the production of a large supply of high-quality nanomate-
rials. Gas-phase reactions[1] have been extensively used to pre-
pare oriented nanostructures including carbon nanotubes,[2,3]

ZnO nanowires,[4,5] and many other oxide and non-oxide semi-
conductor materials,[6,7] but these methods typically require
high temperatures (∼ 500–1100 °C) and vacuum conditions,
which limit the choice of substrate and the economic viability
of high-volume production. These limitations have stimulated
research on solution-phase synthesis (sometimes referred to as
the soft solution route or chemical bath deposition), which
offers the potential for low-cost, industrial-scale manufactur-
ing. Low-temperature (typically < 100 °C), aqueous-phase ap-
proaches are particularly attractive because of their low energy
requirements, and safe and environmentally benign processing
conditions.

In aqueous-phase synthesis, oriented nanocrystalline films
are deposited on a substrate in aqueous media by heteroge-
neous nucleation and subsequent growth. The resultant film
structure is controlled by a complicated set of coupled process-
es in both the solution and solid phases. Heterogeneous nuclea-
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Nanostructured films with controlled architectures are desirable for many applications
in optics, electronics, biology, medicine, and energy/chemical conversions. Low-temper-
ature, aqueous chemical routes have been widely investigated for the synthesis of continuous films, and arrays of ori-
ented nanorods and nanotubes. More recently, aqueous-phase routes have been used to produce films composed of
more complex crystal structures. In this paper, we discuss recent progress in the synthesis of complex nanostructures
through sequential nucleation and growth processes. We first review the use of multistage, seeded-growth methods to
synthesize a wide range of nanostructures, including oriented nanowires, nanotubes, and nanoneedles, as well as
laminated films, columns, and multilayer heterostructures. We then describe more recent work on the application of
sequential nucleation and growth to the systematic assembly of large arrays of hierarchical, complex, oriented, and
ordered crystal architectures. The multistage aqueous chemical route is shown to be applicable to several technologi-
cally important materials, and therefore may play a key role in advancing complex nanomaterials into applications.
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tion on the substrate is promoted over homogeneous precipita-
tion in solution by controlling the precursor supersaturation
levels and the interfacial energy between the substrate and the
new phase to be formed.[8] Two basic approaches have been
used to nucleate films: direct deposition and deposition on
chemically modified interfaces using organic self-assembled
monolayers (SAMs).[9] Without surface modification, the free
energy of crystallization on the native substrate interface must
be intrinsically low enough to relieve the supersaturation and
induce direct film growth. This affects the choice of substrate
and film structure for a particular solution chemistry. SAMs
containing surface-active groups have been shown to promote
heterogeneous nucleation by reducing the free energy of for-
mation of the crystalline phase.[8,10,11] The functional molecules
in the SAMs can be chosen to control the nucleation density
and the crystalline phase and orientation. Nucleation and
growth of calcium carbonate on SAMs has been extensively
studied[10] because of its relevance to biomineralization,[12] and
many nanostructured ceramic films, including vertically orient-
ed iron oxide or hydroxyl oxide nanorods on SAMs, have also
been reported.[13,14]

Recently, several researchers have discovered aqueous
chemistries and substrates that support direct deposition of ori-
ented nanocrystalline films. Vayssieres et al.[15,16] reported the
growth of large oriented arrays of akaganeite (b-FeOOH)
nanorods directly on tin oxide or alumina, with the akaganeite
being converted to hematite (a-Fe2O3) or ferromagnetic iron
nanorods via subsequent treatment. This approach was ex-

tended to ZnO by thermally decomposing metheneamine in
the presence of Zn(NO3)2 to produce large arrays of oriented
ZnO rods, about one to two micrometers in diameter.[17] Long-
er reaction times led to preferred dissolution of the ZnO rods
on the metastable (0001) polar surfaces and produced hollow
hexagonal microtubes.[18] Arrays of much smaller ZnO nano-
rods were later obtained by reducing the Zn(NO3)2 concentra-
tion.[19] The conditions for synthesizing ZnO-nanorod arrays
from aqueous solutions were recently reviewed by Govender
et al.,[20] and similar aqueous chemical routes have been devel-
oped to grow oriented arrays of nanorods and nanotubes of
other metal chalcogenides and hydroxides.[21–25] Electrochemi-
cal deposition in aqueous solutions has also been applied to
directly deposit oriented films of ZnO nanorods,[26–31] cuprous
oxide nanocubes, nanopyramids,[32] and several other crystal
habits.[33]

To date, most of these solution-phase synthesis methods have
produced either continuous film structures or arrays of nano-
rods or nanotubes. Although a few studies have recently re-
ported tower-, tube-, and flower-like morphologies resulting
from the addition of organic growth modifiers,[34–36] fabrication
of more complex nanostructures, such as those observed in
natural materials or biominerals,[37] remains a significant chal-
lenge. In this Feature Article, we discuss multistage synthesis
strategies for systematically adding complexity to oriented
nanocrystals. This approach has provided an opportunity for
rational design and synthesis of controlled architectures in
nanostructured films.

336 www.afm-journal.de © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2006, 16, 335–344

Jun Liu recently joined the Institute for Interfacial Catalysis at the Pacific Northwest National
Laboratory as a Laboratory Fellow to lead the synthesis task. He received his B.S. degree in chemi-
cal engineering from Hunan University, M.S. and Ph.D degree in materials science and engineering
from University of Washington in Seattle. He has served at the Pacific Northwest National Labora-
tory and Lucent Bell Laboratory as a senior staff member, and as a manager at the Sandia National
Laboratories. His research interests include the synthesis and understanding of self-assembled
materials and complex nanocrystalline materials through controlled nucleation and growth. He is
also investigating the application of these materials in chemical and biosensing, energy storage and
conversion, drug delivery and catalysis. He has over one hundred publications in major technical
journals, and is a frequent invited speaker at major international conferences. His work has been
widely reported by many major technical and commercial journals and magazines.

James Voigt is a Principal Member of Technical Staff in the Electronic and Nanostructured Materi-
als at Sandia National Laboratories in Albuquerque, New Mexico. After receiving his B.S. from
University of Wisconsin-Eau Claire in Chemistry, he earned his Ph.D. in Chemical Engineering in
1986 from Iowa State University. Since joining Sandia in 1986, Dr. Voigt’s research has focused on
developing solution-phase routes to inorganic materials for electronic applications. He holds sever-
al process patents and has published numerous articles during his exploration of materials process-
ing from the basic science of nucleation and growth in solution to process scale-up. His current
areas of research include, in addition to the controlled growth of nanoscale heterostructures, the
development of transparent ceramics for laser applications, the synthesis of complex ferroelectric
oxides for high-energy density dielectrics, and improved-efficiency hybrid/organic inorganic solar
cells.

FE
A
TU

R
E

A
R
TI

C
LE

T. L. Sounart et al./Sequential Nucleation and Growth of Complex Nanostructured Films



2. Seeded Crystal Growth

Multistep synthesis of complex nanostructured films often
begins with substrate surface preparation for heterogeneous
nucleation of oriented nanocrystals. On many substrates, this
can be accomplished with SAMs, but an even more straightfor-
ward approach is to seed the substrate with nanoparticles of
the desired film material. We and other groups[38–55] developed
seeded-growth methods that permit control over the size, pop-
ulation density, and spatial distribution of the crystals. Several
classes of materials, such as ZnO, TiO2, CdS, and polymers
have been studied. Nanoparticles are often widely available
through commercial sources or can be readily prepared using
techniques reported in the literature. The seeds can be depos-
ited on the substrate using many mature techniques, such as
dip-/spin-coating,[40–42,48,52,53] sol–gel coating,[43,44] or electro-
phoretic deposition.[54] In most seeding techniques, the nano-
particles are produced in a separate process before physical de-
position on the substrate. However, atomic layer deposition,[45]

radiofrequency (RF) magnetron sputtering,[46,47,49] solution
coating,[55] hydrothermal pretreatment,[50] and electrochemical
deposition[38,39,51] produce a nanoparticle seed layer during an
initial deposition step. Once the seed layer is formed, oriented
nanocrystal growth follows in a second step. These two-step
processes hint at the potential of using multiple reaction steps
to control nanostructured-film synthesis.

When nanoparticles are applied as the seeds, nanocrystal ori-
entation and alignment could be accomplished through compe-
tition.[41] Since the nuclei (or the seeds) are generally not well
aligned on the substrate, the new crystal growth from these
seeds will have no preferred orientation initially. However, as
the crystals, such as nanorods, grow along the favored crystal

planes, those that are not aligned normal to the substrate are
soon impeded by neighboring crystals, and do not have room
for further growth. Only the crystals with the growth orienta-
tion normal to the substrate can continue to grow, thus forming
the oriented arrays. The size and population density of the
seeds on the substrate primarily determines the size and popu-
lation density of the oriented nanocrystals.

ZnO-nanorod arrays of highly uniform orientation were
produced from epitaxial growth on <0001>-oriented seed
layers.[43,55] In this case, there is no competitive growth, and the
nanorod orientation is dictated by the seed orientation. Orient-
ed seed layers have been prepared by repeatedly coating glass
or silicon substrates with solutions of zinc acetate in ethanol
or zinc acetate/methanolamine in methoxyethanol, followed
by heat treatment at 350–800 °C. Although the fundamental
mechanisms are not clear, the heat treatment produces verti-
cally aligned nanocrystals that function as the seeds for large
arrays of vertical ZnO nanowires.

The fundamental advantage of seeded growth is the en-
hanced control imparted by separating nanoparticle film nucle-
ation and oriented rod growth into two steps. In each step,
different experimental conditions can be used to optimize
and control each one independently. Extending this concept,
we have used several synthesis steps to produce oriented nano-
structures that are much more complex than simple nanorod
architectures (Fig. 1). In this methodology, the materials pro-
duced in one step function as the substrate for the next step.
The desired nanostructures are produced by altering the ex-
perimental conditions in a controlled fashion between the
different steps. For example, after seeding a glass substrate
(Fig. 1a), ZnO crystals are grown along the <0001> orienta-
tions to form long prismatic nanorod arrays (Fig. 1b). In subse-
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Figure 1. One-step and multistep seeded growth of large arrays of oriented nanostructured ZnO films from aqueous solution synthesis; schematic illus-
tration (a–d) and scanning electron microscopy (SEM) images of example array structures (e–j): a) nucleation seeds on a substrate; b) oriented nano-
rods from seeded growth; c) densely populated ZnO-rod array from secondary growth; d) two-layer structure with one layer of nanorods and another layer
of nanoplates, from multistep growth; e) nanorods; f) nanoneedles; g) nanotubes; h) stacked columns; i) nanoplates formed on nanorods; and j) dense
arrays of large, oriented ZnO crystals. The structures in (e–i) were synthesized on glass microscope slides after seeding with ZnO nanoparticles; the
arrays in (e–g) required one seeding step and one growth step, and those in (h–i) involved multiple growth steps after seeding.
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quent steps, organic molecules are added to change the surface
chemistry so that the initial rods will grow into different shapes
(Figs. 1c,d). Adding citrate, for example, reduces the aspect ra-
tio of the rods. During ZnO nanorod growth, citrate preferen-
tially adsorbs to the (0001) surfaces, which inhibits crystal
growth along the [0001] direction and produces fatter and
shorter crystals.[41] By controlling various additive concentra-
tions, and the number of growth steps, we have systematically
controlled the aspect ratio of the nanorods, changed the crystal
morphology from rods (Fig. 1e) to needles (Fig. 1f) to tubes
(Fig. 1g) to stacked columns (Fig. 1h) and to plates (Fig. 1i),
grown isolated nanorods or oriented dense films (Fig. 1j), and
produced even more complicated bilayer structures.[41] Hirano
et al. have also reported an aqueous multistep process to pre-
pare oriented ZnO microcrystals similar in structure to those
in Figure 1j.[56] While some of the other morphologies have
also been reported using single-step synthesis, such as solution-
grown micro-/nanotubes[18,47] and gas-phase-derived nanotubes
and nanoneedles,[2,3,57] a key advantage afforded by the aque-
ous, multistage approach is the ability to systematically gener-
ate and control a diverse array of structures from an otherwise
similar and inexpensive chemical route.

The multistep, seeded-growth technique is applicable to ma-
terials other than ZnO. For example, oriented conductive poly-
mer nanowires have been produced by a multistage electro-
polymerization and electrochemical deposition process.[38,39] In
the first step of the process, a high current density is applied to
yield a dense and uniform array of polymer nanoparticles on
the substrate. In subsequent steps, the current density is se-
quentially reduced to suppress the creation of new polymer
particles and promote polymerized growth from the existing
polymer seeds. Other nanocrystalline films produced via two-
step, seeded growth include oriented arrays of CaCO3 nano-
wires[51] and TiO2-based nanotubes.[48] The oriented arrays
of TiO2-based nanotubes are grown using TiO2-nanoparticle
seeds dip-coated on Ti foil.

3. Hierarchical Crystal Growth

Two-step, seeded growth of simple one-dimensional oriented
nanocrystalline films and multistage growth of more compli-
cated nanostructures are vanguards for a process to systemati-
cally assemble complex, hierarchical crystal architectures. In
the previous section, we discussed multistage aqueous reac-
tions that have been used to tune the morphology of oriented
crystalline films by altering the crystal growth behavior in each
stage, but without nucleating new branched crystals after the
first stage. Several groups have recently used more than one
synthesis step to nucleate new oriented nanocrystals on crystals
formed in a previous reaction step. In gas-phase synthesis, Dick
et al.[58] first synthesized GaP and InP semiconductor nano-
wires, and then sequentially reseeded the nanowire surfaces to
produce treelike nanostructures. In solution-phase synthesis,
similar ZnO[59] and ZnO/TiO2-based[60] composite nanostruc-
tures were produced through multistep precipitation of pow-
ders in bulk aqueous solutions. We have investigated multistep,

aqueous nucleation and growth methods that have produced
higher-order, hierarchical films of several important minerals.
In the hierarchical growth method, the first step is to create
nucleation sites, via processes such as seed deposition or micro-
patterning of SAMs (Fig. 2). Oriented nanocrystals grow from
these nucleation sites, and in subsequent reaction steps, new
crystals nucleate and grow on the crystals produced in previous
stages. This provides the capability to build a diverse range of
complex nanostructures from various primary subunits that can
be tuned by the growth chemistry in each step.

3.1. Renucleation and Growth on ZnO

Higher-order ZnO crystal structures assembled from rod- or
needle-shaped primary subunits have been synthesized with a
sequential nucleation and growth process. In one approach, pri-
mary ZnO rods are first prepared on a clean glass substrate
(Fig. 3a). During the second step, new crystals grow on the sur-
faces of the primary rods when bifunctional diaminoalkane
molecules are added to the solution (Fig. 3b). The structure ob-
served in Figure 3b is similar to the rotorlike crystals observed
in homogeneously nucleated powders,[59] but further crystal
growth produces extended secondary crystals of starlike or
comblike morphology when viewed parallel or normal to the
primary crystal c-axis, respectively (Fig. 3c). In the third step,
the tapered secondary crystals are “healed” to the hexagonal
prismatic shape, and in the fourth step, additional branch crys-
tals nucleate from the secondary structures to form unusual
wagon-wheel-like crystals (Fig. 3d). Therefore, with multiple
reaction steps, new nucleation sites and a variety of large super-
crystal structures can be created (Figs. 3e,f). Morphological
variations between the structures, such as the size, population
density, and shape of the rods in each stage, can be precisely
controlled with the solution chemistry in each step.

The creation of new nucleation events that produce second-
ary crystal growth is a critical step for the success of the multi-
stage approach. Without the diamine molecules, new nuclea-
tion is not observed after the primary stage, and repeated
crystal growth simply increases the primary crystal size. Scan-
ning electron microscopy (SEM), transmission electron micros-
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Figure 2. Schematic illustration of the multistep, sequential nucleation
and growth method leading to truly hierarchical structures: a) creation of
nucleation centers on a substrate by, e.g., micropatterning or microstamp-
ing; b) growth of patterned nanorods on a substrate; c) secondary growth
from the patterned nanorods; and d) tertiary growth from the secondary
rods.
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copy (TEM), and high-resolution TEM studies have elu-
cidated the details of the renucleation process in the
presence of diaminopropane (DAP). An initial layer of
polycrystalline nanoparticle seeds (bright dots in the
dark-field image) nucleate without well-defined mor-
phology or alignment (Figs. 4a–c). The dark-field TEM
image (Fig. 4c), shows the polycrystalline nature of the
nuclei and their misalignment with respect to the parent
crystal and themselves. The possible role of diamine mol-
ecules in creating new nucleation sites on ZnO surfaces
was discussed by Gao et al.,[36] who suggested that ethyl-
ene diamine (EDA) adsorbs to the high-energy sites on
ZnO and reduces the surface energy, thus promoting het-
erogeneous nucleation. The adsorption of diamine mole-
cules on ZnO prismatic surfaces is well documented,[35,61]

and we further speculate that the diamine molecules
may be bifunctional, viz., that one of the terminal amine
groups binds to the existing ZnO crystal surface, and the
other terminal group binds to the species in solution
(Zn2+, Zn(OH)+, etc.[62]), either through electrostatic
interaction or complexing.[35,61] This may induce the at-
tachment of reactive species on the surface and cause
nucleation to occur rather than epitaxially enlarge the
crystals.

As the secondary branch crystals grow from the poly-
crystalline film, the [0001] orientation is normally tilted
about 80 ± 3° with respect to that of the parent crys-
tals (Fig. 4d), and normally bends toward the center
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2 µm

Figure 3. Hierarchical ZnO crystals formed by multistep growth (SEM images): a) primary ZnO crystals–bicrystals with the middle (0001) surface and
the two flat (0001̄) terminal surfaces; b) secondary crystals nucleated from the primary crystals; c) second-order crystal structure with long secondary
crystal branches; d) tertiary crystal from renucleation on the secondary crystals in (c); e) dense arrays of secondary structures; and f) tertiary crystal with
long needles from three growth stages, using diaminobutane (DAB) to nucleate branch crystals. The secondary crystal in (b) is observed at an early stage
of growth (1 h), and the crystals in (c–f) have had time (at least 6 h in final growth step) to mature to equilibrium conditions.

(

Tilted inwards Tilted outwards

(f) 
(0001) twin plane

0.2 µm

Figure 4. Secondary nucleation on primary ZnO crystals: a) polycrystalline coat-
ing of ZnO nuclei on primary ZnO crystal surface (SEM); b) bright-field TEM im-
age of the nuclei; c) dark-field TEM image of the nuclei, showing polycrystalline
nature (in dark-field TEM imaging, only diffracted light from one crystal plane is
collected); d) bright-field TEM image of the interface between branched and par-
ent crystals; e) selected-area diffraction from the interfacial region circled in (d),
showing rotation and superimposition of two possibly twin-related patterns; and
f) schematic illustration of (11̄02)-type twins showing two possible tilting angles.
The primary ZnO crystals were grown on clean glass, and the secondary reaction
was suspended after 30 min of incubation for (a–c) and 6 h for (d,e).
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(Fig. 3c). This orientational relationship between the two crys-
tals is also revealed in the selected-area diffraction pattern at
the interface (Fig. 4e), which shows two superimposed electron
diffraction patterns (wurtzite structure, a = 3.2495 Å and
c = 5.2069 Å). Solution-phase syntheses of ZnO produce either
bipyramidal twinned crystals that are bisected by the (0001̄)
twinning plane, or dumbbell-shaped bicrystals that are bisected
by a central (0001) twinning plane.[63] In our synthesis, we ex-
clusively observe the dumbbell-shaped twinned crystals with a
flat terminal surface. The polarity is thus linkely pointed away
from the terminal surface, towards the central (0001) twinning
plane. The orientation of the secondary crystals that is ob-
served experimentally in SEM images and in the superimposed
diffraction pattern could be reproduced by a twining operation
about a (11̄02) plane. In ZnO, the calculated angle between the
c-axes of the two crystals with this twinning relationship is
85.6°, which is in reasonably good agreement with the experi-
mental results. However, exactly how the new crystals are
related to the parent crystals as they nucleate and grow, and
the nature of the interface between the crystals, are not yet well
studied. It is also possible that the particular angle observed is
caused by some other growth behavior, such as coincident
lattice matching. Work is being done to reveal the origin of the
unusual crystal growth behavior.

Figure 4f shows the two possible orientations of the second-
ary crystals viewed from the (11̄02) zone axis, assuming that
they are twin related. The branch crystals could then either tilt
away from or towards the central (0001) plane. Experimentally,
both configurations are observed, but the crystals tilting to-
wards the middle plane are much more common (Fig. 3c). This
difference may be caused by the lack of inversion symmetry
and spontaneous dipole along the c-axis of ZnO crystals. The
preferential selection of the tilting direction could be the result
of minimizing interfacial energy during the nucleation of the
secondary crystals, similar to what was suggested by Yan et
al.[64] However, as indicated by the arrows in Figure 3c, some-
times (particularly near the edge of the crystals or close to a
substrate surface) branch crystals are pointed outwards.

Most of the ZnO crystals observed in Figure 3 have a coni-
cal, tapered or needlelike shape owing to the presence of
diamine molecules. In the literature, diamine molecules are re-
ported to play several roles.[35,61] They can adsorb to the pris-
matic surfaces, either through complexing with metal ions or
through electrostatic attractions, and they can also complex
with metal ions in solution and thus increase mineral solubility.
We have observed that cone-shaped (tapered) nanorods
and nanoneedles are only produced with the addition of di-
aminoalkanes; growth without such diamine molecules always
produces straight prismatic rods in our experiments. Secondary
growth of the conical rods without the diamine actually re-
stores the regular prismatic shape. The mechanism by which
diamines direct the formation of conical rods or needles is not
clear, but preferential adsorption of the diamine molecules on
the prismatic surfaces may play a role; the conical surfaces are
made of numerous tiny {0001} steps, and, during crystal growth,
the diamine molecules may adsorb onto the prismatic surfaces
and help preserve these steps.

3.2. Micropatterning of Hierarchical ZnO Films

Two-dimensional patterns of oriented nanocrystals can be
created by modifying the spatial distribution of the interfacial
energy on a substrate. For example, Aizenberg et al.[11,65,66] in-
vestigated the combination of SAMs and soft lithography (mi-
crostamping or microcontact printing) to prepare spatially
controlled micropatterns of calcite crystals on a surface with
precisely controlled location, nucleation density, size, orienta-
tion, and morphology. Mineral nucleation was favored on acid-
terminated regions but suppressed in methyl-terminated re-
gions, where the influx of nutrients was maintained below satu-
ration. We applied similar microcontact printing techniques to
grow oriented ZnO nanorods on patterned substrates.[67] Ex-
tended microarrays of carboxyl-terminated alkylthiols were
printed on electron-beam-evaporated silver films. When the
patterned silver substrates were placed in aqueous zinc nitrate
solutions, oriented ZnO nanorods formed on the bare silver
surfaces, but not on the surfaces covered by the carboxylic acid
groups (Fig. 5a). Using this approach, we were able to make
patterned lines, dots, and a variety of structures, and control
the density and the spacing to micrometer scales (Fig. 5b). In
most lines and dots, multiple nanorods were observed because
the nanorods were significantly smaller than the patterns (inset
in Fig. 5d). However, single crystal patterning has been ob-
tained by growing the crystals to larger than 1 lm in size
(Fig. 5b, upper inset).

We produced micropatterns of hierarchical ZnO nanorod
clusters by diamine-induced sequential nucleation and growth
on micropatterned primary crystals, such as those shown in Fig-
ure 5b. Secondary growth produced flowerlike crystals from
new crystal growth on the top face of the primary rods and side
branches formed on the edge. Figures 5c,d show arrays of or-
dered, flower-like ZnO structures that formed during second-
ary growth on a micropattern of oriented primary rods as
viewed for the top and the side, and Figure 5e shows a densely
packed array of similar structures in which the secondary crys-
tals are almost connected. The variation in the orientation of
the side branches arises in part from variations in the orienta-
tion of the primary rods in each bundle (Fig. 5d, inset), and in
part from the effect of substrate on the relative orientation be-
tween the primary and secondary crystals. Oriented ZnO nano-
rods grown on silver substrates normally retain only half of the
bicrystals with (0001) face at the silver interface (Fig. 5b, lower
inset). The normal orientation of the secondary crystals ob-
served for bicrystals (Figs. 3,4) would suggest that the second-
ary side-branch crystals should bend towards the substrate.
However, the presence of the substrate physically hinders
growth in that direction, and, so, many branches are tilted away
from the substrate, towards the solution. Starlike or flowerlike
ZnO has been observed by several groups,[35,36,61] and it has
been suggested that such ZnO crystals form through (112̄2)
twinning, with sheets lying between spines (needles).[68] In our
studies, however, (112̄2) twinning is not observed.

Additional growth steps with DAP produce a pattern of
tertiary structures with fine-branched crystals, such as those
shown in Figure 6. Some of these small tertiary subunits also
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nucleate sparsely on the substrate off the pattern, but it is re-
markable how well the substrate is protected by only a mono-
layer through four reaction stages conducted over the course of
several days. The length, morphology, and population density
of the tertiary subunits are tunable with the reaction condi-
tions, as discussed previously. Thus, by combining top–down
micropatterning techniques with bottom–up chemical synthesis
control, complex tertiary “cactus-like” crystals can be tuned in
structure and organized spatially on a substrate.

3.3. Wide Applicability

The assembly of hierarchical nanocrystals by repeated nucle-
ation and growth is not limited to the synthesis of ZnO crystals.
We previously demonstrated a novel hierarchical and self-simi-
lar crystal-growth process leading to the spontaneous forma-
tion of large (of several micrometers) mesophase silicate ob-
jects in the presence of hexadecyltrimethylammoniam chloride
surfactant with controlled morphology and ordering from
nano- to macroscale.[69] We first created well-defined and
oriented mesophase silicate crystals on a glass surface. TEM
showed that these mesophase crystals have a cubic structure.
The crystals are octahedral (Figs. 7a,b), truncated by the (111)

surface, and oriented with one of the {111}
planes parallel to the substrate. Hierarchically
ordered crystals were assembled (Fig. 7a) by
multistage growth; in each step, new crystals
were nucleated on the existing crystals, as is
the case with ZnO. Figure 7c shows the sec-
ondary structure viewed from different an-
gles, indicating that these crystals are made of
the primary octahedral subunits like those in
Figure 7b. The secondary structure is about
11 lm in width — two times the size of the
primary structure — and is based on a quar-
tet–octahedron model with 24 edge-sharing
octahedral primary subunits. The model con-
tains four surfaces made of six subunits and
six corners made of four subunits. Figure 7d
shows tertiary structures, and the inset shows
how the new crystals nucleated on the edge of
the existing crystals; higher-order structures
can be derived by continued edge-sharing
growth (Fig. 7e). These large mesophase crys-
tals are remarkable in several ways. First,
these structures are not close-packed and con-
tain large empty spaces, but they still have al-
most perfect octahedral shapes. Second, the
octahedral subunits in the large structure are
all about 5 lm in size and are fairly uniform.
These subunits are also well aligned through-
out the crystal by edge sharing. Finally, the
high-order octahedral mesophase crystals are
also uniform in size.

One of the important extensions of step-
wise materials assembly is its application to

mixed material systems. We have recently demonstrated step-
wise assembly of hierarchical heterostructures by growing cad-
mium sulfide (CdS) nanorods on ZnO crystals (Figs. 7f,g). This
process involves first nucleating and growing ZnO hexagonal
rods, as described above. In a second step, CdS nanoseeds are
nucleated on the ZnO crystal surfaces from a solution contain-
ing cadmium nitrate and thioacetamide as a sulfur source. This
process relies on the gradual release of free sulfide ions from
thioacetamide during gentle heating, which prevents massive
homogeneous nucleation of CdS, and allows for heterogeneous
nucleation of CdS on ZnO rods (Fig. 7f). In the third growth
step, this CdS layer serves both to protect the ZnO and to seed
the growth of CdS rods in a harsh reaction solution containing
cadmium nitrate, thiourea, and EDA at elevated temperature
and pressure. This multistep process effectively produces nano-
rods of CdS radiating outwards from ZnO-rod substructures
(Fig. 7g). Though the mechanisms for CdS-rod formation have
not yet been elucidated, the evolution of this rod morphology
is attributed to the influence of EDA, much like the secondary
rod growth described for ZnO is tied to the presence of di-
amines. This example of mixed material assembly demon-
strates the wider applicability of the multistage growth process
and reiterates the importance of organic growth modifiers, such
as diamines, in controlling selective stages of assembly.
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Figure 5. Micropatterning of hierarchical ZnO crystals: a) schematic illustration of micropat-
tern chemistry for patterned ZnO growth; b) dotted patterns of vertically oriented nanorods
and patterned single crystals (insets); c) micropatterned arrays of separated, secondary
flowerlike structures; d) side-view of micropatterened array in (c) with the inset showing the
first-generation seed bundles; e) dense micropatterned array of secondary ZnO “flowers”. The
patterned nanorod arrays and single crystals in (b) were synthesized on Ag substrates in one
growth step after microstamping, and the flowerlike crystals in (c,d) were grown in a second
stage on patterned arrays like that shown in (b, lower inset). b–e) SEM images.
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4. Concluding Remarks

While important discoveries continue to be made in nano-
materials research, the field is advancing towards the develop-
ment of applications. Oriented nanocrystalline semiconductor
films are receiving increasing attention because of their power-
ful optical and electronic properties. High-quality crystallinity,
orientational alignment, and high surface/volume ratios are
all important for efficient electron and photon transport in
applications such as photovoltaics[49,70] and lasers.[71] With
ZnO, large nanorod arrays of exceptional uniformity, orienta-
tional alignment, and optical properties (negligible defect
emission) have been produced by the aqueous solution
route.[43,46,47,49,52,55,72,73] Room-temperature UV lasing has also
been demonstrated,[52,74] and water-repellent superhydrophobic
surfaces with contact angles greater than 160° have been
synthesized from ZnO nanorod arrays grown in aqueous solu-
tion.[75–77]

Most of the progress towards applications has
been with ZnO because of the established mor-
phological control and because it is a multifunc-
tional material of great engineering significance.
However, as discussed in the current article,
research on materials such CaCO3 and SiO2 in-
spired many of the developments that have led to
the progress with ZnO, which may in turn inspire
further progress with other materials. Research
on other nanostructured film materials, such as
TiO2, Cu2O, and CdS, is in a nascent stage, and
synthesis of complex nanostructures has just be-
gun.

This progress notwithstanding, the potential
for nanostructured films still remains largely un-
tapped. Fulfilling this potential will require great-
er control of film properties, informed by a better
understanding of nanocrystal nucleation and
growth phenomena. Developments in solution-
phase synthesis have been mostly empirically de-
rived, and mechanisms offered in the literature
have been qualitative, speculative, and incom-
plete. Extensive and systematic studies are
needed to elucidate the principles governing the
control of the observed crystalline morphologies.
The fundamental mechanisms controlling re-
nucleation and growth on existing crystals are
also not well understood, and it is not clear how
single crystal formation and epitaxial alignment is
achieved from polycrystalline renucleation layers.
Furthermore, the factors that control the surface
chemistry and the crystal morphologies and sizes
cannot be systematically predicted. These scien-
tific questions will need to be addressed in future
studies in order to gain the control and reliability
required by nanomaterials applications. With
this improved understanding and concomitant
control, stepwise solution-phase growth methods

should provide versatile and powerful industrial-scale produc-
tion processes for assembling complex nanostructured films
by design, and may ultimately be instrumental in moving
nanoscience out of the laboratory and into technology.

5. Experimental

Large oriented arrays of nanoneedles were synthesized on glass sub-
strates by seeding the slide with ZnO nanoparticles [41], followed by
growth in an aqueous Zn(NO3)2 solution at 60 °C. Seeded substrates
were incubated overnight at 60 °C in 125 mL Teflon bottles filled with
75 mL of an aqueous solution of 20 mM Zn(NO3)2 and hexamethylte-
tramine (HMT), and 130 mM DAP. The seeded side of the substrate
was uniformily coated with a continuous white film comprised of an
oriented array of ∼ 100 nm wide needle-shaped crystals with approxi-
mately 10 nm tip radii.

Hierarchical ZnO crystals were synthesized on clean, unseeded glass
substrates to produce a sparsely populated film of crystalline structures.
Primary rods formed during incubation at 60 °C overnight in an aque-
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Figure 6. Micropatterned array of tertiary ZnO “cactus” structures (SEM images), pro-
duced with four growth stages on a microstamped Ag substrate: a) micropatterned array
viewed at an oblique angle and b) dense array viewed normal to the substrate.
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ous solution of 20 mM Zn(NO3)2 and HMT. After drying in air, the
substrates were incubated again at 60 °C for 6 h in a solution of 20 mM
Zn(NO3)2 and HMT, and a DAP concentration ranging from 0.08 mM
to 0.13 mM or a diaminobutane concentration ranging from 0.4 to
0.7 M, which produced oriented secondary nanocrystal arrays with tun-
able morphology. In order to renucleate ZnO on the needle-shaped,
secondary crystals, a “healing” growth stage without diamines was
usually required (three days incubation in 20 mM Zn(NO3)2 and
HMT). This converted the secondary needles to hexagonal prismatic
rods, and incubation in a fourth stage with diamine produced oriented
arrays of tertiary nanoneedles on the secondary rods.

Ag-coated substrates were microstamped with two-dimensional pat-
terns of carboxyl- and methyl-terminated SAMs, and then incubated
at 60 °C in an aqueous solution of 20 mM Zn(NO3)2 and HMT [67]. A
second stage of incubation in an aqueous solution of 20 mM Zn(NO3)2

and HMT, and 80 mM DAP produced arrays of secondary flower-like
crystals, and after a healing stage in 20 mM Zn(NO3)2 and HMT, ori-
ented tertiary nanoneedles grew on the secondary rods in a fourth stage
with 40 mM DAP. The length and width of the branch crystals were
controlled by the DAP concentration. A higher concentration of
DAP was used in the second stage compared to in the final stage to
produce crystals with smaller tertiary nanoneedles on larger secondary
branches.

Films of primary ZnO rods were grown on clean or seeded glass sub-
strates by incubation overnight at 60 °C in an aqueous solution of
20 mM Zn(NO3) and HMT [41]. After drying in air, the substrates
were incubated again at 60 °C in an aqueous solution of 10 mM
Cd(NO3)2 and 10 mM thioacetamide for 60 min, which nucleated a
continuous seed layer of CdS nanoparticles on the primary ZnO rods.
In a third growth stage, the substrates were incubated at 180 °C for
2 days in a 20 % (w/w) aqueous EDA solution, with 50 mM Cd(NO3)2

and 75 mM thiourea, which produces a continuous coating of CdS
nanorods projecting from the primary ZnO rods.
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