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Self-Catalysis and Phase
Transformation in the Formation
of CdSe Nanosaws**

By Yong Ding, Christopher Ma, and Zhong Lin Wang*

Waurtzite-structured CdSe is an important type II-V semi-
conducting compound for optoelectronics.'?! Due to the high
precision of size controllability, CdSe quantum dots are the
most extensively studied quantum nanostructure, and they
have been used as a model system for investigating a wide
range of nanoscale electronic, optical, optoelectronic, and
chemical processes.”*! Although studies of CdSe have been
carried out for more than a dozen years, there are only a few
reports on the synthesis of quasi-one-dimensional CdSe nano-
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structures. Shape-controlled synthesis of CdSe nanorods,>®

and template-assisted synthesis of CdSe nanowires!”) and
nanotubes'® have been demonstrated using electrochemical
and chemical approaches. Two-dimensional arrays of CdSe
pillars have been fabricated using electron-beam lithogra-
phy.[9] These nanowires and nanotubes are composed of nano-
meter-sized grains, and are polycrystalline in nature. Recently,
we reported a single-crystal nanobelt/nanoribbon structure of
wurtzite CdSe, parts of which display a “saw” shape.!'"!

In this communication, a detailed structural analysis of the
formation process of CdSe nanosheets and nanosaws is pre-
sented. The CdSe nanostructures have an identical growth
direction of [0110], and top and bottom surface planes of
(2110) across a large temperature zone. The growth of the
special tooth-shaped saw structure is suggested to be a com-
bined result of secondary epitaxial-nucleation processes ow-
ing to zinc-blende-wurtzite phase transformations and to the
self-catalytic effect of the Cd-terminated (0001) surface.!'"-?)

The CdSe nanobelts were synthesized by a thermal-evapo-
ration process in a horizontal-tube furnace.'”! The as-synthe-
sized samples were first analyzed by scanning electron micros-
copy (SEM) to find the relationship between the deposition
temperature and their growth morphologies. The SEM images
of the samples collected in low-temperature (~600°C) and
high-temperature (~700°C) regions are shown in Fig-
ures la,b, respectively. The plot in Figure 1c depicts the rela-
tionship between the local substrate temperature and the dis-
tance from the center of the furnace. The length of the silicon
substrate used in our experiment is around 10 cm and its posi-
tion in the furnace is illustrated in Figure 1c. The SEM images
in Figures 1a,b were obtained from the regions marked a and
b in Figure 1c, corresponding to temperatures of ~600 and
~700°C, respectively. The SEM images reveal that the sam-
ples in the lower and higher temperature regions show nano-
belt/nanosheet and nanosaw structures, respectively.

The structures of the nanobelts/nanosheets and nanosaws
have been analyzed to understand the temperature depen-
dence of the growth morphology. Figure 2a is a low-magni-
fication transmission electron microscopy (TEM) image of a
nanobelt/nanosheet collected in the lower-temperature
region. The length and width are hundreds and several micro-
meters, respectively, while the thickness of the nanobelt is no
more than 20 nm, as indicated by the bending area of the belt,
which has a typical sheet morphology. The selected area elec-
tron diffraction (SAED) pattern (Fig. 2a, inset) indicates that
the nanobelt/nanosheet has a wurtzite structure, and grows
along [0110]. After examining more than fifty belts from the
same temperature region, only one of them grows along
[0001], while the remaining ones grow along [0110]. High-res-
olution TEM (HRTEM) imaging confirms the growth direc-
tion of the belt (Fig. 2b). Despite the uniform thickness of the
belt, the surfaces on either side are not parallel to each other.
The surface on one side is the perfect (0001) plane, but the
surface on the other side has steps, indicating asymmetric sur-
face activities on the Cd-terminated (0001) and Se-terminated
(000T) surfaces, analogous to the case of ZnO.!"!
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Figure 1. a,b) SEM images show a) nanosheet/nanobelt and b) nanosaw
morphologies, corresponding to ~600°C and 700 °C substrate tempera-
tures, respectively. c) Plot shows the relationship between the local
temperature on the substrate, shown in grey, and the distance from the
center of the furnace.

Figure 2. a) Low-magnification TEM image of a nanosheet collected in
the low temperature region. The SAED pattern (insert) was recorded
from the circled area. b) HRTEM image of the surface of one side of the
belt.
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Figure 3a is a typical TEM image obtained from the front
section of a nanosaw structure collected in the higher-temper-
ature region, showing asymmetric growth behavior. The Au
catalyst can be seen at the tip of the nanosaw. The conver-

Figure 3. a) ATEM image showing the front section of a CdSe nanosaw.
b) Experimental and c) simulated CBED patterns. d) Atomic model of
the wurtzite-structured CdSe.

gent-beam electron diffraction (CBED) pattern recorded
from the saw in Figure 3a is shown in Figure 3b. By combin-
ing the CBED pattern and the bright-field TEM image, the
structure of the nanosaw is defined. The dominant growth
direction of the ribbon is [0110] and the large top and bottom
surfaces are (2110), which are the same as the belts collected
in the low-temperature region. Because wurtzite has a non-
central symmetry, CBED may be applied to determine the po-
larity along [0001] if the sample is sufficiently thick to create a
strong dynamic diffraction.

In order to differentiate the Cd-terminated (0001) surface
from the Se-terminated (0001) surface in the wurtzite struc-
ture, the [2110] zone-axis CBED patterns with different sam-
ple thicknesses were simulated to compare with the experi-
mental data presented in Figure 3b."*! The best-matched
simulated image is shown in Figure 3c, which corresponds to a
sample thickness of 19 nm. The qualitative agreement
between the calculated and simulated data suggests that the
nanoteeth are located along Cd-terminated [0001].

It has been reported that self-catalysis at the Zn-terminated
(0001) surface of ZnO results in the growth of aligned nano-
cantilever arrays, but the O-terminated (0001) surface is
inert.'!l The atomic model of wurtzite-structured CdSe is de-
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picted in Figure 3d. The Cd-terminated and Se-terminated
planes compose the (0001) and (0001) planes, respectively.
The CdSe saw structure shown in Figure 3a could also be due
to self-catalysis at the Cd-terminated (0001) surface, while the
Se-terminated (0001) surface could be inactive, resulting in
the asymmetric growth morphology.

Figures 4a,b are typical TEM images obtained from the
main part of the nanosaw structures collected from the high-
er-temperature region, which also show asymmetric growth

{000l | |

[0110]

0001

[0 1 )| 500n

Wurlzite

Zine blende

Wurtzite

Figure 4. a,b) TEM images of the asymmetric growth behavior of the
nanosaw structures, with SAED pattern (b, insert). c) HRTEM image
recorded from the rectangle-enclosed area in (a) showing the existence
of zinc-blende structure. d) The HRTEM image from the zigzag region in
(c) shows neither planar defects nor a zinc-blende phase.

behavior. One side is flat, but the other side has teeth
(Fig. 4a) or zigzag shapes (Fig. 4b). The strong diffraction
contrast observed in the images is due to the high-quality sin-
gle-crystal structure of the nanosaw. A HRTEM image col-
lected near the root of the nanoteeth indicates the existence
of a different phase, which is several atomic layers in thickness
and corresponds to the zinc-blende-structured CdSe (Fig. 4c).
The zinc blende is a result of changing the stacking sequence
from ABAB for the hexagonally structured wurtzite to
ABCABC. The energies for the two phases are quite close, "4l
and it is relatively easy to stimulate phase transformation. An
analogous structure has been previously reported for ZnS.!"”!
The magnitude in morphology oscillation for the zigzag struc-
ture is much smaller than that for the nanoteeth. HRTEM
images obtained from the zigzag region reveal neither planar
defects nor a zinc-blende phase (Fig. 4d).

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advmat.de

The formation of the one-sided saw and zigzag structures
may be due to two factors. First, it could be due to the self-cat-
alyzed processes at the Cd-terminated (0001) surface which
result in the asymmetric growth morphology. Second, the
nanoteeth growing along [0001] are straight, with well-defined
shapes. The growth of the side nanoteeth may also be related
to the presence of the zinc-blende layer. From the structural
information shown in Figures 4a,b, the top and bottom sur-
faces of the wurtzite phase are the +(2110) low-energy facets.
However, the corresponding planes for the zinc-blende phase
are £(110), which are the high-energy facets for the cubic sys-
tem and are thus energetically unfavorable. Therefore, the
width of the zinc-blende strip is limited in order to reduce its
surface energy, but continuous growth driven by the catalyti-
cally active Cd-terminated (0001) surface tends to re-nucleate
the wurtzite phase. This nucleation is epitaxial, but multiple
nucleation sites along the length of the nanoribbon are most
likely, possibly resulting in the growth of the nanoteeth on
one side. The uneven growth of the nanoteeth can be clearly
seen on the right-hand side of the nanosaw shown in Fig-
ure 3a.

It has been noted that the non-even lengths of the nano-
teeth shown in Figure 3a may be due to differences in growth
time. The growth is a two-step process: a Au-catalyzed fast-
growth process creates the nanoribbon, while a slower side-
growth process creates the teeth. As the Au-catalyzed growth
continues along [0110], the self-catalyzed growth proceeds
simultaneously along [0001]. The local growth temperature
may greatly affect the rate of the self-catalyzed growth, result-
ing in the formation of nanosaws in a higher-temperature
region, but nanobelts/nanosheets in a lower-temperature
region (see Fig. 1).

In summary, wurtzite-structured CdSe nanobelts/na-
nosheets and nanosaws have been synthesized by a thermal-
evaporation process using a Au catalyst. The CdSe nanostruc-
tures have an identical growth direction of [0110],and top and
bottom flat surfaces of (2110). The comparably low deposition
temperature (~600°C) benefits the formation of pure wurt-
zite-phase nanobelts/nanosheets. A detailed structural analy-
sis on the formation process of wurtzite CdSe nanosheets and
nanosaws is presented. The nanosaw is formed by a two-step
process: a fast-growth process along [0110] creates the main
ribbon, while a subsequent side-growth process along [0001]
creates the one-sided teeth. The growth of the teeth is sug-
gested to result from a combination of secondary epitaxial
nucleation processes due to zinc-blende-wurtzite phase trans-
formations, and to the self-catalytic effect of the Cd-termi-
nated (0001) surface.

Experimental

The CdSe nanobelts were synthesized through a thermal-evapora-
tion process in a horizontal-tube furnace. Commercial-grade CdSe
powder was placed in the center of a single-zone tube furnace and
evacuated for several hours to purge oxygen from the chamber. Sin-
gle-crystal silicon substrates, dispersed with catalytic gold particles
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typically 3-5 nm in size, were used for growing the nanostructures.
After the evacuation process was completed, the temperature of the
system was elevated to 750 °C at a rate of 20 °C min™! and the pressure
was maintained at 30 kPa. Nitrogen was sent through the system at a
rate of 50 mL min~" to act as a carrier gas to transport the sublimated
vapor to cooler regions within the tube furnace for deposition. The as-
produced materials were analyzed by scanning electron microscopy
and high-resolution transmission electron microscopy.
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Electrochemical Crystallization
of Cuprous Oxide with Systematic
Shape Evolution**

By Matthew J. Siegfried and Kyoung-Shin Choi*
The shape of a crystal is determined by the crystallographic

planes that form the surface. The density and symmetry of
atoms in different crystallographic planes are not identical,
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and neither are their electronic structure, bonding, surface
energy, and chemical reactivities. Therefore, the ability to
tune the shapes of materials directly relates to the ability to
tune their properties and stabilities. While many successful
attempts have been reported to manipulate the shape of iso-
lated inorganic particles,[l's] it remains a challenge to system-
atically modify the shape of particles that are composed of
polycrystalline films, or electrode materials. A synthetic meth-
od that possesses such an ability is critical to elucidate any
shape-dependence of chemical and physical properties. It will
also generate many possibilities of improving the efficiency of
devices based on semiconducting/metallic electrodes (e.g.,
photovoltaics, fuel cells, sensors, and battery applications). In
this study, we demonstrate a synthetic method that can pre-
cisely and homogeneously control the shape of micrometer-
size cuprous oxide (Cu,O) crystals grown onto a conducting
substrate.

When inorganic crystals are formed under equilibrium con-
ditions, their crystal habit is determined by the relative order
of surface energies.[ﬁ] The fastest crystal growth will occur in
the direction perpendicular to the face with the highest sur-
face energy. This results in the elimination of higher-energy
surfaces while the lower-energy surfaces increase in area.
When organic or inorganic additives are added during the
crystal growth process, the relative order of surface energies
can be modified.”’ Due to anisotropy in adsorption stability,
these additives adsorb onto a certain crystallographic plane
more strongly than others. This preferential adsorption lowers
the surface energy of the bound plane and hinders the crystal
growth perpendicular to this plane, resulting in a change in
the final morphology (as depicted in Scheme 1).
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Scheme 1. Crystal-habit control achieved by preferential adsorption of
additives during the crystal growth process.

We are interested in combining this concept with an electro-
deposition method in order to produce semiconducting mate-
rials as polycrystalline electrodes with a precisely controlled
morphology. Although it has been widely accepted that addi-
tives in plating solutions generally modify the surface features
of inorganic deposits,[S] not many systematic attempts have
been made to investigate preferential adsorption of additives
to methodically tune particle shapes. Our interest lies specifi-
cally in utilizing surfactant molecules as additives instead of
simple inorganic jons”! or organic molecules."” Due to their
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