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Tetrapod-shaped CdSe nanocrystals have been successfully synthesized in high yields using a simple
method of controlling the protonic acidity of the reaction system. A possible growth mechanism is discussed
on the basis of the surface modification of H+ present. The crystal structure of CdSe tetrapods is determined
by high-resolution transmission electron microscopy analysis to have a zinc blende core at the center
with four wurtzite arms growing out from the core along four [111] directions. The electronic structure
of CdSe tetrapods is studied theoretically in comparison with that of spherical dots.

Introduction

The size and shape of semiconductor nanocrystals play
an important role that determines their electronic and optical
properties. During the past few years much effort has been
devoted to controlling the size and shape of these materials.
One way to achieve shape control is to enhance anisotropic
nanocrystal growth using a liquid medium such as the
vapor-liquid-solid (VLS) method.1 Another common ap-
proach is to use surfactants or micelles (regular or inverse)
as regulating agents or templates to facilitate anisotropic
crystal growth.2-6 The tetrapod-shaped nanocrystals can
potentially lead to a variety of interesting mechanical,
electrical, and optical properties. For example, due to their
three-dimensional character, tetrapods may be important
alternatives to fibers and rods as additives for mechanical
reinforcement of polymers.7 Tetrapods can also serve as a
very interesting building block for preparing superstructures,
especially three-dimensional ones.8 Three-dimensional CdSe
tetrapods have obvious potential advantages in photovoltaic
devices9,10 because their shape makes it impossible for them
to lie flat within the film. Up to now tetrapod-shaped crystals
with dimensions on the nanometer and micrometer scale have

been synthesized for a variety of II-VI semiconductors
including ZnO,11-12 CdS,13-15 CdTe,7,16 and CdSe.2,17 CdTe
tetrapod-shaped nanocrystals have previously been synthe-
sized using CdO as the cadmium precursor in oleic acid
(OA)-trioctylphosphine (TOP) system or in a mixture of
surfactant of octadecylphosphinic acid (ODPA) and the
trioctylphosphine oxide (TOPO)-TOP system, respectively.
It is found that it is possible to obtain a high yield of colloidal
CdTe tetrapods with well-controlled nanoscale dimensions.
On the other hand, only very low yield of colloidal CdSe
tetrapods is observed in the synthesis of CdSe nanorods using
CdO as the cadmium precursor in a mixture surfactant of
tetradecylphosphonic acid (TDPA) and the TOPO-TOP
system. In this paper, we report the syntheses of almost pure
tetrapod-shaped CdSe nanocrystals using a simple method
by controlling the protonic acidity of the cadmium OA-
TOP precursor. The crystal structure of the tetrapods is
determined by high-resolution transmission electron micros-
copy (HRTEM) analysis, which shows that the tetrapod has
a zinc blende core and four wurtzite arms. The electronic
structure of the tetrapod is calculated in comparison with
the spherical dot. Room-temperature optical absorption
spectra and photoluminescence (PL) spectra are measured.

Experimental Section

The syntheses of CdSe nanocrystals were carried out by standard
air-free techniques. A mixture of CdO (1.8 mmol, 0.2311 g), oleic
acid (OA, 6.0 mmol), and diphenyl ether (8 mL) was heated in a
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three-neck flask to 180°C for 2 h. Then 3.2 g of selenium-TOP
solution (containing 0.32 g (4.0 mmol) of selenium) was quickly
injected into this hot solution. The synthesis was carried out under
N2 flow. An aliquot at a given reaction time was taken out from
the reaction flask with a small syringe and quickly transferred into
a vial with chloroform. The rapid cooling of the hot aliquot by the
cold chloroform sufficiently quenched the growth of the nano-
crystals. The CdSe nanocrystal obtained in this way has spherical
shape and is named as sample A. More importantly, we found that
a CdSe nanocrystal with a tetrapod shape could be obtained by
following the same procedure as described above except adding
0.2, 0.6, and 1.0 mmol HCl (37% aqueous solution), 0.2 mmol
MnCl2, FeCl2, and H2SO4, respectively, to the mixture of CdO,
OA, and diphenyl ether before heating. The samples obtained by
separately adding HCl with different amounts of 0.2, 0.6, and 1.0
mmol are named as samples B1, B2, and B3, respectively. The
samples obtained by separately adding MnCl2, FeCl2, and H2SO4

are named as samples C-E, respectively. When we monitor the
growth of the tetrapods, we find that the solution becomes red
colored immediately after Se-TOP solution is injected into the hot
cadmium precursor with or without the addition of HCl, MnCl2,
FeCl2, and H2SO4. This indicates the growth of quantum dots or
tetrapods is very fast. However, the above-named samples are
obtained with the reaction time of 1 h.

The size, shape, and crystal structures of CdSe nanocrystals were
examined using a JEOL 2010F high-resolution transmission electron
microscopy (HRTEM) operated at 200 kV with a spatial resolution
of 0.17 nm. The compositions of CdSe nanocrystals were deter-
mined by X-ray energy dispersive spectrometry (EDS) in the TEM.
UV/vis absorption spectra were obtained using a Milton Roy
Spectronic 300 spectrometer. PL spectra were measured using a
standard setup with argon laser (λ ) 488 nm). For both optical
absorption and PL experiments CdSe samples in solution were used.

Results and Discussions

Figure 1a shows a typical TEM image of dot-shaped CdSe
nanocrystals, sample A. As can be seen, the CdSe quantum
dots (QDs) are almost spherical, and the average size of the
QDs is about 4 nm (estimated by averaging over 50 dots
clearly visible in TEM pictures). Figure 1b is a low-
magnification TEM image illustrating high yields of tetrapod-
shaped CdSe nanocrystals (sample B2) formed by adding
0.6 mmol of HCl (37% aqueous solution) into cadmium
precursor of the pure dot-shaped CdSe reaction system. It is
estimated from a few such TEM images that the tetrapod
yield is up to 80% for this sample, which is much higher
than that previously reported.2,17 Panels c-f of Figure 1 are
typical TEM images showing tetrapod-shaped CdSe nano-
crystals formed by adding 1.0 mmol of HCl (sample B3),
0.2 mmol of MnCl2 (sample C), 0.2 mmol of FeCl2 (sample
D), and 0.2 mmol of H2SO4 (sample E), respectively, into
cadmium precursor of the pure dot-shaped CdSe reaction
system. The diameter of the core and the diameter and the
length of the arms for some samples are estimated by
HRTEM analysis. The results are listed in Table 1. The
diameters of the core for all of the samples are about 4.1
nm, the widths of the arms are about 3.1 nm, and the lengths
of the arms are about 8.3 nm. We have tried to vary the
geometric shape of the tetrapod by changing the H+

concentration from 10%, 30% to 50%, but no obvious
differences are observed so far. In addition, by sampling
aliquots of the reaction mixtures at 15 min, 30 min, and 1 h

for analysis, respectively, we find that all of the samples
show a high yield of tetrapods of similar geometrical sizes.
The reason for no pronounced influence of the reaction time
on the sizes of the tetrapods is as follows. The growths of
tetrapods are so fast that the tetrapods with a narrow size
distribution have been formed in 15 min. The sharpening of
the sample size distribution reduces the thermodynamic
driving force for further growth according to the Ostwald
ripening process. As a result, the increase of reaction time
(30 min, 1 h) leads to no further increase of the size of
tetrapods.

In our experiment, the only difference between the
synthesis of dot-shaped and tetrapod-shaped CdSe nanoc-
rystals is the addition of HCl, H2SO4, MnCl2, and FeCl2 into
the cadmium precursor separately. The results from the
samples with the addition of 0.2 mmol of HCl, 0.6 mmol of
HCl, 1 mmol of HCl, and 0.2 mmol of H2SO4 suggest that
the acidity in the cadmium precursor is responsible for the
high yield of CdSe tetrapods. In particular, we planned to
synthesize Mn2+- or Fe2+-doped CdSe quantum dots by
adding MnCl2 or FeCl2 to the cadmium precursor at first;
however, only CdSe tetrapods were obtained. Furthermore,
no traces of manganese or iron are detected in the final CdSe
tetrapods by EDS in the samples with addition of MnCl2 or
FeCl2. This suggests that HCl, H2SO4, MnCl2, and FeCl2 are

Figure 1. TEM images of (a) sample A, CdSe dots; (b) sample B2,
CdSe:HCl (0.6 mmol); (c) sample B3, CdSe:HCl (1.0 mmol); (d) sample
C, CdSe:MnCl2; (e) sample D, CdSe:FeCl2; and (f) sample E,
CdSe:H2SO4.
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playing a similar role in the growth of CdSe tetrapods. Noting
that the following chemical reactions take place during the
reaction process,

it is clear that the common feature of these additions is proton
(H+) generation from the cadmium precursor. As a result,
we believe it is the proton (H+) that plays a key role in the
synthesis of almost pure CdSe tetrapods. Mn(OH)2 and
Fe(OH)2 are not soluble under the reaction conditions, which
is the main reason doping of CdSe does not take place.

The detailed crystal structure of CdSe tetrapods has been
analyzed by HRTEM (see the following paragraph). It is
evident that the tetrapod-shaped nanocrystals have a zinc
blende core with four wurtzite arms grown out of the four
equivalent (111) facets of the zinc blende core, the same as
that proposed for CdTe tetrapods.7 According to previous
work, there are two main factors to achieve tetrapod-shaped
CdTe and CdSe nanocrystals synthesis. One7 depends on the
growth energy difference between zinc blende and wurtzite
structures. At a suitable temperature range one structure could
be preferred to another during the synthesis. For the CdTe
case, the energy difference between the wurtzite and the zinc
blende structures is appropriate for controlling the growth
of the zinc blende structure core and wurtzite arms so as to
form a tetrapod-shaped nanocrystal easily. However, it has
been pointed out that the energy difference between the
wurtzite and the zinc blende structures is too small to
facilitate controllable tetrapod-shaped nanocrystal synthesis
in the case of CdS, CdSe, and ZnS. This is the main reason
for a low yield of colloidal CdSe tetrapods.2,17 On the other
hand, it is also reported2 that the anisotropy nanocrystal
growth is determined by the monomer concentration in the
solution and a high concentration produces high yield of
CdTe nanotetrapods and CdSe nanorods instead of nano-
tetrapods. In contrast, in our experiments we have found that
it is the protonic acidity in the solution that controls the dot-
shaped and tetrapod-shaped CdSe nanocrystal synthesis. We
believe that the effect of acidic environment in the reaction
system is to initiate the growth of the zinc blende core and
influence the growth rates of different crystal facets so as to
induce anisotropic growth of CdSe nanocrystals. At the
beginning of the reaction, the proton (H+) influences mainly
the yield of zinc blende nuclei, and then it may be absorbed
on those facets such as{110}, except the four{111} facets,
passivating these facets. As a result, the growth can only
continue on the four equivalent{111} facets. In the end,

the four arms are formed along the uniqueC-axis of the
wurtzite crystal. As a surfactant, oleic acid molecules can
selectively bind to the other facets of the arms of CdSe,
similar to the case of CdTe tetrapod synthesis.16 Therefore,
tetrapod-shaped CdSe nanocrystals can be synthesized in high
yield by controlling the protonic acidic circumstance of the
reaction solution.

Figure 2a shows the typical HRTEM image of the CdSe
tetrapod-shaped structures formed by a core and four arms,
which are viewed nearly along the CdSe core [111] direction.
Therefore, three arms (labeled by I, II, and III) distribute at
an angle of 120° to each other around the core, while the
fourth one overlaps with the core. All of the arms have
hexagonal structure and are nearly epitaxially connected to
the zinc blende CdSe core along the four〈111〉CdSedirections.
The interface structure between the core and arms is
{111}CdSe//{0001}arm. From our observations, most CdSe
cores have cubic single crystalline structure. However,
stacking faults may coexist. In Figure 2a, the HRTEM image
of the core shows hexagonal symmetry with a fringe spacing
of about 0.37 nm, which is aboutx3d(220) (d(220) ) 0.212

Table 1. Summary of the Samples’ Properties

arm PL peak (eV) absorption Peak (eV)

sample
core

diam (size distribution ) (nm) length (size distribution ) (nm) diam (size distribution ) (nm) position fwhm lower energy high energy

A 4.0 (8%) 2.249 0.120 2.255 2.755
B1 4.0 (7%) 8.1 (12%) 3.0 (8%) 2.141 0.272 2.215 2.716
C 4.2 (7%) 8.5 (10%) 3.3 (9%) 2.123 0.144 2.171 2.659
D 4.1 (9%) 8.5 (15%) 3.1 (9%) 2.204 0.254 2.207 2.690

CdO+ 2CH3(CH2)7CHdCH(CH2)7COOHf

Cd(CH3(CH2)7CHdCH(CH2)7COO)2 + 2H2O

MnCl2 + H2O f Mn(OH)2 + 2HCl

FeCl2 + H2O f Fe(OH)2 + 2HCl

Figure 2. HRTEM images of the tetrahedral structure with one CdSe core
particle and four arms: (a) Viewed along the [111] direction of CdSe core
particle; (b) viewed along the [110] direction of CdSe core particle; (c)
schematic drawing of the tetrahedral nanostructure viewed along the [110]
direction of CdSe core particle. The arrows indicate some interface positions
between the arms and the CdSe core, and dashed lines are guides for eyes.
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nm for pure cubic CdSe). Obviously, due to the overlap
between the cubic core (viewed in [111]) and the hexagonal
arm (viewed in [0001]), the HRTEM image shows two-
dimensional moire´ fringes with a spacing of about 0.372 nm.
This spacing is equal to thed(101h0) of the hexagonal arm.
The HRTEM image simulations based on this overlapping
structure confirm our HRTEM observations. Figure 2b shows
the HRTEM image taken along the [110] direction of the
core. Arms I and II are typically the hexagonal structure
viewed nearly along the [11h20] orientation, while arms III
and IV are overlapped to each other (their [02h23] is nearly
parallel to the [110]CdSe or the electron beam direction in
this figure). Figure 2c shows a schematic drawing of the
tetrapod structure viewed along the [110] direction. In this
case, overlapping of arms III and IV results in the imaging
contrast as shown in Figure 2b. The above analyses confirm
the previous proposed structure model for the CdTe tetrapod-
shaped nanocrystals.7

A one-band envelope function is used to calculate the
electronic eigenstates of the CdSe dot and tetrapod. The
Hamiltonian used is

where we assumeV(xb) ) -3eV within the dot or tetrapod
andV(xb) ) 0 outside the dot or tetrapod; the effective mass
of electronm* ) 0.1 me andme is the free electron mass.

Figure 3 shows the calculated eigenenergy dependence of
the ground state, the first excited state, and the fourth excited
state on the diameter of the dot or the core of the tetrapod,
respectively. For the tetrapod, the arm dimensions are fixed
as 8 nm long and 4 nm wide. The arrow in Figure 3 indicates
the core size range of our samples. It can be seen that at
smaller core diameters (less than 2.0, 3.0, and 4.5 nm for
ground state, first excited state, and fourth excited state,
respectively) the eigenenergy of the states is almost un-
changed with the decrease of the core diameter. This is
because with fixed arm dimensions the wave function

distribution within the tetrapod is concentrated inside the
arms for smaller core size (armlike states) so that the
eigenenergy values are determined mostly by the arm
dimensions. As the core diameter increases, the eigenenergy
of the tetrapod states becomes closer and closer to that of
the dot of the same diameter as the wave function distribution
within the tetrapod concentrates more and more inside the
core for large enough core size (dotlike states). For our
tetrapod samples (indicated by an arrow in Figure 3) the
ground state is dotlike, while the fourth excited state is
armlike.

Figure 4 shows the ground-state (a) and the fourth-excited-
state (b) eigenenergy dependence on the arm diameter and
the arm length for the tetrapod. The core diameter is fixed
at 4 nm. The black dots in the figure indicate the approximate
arm sizes of our tetrapod samples. As can be seen in Figure
4a, the ground-state eigenenergy changes from-2.802 to
-2.808 eV when the arm diameter changes from 2.0 to 3.5
nm, but it is almost unchanged when the arm length changes
from 3 to 14 nm. This indicates that as the arm diameter
increases from 2.0 to 3.5 nm, the eigenenergy decreases only
by a few millielectronvolts because the wave function of the
ground state is mostly confined inside the core of the
tetrapod, i.e., dotlike. On the other hand, the fourth-excited-
state eigenenergy (see Figure 4b) decreases more significantly
(a few tens of millielectronvolts) with the increase of arm
diameter as the wave function penetrates a lot into the arms
of the tetrapod, i.e., armlike. For smaller arm diameter (less
than about 3 nm) the eigenenergy is almost independent of

Figure 3. Eigenenergy variation vs core size for dotted (dashed line) and
tetrapod (solid line) samples. The arm length and diameter are fixed as 8
and 4 nm. “Ground” refers to the ground state, “First” refers to the first
excited state, and so on. The arrow indicates the core size range of our
samples.

Figure 4. Calculated eigenenergy variation vs the arm diameter and length
of a tetrapod with the core size fixed at 4 nm: (a) for the ground state and
(b) for the fourth excited state. The black dots indicate the arm sizes of our
samples.

H ) 1
2m*

(px
2 + py

2 + pz
2) + V(xb) (1)
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the arm length used here. But when the arm diameter is larger
than about 3 nm, the arm length dependence of the
eigenenergy is also evident. This is because the quantum
confinement of the arm is determined by the aspect ratio of
the arm dimension. When the arm diameter is small enough
in comparison with its length, the arm resembles a nanowire
where the confinement effect is dominated by the arm
diameter only. When the arm diameter becomes comparable
to its length, both the diameter and length affect the
confinement effect. In brief, considering the dimension of
our tetrapod samples, the ground state is controlled by the
core diameter while the “arm diameter” effect becomes
important only for the states above the fourth excited state.

Figure 5 shows the absorption and PL spectra of sample
A, B1, C, and D measured at room temperature. No
qualitative difference is observed between the dot sample

and tetrapod samples as expected from theoretical calculation.
The linear absorption spectra of all samples show two peaks.
The peak at lower energy originates from the ground-state
transition when a 1s electron-heavy hole pair is generated.
The higher energy peak is probably a combination of two
transitions: one is again a 1s transition that involves the hole
from the spin-orbit split-off valence band, and the other is
the first excited-state transition. The Stokes shift for the
tetrapod sample D is as small as 0.003 eV. The full width at
half-maximum (fwhm) of the PL spectrum for the dot sample
is narrower than that for the tetrapod samples. The detailed
optical properties of the samples are summarized in Table
1.

Conclusion

High yields (about 80%) of tetrapod-shaped CdSe nanoc-
rystals have been successfully synthesized by controlling the
acidic circumstance in the OA-TOP reaction system. The
core diameter, the arm diameter, and the arm length are
estimated to be about 4, 3, and 8 nm, respectively. HRTEM
analysis has unambiguously identified that the core of the
tetrapod has a zinc blende crystal structure, while the four
arms have wurtzite crystal structure. The theoretical calcula-
tions indicate that for our tetrapod samples the ground state
is dominated by the core diameter and only for the states
above the fourth excited state the “arm diameter” effect
becomes important. The absorption and PL experiments for
the dot and the tetrapod samples show no qualitative
difference.
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Figure 5. Room-temperature optical absorption (dashed line) and PL (solid
line) spectra for samples indicated.
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