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We achieved extensive control of the morphology and phase of colloidal cadmium telluride (CdTe)
nanocrystals (NCs) using two different types of capping ligands, namely, amines and phosphonic acids
having various alkyl chains ranging from butyl (C4) to octadecyl (C18). Among the alkylamines, the
largest tetrapods are preferentially produced using octylamine (C8), suggesting that the steric hindrance
of the alkyl chains optimizes the growth condition of the tetrapods. The phase of the tetrapod branches
can be tuned from wurtzite to zinc blende by enhancing the steric hindrance of the tertiary alkyl phosphine
used as the Te activating ligand. The in situ synthesis of tetrapod CdTe NCs on carbon nanotubes (CNTs)
was performed using the two types of ligands. All of the CdTe NCs grown on the CNTs consisted of
wurtzite phase, and the largest tetrapods are produced using phosphonic acid having the alkyl chain,
C10.

1. Introduction

As one of the important colloidal wide-band gap II-VI
semiconductor nanomaterials, CdTe (bulk Eg ) 1.44 eV at
300 K) nanocrystals (NCs) are of great interest for both
fundamental studies and various promising applications in
the field of photonic crystals, light-emitting diodes (LEDs),
solar cells, and bioimaging.1-6 They usually exhibit distinc-
tive optical and electronic properties, which are strongly
dependent on their size and shape (i.e., quantum size effects)
and which are distinctive from those of the corresponding
bulk counterparts. Therefore, the control of the size and shape
of NCs has been the most significant issue and has advanced
dramatically in the past few years.1-3,7-9 Among the various
nanostructures, tetrapod-shaped CdTe NCs have received a
tremendous amount of attention, due to their unique optical/

mechanical properties.10-20 However, developing an im-
proved synthesis method that increases the yield of nano-
structures with this shape and controls the crystal phase
(wurtzite and zinc blende) still remains quite a challenge.

Recently, significant interest has been directed toward the
design of NC (e.g., CdS, CdSe, CdTe, ZnS, ZnSe, PbS, PbSe,
Cu2S) and carbon nanotube (CNT) hybrid nanostructures,
to extend the range of applications.21-28 In particular, CdTe
NC-CNT hybrid nanostructures allow for the highly efficient
generation of photocurrents via the interaction between the
excited semiconductor NCs and the conductive CNTs, thus
demonstrating their importance as building blocks for light
harvesting assemblies.23 However, the size and morphology
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control of CdTe NCs in the CNT hybrid nanostructure system
has not been much investigated yet.

Herein, we report the synthesis of CdTe tetrapods with
well-controlled shape /phase/dimensional uniformity through
the novel use of the steric effect of the capping ligands. By
adopting the well-developed synthetic procedure of the Peng
group,12 we added the following alkyl-chained amines as
coordinating coligands in the noncoordinating solvent, 1-oc-
tadecene (ODE), namely, butylamine (BA), octylamine (OA),
dodecylamine (DDA), tetradecylamine (TDA), octadecy-
lamine (ODA), dioctylamine (DOA), and trioctylamine
(TOA). They can act as “sufficient” protection ligands, which
can control the shape of the monodispersed NCs. The CdTe
NCs exhibit remarkable shape evolution from dots to
tetrapods when the length of the alkyl chains of the amines
is altered. Remarkably, for the first time, the phase of the
tetrapods was able to be controlled from wurtzite to zinc
blende structures by changing the Te activating ligands from
tributylphosphine (TBP) to trioctylphosphine (TOP), which
form the Te:TBP or Te:TOP complex, respectively.

Furthermore, an in situ synthetic route to prepare CdTe
NC and CNT hybrid nanostructures was developed, to show
the unique morphology evolution of CdTe tetrapod NCs on
the surface of multiwalled CNTs (MWCNTs) and single-
walled CNTs (SWCNTs). We used various alkyl-chained
phosphonic acids as activating agents for the Cd precursors
and coordinating ligands; that is, hexylphosphonic acid
(HPA), decylphosphonic acid (DPA), tetradecylphosphonic
acid (TDPA), and octadecylphosphonic acid (ODPA). For
these dispersed and attached CdTe NCs (on the CNTs), the

tetrapod morphology is directly correlated with the alkyl
chain length of the amines and phosphonic acids.

2. Experimental Section

Materials. 1-Octadecene (ODE, C17H34dCH2, 90%), cadmium
oxide (CdO, 99%), tellurium (Te) powders (99.8%), oleic acid
(OLA, C8H16dC8H15sCOOH, 99%), tributylphosphine (TBP,
97%), trioctylphosphine (TOP, 90%), tri-n-octylphosphine oxide
(TOPO, 90%), butylamine (BA, n-C4H9NH2, 99%), octylamine
(OA, n-C8H17NH2, 99%), dodecylamine (DDA, n-C12H25NH2, 98%),
tetradecylamine (TDA, n-C14H29NH2, 95%), hexadecylamine (HDA,
n-C14H29NH2, 98%), octadecylamine (ODA, n-C18H37NH2, 97%),
dioctylamine (DOA, (C8H17)2NH, 98%), and trioctylamine (TOA,
(C8H17)3N, 98%) were purchased from Aldrich. Hexylphosphonic
acid (HPA, C6H13P(O)(OH)2), decylphosphonic acid (DPA,
C10H21P(O)(OH)2, 98%), tetradecylphosphonic acid (TDPA,
C14H29P(O)(OH)2, 98%), and octadecylphosphonic acid (ODPA,
C18H37P(O)(OH)2) were purchased from Alfa. All chemicals were
used without further purification. Purified single-walled CNTs (Iljin,
99%) and multiwalled CNTs (Aldrich, g95%) were used.

Typical Synthesis of Dispersed CdTe NCs. The procedure was
divided into three steps. (1) CdO (0.1 mmol, 12.8 mg) and OLA
(0.35 mmol, 0.11 mL) were mixed with 5.0 mL of ODE in a 50
mL three-neck flask equipped with a condenser, and the mixture
was heated to 300 °C under argon flow. (2) A solution of Te (0.05
mmol, 6.38 mg) dissolved in 0.13 mL (0.28 mmol) of TOP (or
TBP) was swiftly injected into the heated solution, and the reaction
mixture was then cooled to 260 °C. (3) The mixture was maintained
at 260 °C for 10 min to allow for the growth of the CdTe NCs. For
the addition of amines, 0.2 mmol of BA (or OA, DDA, TDA, ODA,
HDA, ODA, DOA, TOA) was dissolved in the Te-TOP solution
and injected into the hot solution, in the step (2). The other reaction
conditions were kept the same as those described above. The molar
ratio of precursors and ligands is CdO:Te:OLA:TBP (or TOP):
amine ) 1:0.5:3.5:2.8:2.

Typical Synthesis of CdTe NCs Attached on CNTs. Two
procedures were developed. Method 1: The three steps described
above were used. In step (1), 5 mg of SWCNTs or MWCNTs was
mixed with CdO and OA. All of the other procedures are identical.
Method 2: The procedure was also divided into three steps. (1) 0.1
mmol (12.8 mg) of CdO, 0.16 mmol of HPA (or DPA, TDPA,
ODPA), and 5 mg of SWCNTs (or MWCNTs) were dissolved in
2.0 mmol (0.7 g) of TOPO. (2) A solution of 0.1 mmol (12.7 mg)
of Te dissolved in 1.0 mmol (0.45 mL) of TOP was swiftly injected
into the heated solution (300 °C), and the reaction mixture was
immediately cooled to 270 °C. Alternatively, the multi-injection
(usually three times) of the Te/TOP solution was performed at the
growth temperature. (3) The mixture was maintained at 270 °C for
10 min to allow for the growth of the CdTe NCs on the CNTs.

After the reaction mixture had cooled to approximately 40 °C,
the purification of the nanocrystals was carried out by repeatedly
extracting the unreacted precursors from the reaction mixture
dissolved in hexane by adding methanol, and the CdTe NCs were
isolated by precipitation with acetone.

Characterization. The products were characterized by field-
emission transmission electron microscopy (FE TEM, FEI TECNAI
G2 200 kV and Jeol JEM 2100F) and high-voltage TEM (HVEM,
Jeol JEM ARM 1300S, 1.25 MV). High-resolution X-ray diffraction
(XRD) patterns were obtained using the 8C2 beam line of the
Pohang Light Source (PLS) with monochromatic radiation (λ )
1.54520 Å) and the Cu KR line (λ ) 1.5406 Å) of a laboratory-
based diffractometer (Philips X’Pert PRO MRD). X-ray photoelec-
tron spectroscopy (XPS) measurements were performed at the U7
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beam line of the PLS and using a laboratory-based spectrometer
(XPS, ESCALAB 250, VG Scientifics) with a photon energy of
1486.6 eV (Al KR). Raman spectroscopy (Horiba Jobin-Yvon HR-
800 UV) was measured using the 514.5 nm line of an argon ion
laser. UV-visible spectroscopy (Scinco S-3100) was used to
identify the growth of the CdTe NCs. Steady-state photolumines-
cence (PL) measurements were carried out using an He-Cd laser
(λ ) 325 nm) as the excitation source. The laser power was below
1 MW/cm2.

3. Results and Discussions

3.1. Shape Evolution of the Morphology Using Amines.
The growth condition and shape/size of the CdTe NCs are
listed in Table 1. Figure 1a displays the TEM image of the
dot-shaped CdTe NCs (NC1) synthesized without using
amines. The avgerage size is 6 ( 0.3 nm. Figure 1b-h
displays the TEM images of the CdTe NCs, synthesized
using BA, OA (or DDA), TDA, HDA, ODA, DOA, and
TOA, respectively. The respective NCs are denoted as
NC2-NC8. The ratio of Cd:Te:amine was 1:0.5:2. The
amines served as coligands along with TBP and OLA in
ODE solvent. When the shortest primary alkyl-chained BA
(C4) was added, branched NCs (NC2), that is, a mixture of
short elongated structures such as dipods, tripods, and
tetrapods, were produced as aggregated forms, as shown in
Figure 1b. The average diameter (D) of the branches is 5 (
0.5 nm, and their average length (L) is 10 ( 2 nm (inset).
When the longer alkyl-chained OA (C8) and DDA (C12)
were used, perfect tetrapod-shaped NCs (NC3) were pro-
duced in dispersed form (Figure 1c). The branch has average
values of D ) 5 ( 0.5 nm and L ) 15 ( 1 nm. When TDA
(C14) was added, branched NCs (NC4) were again produced
(Figure 1d). The diameter is D ) 5 ( 0.5 nm, but the length
decreased to L ) 8 ( 1 nm. When the longer alkyl-chained
HDA (C16) was added, shorter branched NCs (NC5) with
D ) 4 ( 0.3 nm and L ) 5 ( 1 nm were formed (Figure
1e). The addition of the ODA (C18) produced edged
nanodots (NC6) with an average size of 6 ( 0.5 nm, as
shown in Figure 1f. Figure 1g,h corresponds to the NCs
synthesized using the secondary and tertiary octyl amines
DOA (2 × C8) and TOA (3 × C8), respectively. When DOA
and TOA was added, branched structures (NC7 and NC8;

D ) 3 ( 0.3 nm) were produced, respectively, with L ) 5
( 1 and 4 ( 1 nm. Using the HRTEM and XRD data, we
found that all of these NCs consisted of a wurtzite phase,
when both TBP and amine are used. We referred to wurtzite
structure CdTe as “wz-CdTe”.

When TOP is used instead of TBP, the more elongated
shape becomes dominant. Figure 2a shows the CdTe NCs
(NC9) synthesized using only OLA without amines. The NCs
exhibit branched structures with the average size of the
branches being D ) 5 ( 0.5 nm and L ) 6 ( 1 nm. When
BA was added, the branched NCs (NC10) were produced in
an aggregated form, as shown in Figure 2b. Their average
size is D ) 5 ( 0.5 nm and L ) 10 ( 2 nm (inset). Figure
2c displays the TEM images of the tetrapod-shaped CdTe
NCs (NC11) synthesized using OA. The inset corresponds
to the magnified image of an individual tetrapod, showing
their larger average size; D ) 5 ( 0.5 nm and L ) 25 ( 2
nm. When the longer alkyl-chain DDA (C12) was added,
shorter tetrapod-shaped CdTe NCs (NC12) were grown, as
shown in Figure 2d. Their average size is reduced to D ) 5
( 0.5 nm and L ) 15 ( 1 nm. Figure 2e,f displays the TEM
image of the short branched CdTe NCs (NC13 and NC14;
D ) 5 ( 0.5 nm and L ) 7 ( 1 nm) synthesized using
ODA and TOA, respectively. The HRTEM and XRD
measurement show the formation of zb-CdTe branches
(further referred to as “zb-CdTe”), when both TOP and
amines are used. The two series of experiments indicate that
OA is the most effective in producing the tetrapod structures
with the longest branches. The shorter or longer alkyl chained
amines shift the morphology from tetrapod to dot shapes by
reducing the length of the branches. As the number of octyl
chains increases, the tetrapods also evolve into the shorter-
branched structures.

3.2. In Situ Growth of Tetrapod-Shaped CdTe NCs
on CNTs. The growth conditions and shapes/sizes of the CdTe
NCs are listed in Table 2. We performed the synthesis of the
attached CdTe NCs on the SWCNTs or MWCNTs. Figure 3a
shows the TEM image for the dot-shaped NCs (NC15)
decorated over the whole MWCNTs, synthesized without
amines (same growth condition as that of NC9). Their average

Table 1. Growth Condition and Shape/Size/Phase of the CdTe NCs, Synthesized in This Study

average size of branchesc (nm)

NC phosphinea amines shape phaseb D L

1 TBP dot zb 6 ( 0.3
2 BA (C4) branchedd (aggregated)e wz 5 ( 0.5 10 ( 2
3 OA (C8) and DDA (C12) tetrapod wz 5 ( 0.5 15 ( 1
4 TDA (C14) branched wz 5 ( 0.5 8 ( 1
5 HDA (C16) branched wz 4 ( 0.3 5 ( 1
6 ODA (C18) dot wz 6 ( 0.5
7 DOA (2 × C8) branched wz 3 ( 0.3 5 ( 1
8 TOA (3 × C8) branched wz 3 ( 0.3 4 ( 1

9 TOP branched zb 5 ( 0.5 6 ( 1
10 BA (C4) branched (aggregated)e zb 5 ( 0.5 10 ( 2
11 OA (C8) tetrapod zb 5 ( 0.5 25 ( 2
12 DDA (C12) tetrapod zb 5 ( 0.5 15 ( 1
13 ODA (C18) branched zb 5 ( 0.5 7 ( 1
14 TOA (3 × C8) branched zb 5 ( 0.5 7 ( 1

a The molar ratio of reactants and ligands is CdO:Te:OLA:TBP (or TOP):aine ) 1:0.5:3.5:2.8:2. The same ratio is used for TBP and TOP. b The
phase of branches is indicated; wz ) wurtzite, zb ) zinc blende. c The average size of branches; D ) diameter, L ) length. In the case of dots, D is the
diameter. d Branched structure means a mixture of various shaped multipods with 2-4 short branches. e CdTe NCs are produced as aggregated form.
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size is 5 ( 0.5 nm. When OA was added (same growth
condition as that of NC11), tetrapod-shaped CdTe NCs (NC16)
were synthesized, as shown in Figure 3b. Their average size is
D ) 5 ( 0.5 nm and L ) 12 ( 2 nm. In the case of the growth
of CdTe NCs on the CNTs, the same morphology evolution
was observed, which depends on the alkyl chain of the amines.
Using the HRTEM and XRD data, we found that all of the
NCs attached on the CNTs consisted of a wz-CdTe structure.

The in situ growth of CdTe NCs on the CNTs was
performed using phosphonic acid and TOPO instead OLA
and ODE, respectively. The TEM image of the CdTe-
SWCNT nanostructures (NC17), synthesized using HPA
(C6), is displayed in Figure 3c. The SWCNTs are decorated
with the branched CdTe NCs. Their average size is D ) 4

(28) Lee, H. J.; Yoon, S. W.; Kim, Y. J.; Park, J. Nano Lett. 2007, 7, 778.

Figure 1. TEM images of CdTe NCs grown using TBP and (a) no amine (NC1), (b) BA (NC2), (c) OA (NC3), (d) TDA (NC4), (e) HDA (NC5), (f) ODA
(NC6), (g) DOA (NC7), and (h) TOA (NC8).
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( 0.3 nm and L ) 6 ( 1 nm (inset). A number of these
NCs are aggregated to form flower-like nanostructures. The
size of the nanoflowers is about 15 nm. The use of DPA
(C10) produced longer branched tetrapod-shaped NCs (NC18),
as shown in Figure 3d. The average size of the branches
increased to D ) 4 ( 0.2 nm and L ) 15 ( 2 nm. Figure
3e displays the TEM image of the tetrapod shaped CdTe
NCs (NC19) synthesized using TDPA. Their average size is

D ) 4 ( 0.2 nm and L ) 12 ( 2 nm. When ODPA was used,
the morphology of the CdTe NCs (NC20) approaches that of
nanodots with a size of 3 ( 0.2 nm (Figure 3f). The size of the
branched tetrapods was maximized when using TDPA.

We monitored the shape evolution of the CdTe NCs,
following the multi-injection of the Te precursors, as shown
in the Supporting Information, Figure S1. In the case of HPA,
the branched morphology (with the same diameter) still

Figure 2. TEM images of CdTe NCs grown using TOP and (a) no amine (NC9), (b) BA (NC10), (c) OA (NC11), (d) DDA (NC12), (e) ODA (NC11), and
(f) TOA (NC12).

Table 2. Growth Condition and Shape/Size of the wz-CdTe NCs Attached on CNTs, Synthesized in This Study

average size of branchesb (nm) average size of branchesc (nm)

NC acida phosphine amine shape D L shape with multi-injection D L

15 OLA TOP dot 5 ( 0.5
16 TOP OA tetrapod 5 ( 0.5 12 ( 2

17 HPA (C6) TOP branched (aggregated)d 4 ( 0.3 6 ( 1 branched (aggregated) 4 ( 0.3 6 ( 1
18 DPA (C10) TOP tetrapod 4 ( 0.2 15 ( 2 tetrapod 4 ( 0.2 20 ( 2
19 TDPA (C14) TOP tetrapod 4 ( 0.2 12 ( 2 tetrapod 4 ( 0.2 20 ( 2
20 ODPA (C18) TOP dot 3 ( 0.2 tetrapod 3 ( 0.2 25 ( 2

a The molar ratio of reactants and ligands is CdO:Te:OLA:TOP:amine ) 1:0.5:3.5:2.8:2 and CdO:Te:PA:TOP ) 1:1:1.6:10. b The average size of
branches of CdTe NCs, synthesized using single-injection of Te:TOP; D ) diameter, L ) length. c The average size of branches of CdTe NCs,
synthesized using multi-injection of Te:TOP solution. d CdTe NCs are produced as aggregated form.
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remains, but the density of the NCs on the CNTs increases
significantly. When DPA and TDPA were used, the length
of the tetrapod branches (having the same diameter of 4 (
0.2 nm) increased to 20 ( 2 nm, upon the multi-injection.
In the case of ODPA, the multi-injection induces the
formation of tetrapods attached on the SWCNTs with an
average size of D ) 3 ( 0.2 nm and L ) 25 ( 2 nm. The
HRTEM and XRD data show the wz-CdTe NCs grown on
the CNTs, when using these four phosphonic acids.

3.3. XRD. The XRD measurements reveal that the NC1
and NC9-NC14 consisted of only the zb-CdTe phase, while
NC2-NC8 and NC15-NC20 include the wz-CdTe phase.
The XRD patterns of NC1, NC3, and NC6, synthesized using
TBP, are shown in Figure 4a. The reference peaks of zb-
CdTe (a ) 6.481 Å; JCPDS Card No. 15-0770) and wz-
CdTe (a ) 4.58 Å, c ) 7.50 Å; JCPDS Card No. 19-0193)
are also displayed. The XRD pattern of the dot-shaped NC1
is close to that of the zb-CdTe phase. However, the tetrapod-
shaped NC3 and dot-shaped NC6 have a significant degree

of wz-CdTe phase. Figure 4b corresponds to the XRD
patterns of NC9, NC11, and NC13, synthesized using TOP,
showing only zb-CdTe peaks. Figure 4c displays the XRD
patterns of NC15, NC17, and NC19, exhibiting consistently
the wz-CdTe phase peaks.

3.4. HRTEM Images. The high-resolution TEM (HR-
TEM) image of the dot-shaped NC1 shows the zb-CdTe
phase (Supporting Information, Figure S2). Figure 5a shows
the HRTEM image of a tetrapod-shaped wz-CdTe NC
synthesized using TBP and OA (NC3). The image was
obtained by projection along the one upward-pointing branch.
Its corresponding fast Fourier transform ED (FFT ED) pattern
was generated for the branch (marked by (i)) at the zone
axis of hexagonal [011j0] (inset). The FFT ED pattern of the
core part (marked by (ii)) shows the diffraction spots
corresponding to the hexagonal [0001] zone axis (inset). The
branch consisted of wz-CdTe, grown along the [0001]
direction, which is matched to the [11j00] direction of the
core part. The (002) planes of the branches are consistently

Figure 3. TEM images of CdTe NCs grown on CNTs using (a) no amine (NC15), (b) OA (NC16), (c) HPA (NC17), (d) DPA (NC18), (e) TDPA (NC19),
and (f) ODPA (NC20).
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separated by a distance of d ) 3.7 Å. From this image, it is
not easy to identify clearly the phase of the core, since the
wz-CdTe branch is projected toward the electron beam.
Figure 5b shows the HRTEM image of another tetrapod-
shaped CdTe NC (NC3), which is titled with respect to the
perpendicular electron beam. In this orientation, the two
superimposed branches are oriented in the backward direction
(as indicated by the dotted line), and the connection part of
the branches with the core is exposed. Its corresponding FFT
ED pattern at the hexagonal [21j1j0] zone axis was generated
for the branch parts (marked by (i)) and at the cubic [011]
zone axis for the core part (marked by (ii)) (insets). The one
branch consisted wz-CdTe grown along the [0001] direction,
which is matched to the zb-CdTe [111] direction of the core
part. The (002) planes of the wz-CdTe branch and the (111)
planes of the zb-CdTe core are separated by the same
distance of d ) 3.7 Å. This suggests that the wz-CdTe
tetrapod branches, grown along the [0001] direction, are
projected along the [111] direction of the zb-CdTe core. It
is noteworthy that there are significant stacking faults along
the [111] direction of the core part.

Figure 5c shows the HRTEM image of a tetrapod-shaped
CdTe NC synthesized using TOP and OA (NC11). For the
branch parts, the FFT ED pattern shows the diffraction spots
that can be assigned to those of the cubic [1j12] zone axis
(inset). One branch points upward, and the other branch is

aligned along the [111] direction. The distance between
adjacent (111) planes is d ) 3.7 Å, which is consistent with
that of zb-CdTe. Figure 5d shows the HRTEM image of
tetrapod-shaped NCs (NC12), synthesized using TOP and
DDA. The two branches are superimposed, as indicated by
the dotted line. For both the branch and the core parts, the
FFT ED pattern shows the same diffraction spots that can
be assigned to those of the cubic [011] zone axis (inset).
The growth direction of the individual branches is the [111]
direction. The (111) planes are separated by d ) 3.7 Å, with
significant stacking faults. Therefore, the NC11 and NC12
can have zb-CdTe branches that are grown along the [111]
direction of the zb-CdTe core. The additional HRTEM
images of the zb-CdTe tripod/tetrapods (NC9, NC11, and
NC12) are shown in the Supporting Information, Figure S2.
The HRTEM images of the NC15, NC16, and NC18 grown
on the CNTs are also shown in the Supporting Information,
Figure S2.

The UV-visible absorption and PL spectra of CdTe NCs
are shown in the Supporting Information, Figure S3. The
XPS spectra of the CdTe powders and CdTe NCs are shown
in the Supporting Information, Figure S4, confirming the
presence of pure and highly crystalline CdTe NCs. The
Raman spectra of the CdTe NCs are shown in the Supporting
Information, Figure S5. The wz-CdTe tetrapods show a shift
of the Raman peaks to a lower frequency than that of the
zb-CdTe tetrapods, indicating that there are more defects in
the wz-CdTe branched tetrapods.

4. Discussion

4.1. Phase Control of Monodispersed CdTe Tetra-
pods. A number of works on CdS, CdSe, and CdTe tetrapod
NCs demonstrated that they consist of a zb-phase core with
four {111} facets, each projecting a wz phase nanorod with
a (0001) facet.10,29,30 It is believed that this polytypism occurs
due to the small energy difference between the wz and zb
structures and the atomically identical ({111} facets of the
zb and ((0001) facets of the wz phases.31 In most of the
cases where alkyl phosphonic acids (e.g., TDPA, HDPA, and
ODPA) are used as capping ligands, the wz phase growth
becomes favored at high growth temperatures. These ligand
molecules are known to stabilize the nonpolar lateral facets
of the wz-phase NCs. Therefore, the formation of wz-phase
branches was induced by the unique “bond strength” and
“steric effect” of phosphonic acid toward the elongated
nanostructures.

The TEM images of the present CdTe tetrapods suggest
that the nucleation occurs in the zb phase, which is consistent

(29) (a) Jun, Y.; Lee, S. M.; Kang, N. J.; Cheon, J J. Am. Chem. Soc.
2001, 123, 5150. (b) Jun, Y.; Jung, Y.; Cheon, J. J. Am. Chem. Soc.
2002, 124, 615. (c) Chen, M.; Xie, Y.; Lu, J.; Xiong, Y.; Zhang, S.;
Qian, Y.; Liu, X. J. Mater. Chem. 2002, 12, 748.

(30) (a) Manna, L.; Scher, E. C.; Alivisatos, A. P. J. Am. Chem. Soc. 2000,
122, 12700. (b) Pang, Q.; Zhao, L.; Cai, Y.; Nguyen, D. P.; Regnault,
N.; Wang, N.; Yang, S.; Ge, W.; Ferreira, R.; Bastard, G.; Wang, J.
Chem. Mater. 2005, 17, 5263. (c) Xie, R.; Kolb, U.; Basché, T. Small
2006, 2, 1454. (d) Asokan, S.; Krueger, K. M.; Colvin, V. L.; Wong,
M. S. Small 2007, 3, 1164.

(31) (a) Yeh, C. -Y.; Lu, Z. W.; Froyen, S.; Zunger, A. Phys. ReV. B 1992,
46, 10086. (b) Park, C. H.; Cheong, B. H.; Lee, K. -H.; Chang, K. J.
Phys. ReV. B 1994, 49, 4485.

Figure 4. XRD patterns of (a) CdTe reference peaks of zb-CdTe (JCPDS
Card No. 15-0770) and wz-CdTe (JCPDS Card No. 19-0193), NC1, NC3,
and NC6; (b) NC9, NC11, and NC13; and (c) NC15, NC17, and NC19.
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with the result of previous works.10 Remarkably, the four
equivalent {111} surfaces of the zb phase core induces the
growth of the wz or zb phase branches, depending on the
alkyl chain length of phosphine. To the best of our
knowledge, this is the first report on the phase control of
the tetrapod branches. In the case of CdTe, the zb phase is
a thermodynamically stable phase, while the wz phase is a
kinetically stable phase that is favored due to the electrostatic
interaction between geminal cadmium and tellurium atoms
when CdTe monomers approach the crystal surface.31 As a
result of the subtle energy difference (i.e., 8 meV/atom)
between the wz- and the zb-CdTe phase, the control of the
steric effect of CdTe monomers can have a significant effect
on the phase of crystal structure.

A number of works demonstrated that the control of
growth regime between kinetic vs thermodynamic growth
can be achieved by changing the monomer concentration
(activity) at a fixed growth temperature.12,30a,32 Therefore,
we also suggest the following model based on the kinetically
or thermodynamically controlled growth of the NCs. For the
formation of elongated shapes, a low monomer activity is
required in the nucleation stage, while the growth stage

requires a high monomer activity.12 In the presence of TBP
and amines, the growth of the wz phase branches is favored
by the higher monomer activity at the growth stage, which
corresponds to the kinetically controlled growth condition.
The more sterically hindered TOP reduces the growth rate
by decreasing the monomer activity, and consequently, the
more stable zb phase NCs can be grown as branches under
the thermodynamically controlled condition. One of critical
parameters influencing the growth patterns of NCs is the
surface energy of the crystallographic faces of the seed.33

When sterically less hindered TBP is used as capping ligands,
the steric effects on determining the binding geometry of
incoming monomers are now minor, and electronic effects
play a major role. This facilitates the formation of the
kinetically stable wz-CdTe and further induces the formation
of rod-shaped NCs (branches) elongated along the c-axis
under the kinetic growth regime induced by a high monomer
concentration. On the other hand, when the more bulky TOP
is used, there exists a large steric hindrance between tertiary
phosphine capping molecules and the crystal surface. Then
the crystal growth of the stable zb phase results under the

(32) Peng, Z. A.; Peng, X. J. Am. Chem. Soc. 2001, 123, 1389.
(33) Kim, Y.-H.; Jun, Y.; Jun, B.-H.; Lee, S.-M.; Cheon, J. J. Am. Chem.

Soc. 2002, 124, 13656.

Figure 5. (a) HRTEM image of tetrapod (NC3), with its corresponding FFT ED pattern for the branch (marked by (i)) at the zone axis of hexagonal [011j0]
(inset). FFT ED of core parts (marked by (ii)), generated at the zone axis of hexagonal [0001]. The branch consisted of wz-CdTe, grown along the [0001]
direction, which is matched with the [101j0] direction of the core part. The (002) planes of the branches are separated by d ) 3.7 Å. (b) HRTEM image of
another tetrapod (NC3), with its corresponding FFT ED pattern for the branch (marked by (i)) and core parts (marked by (ii)), at the zone axes of hexagonal
[211j0] and cubic [011], respectively (insets). The hexagonal (002) planes of the branch and the cubic (111) planes of the core are matched with the same
distance of d ) 3.7 Å. (c) HRTEM image of tetrapods (NC11) and the corresponding FFT ED pattern reveal the [111] direction for the individual branches
(inset). The distance between adjacent (111) planes is d ) 3.7 Å. (d) HRTEM image of another type of tetrapod-shaped CdTe NCs (NC12). The FFT ED
pattern at the [011] zone axis (for the core and branch parts) shows that the growth direction of the individual branches is the [111] direction. The (111)
planes are separated by d ) 3.7 Å.
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thermodynamic growth regime. The phosphine and amine
may stabilize the nonpolar lateral facets of both the wz or
zb phase branches, and this stabilization considerably reduces
the growth rate of these facets. Nevertheless, more advanced
models will be necessary to explain the phase control of the
CdTe NCs.

4.2. Effects of Amines on the Formation of CdTe Tetra-
pods. The results also demonstrate strong ligand effects on
the shape of CdTe NCs. Peng and co-workers showed that
the bonding strength and the steric effect of ligands can affect
the reactivity of monomers and determine the shape evolution
of CdSe and CdTe NCs.12,32,34 The ligands are all labile at
high temperatures, so the amines, which are strong electron-
donating ligands, would be expected to bind to the monomers
as coligand and decrease the monomer activity. Herein, the
tunable activity of the monomers can be exclusively achieved
by varying the alkyl chain of the coligand amines, thus
making balanced nucleation and growth possible, which is
the key to the control of the size and shape distribution during
the synthesis of the monodispersed CdTe NCs.

In the case of TBP, if only OLA was used in a
noncoordinating solvent (ODE), the monomer activity (or
activity coefficient) was too high, and too many nuclei were
formed at the nucleation stage. In this case, the depletion of
monomers occurs immediately at the growth stage and, as a
result, elongated shapes cannot be formed. When the amines
are added, the monomer activity would be expected to
decrease as a result of their sufficient ligand protection. The
lower consumption of monomers at the nucleation stage
increases the monomer activity at the growth stage, and
consequently the elongated growth becomes favorable,
resulting in the formation of the tetrapods.

The use of BA, whose alkyl chain is the shortest, can
increase the monomer activity at the growth stage, thereby
inducing the formation of short branched structures. The
amines with intermediate chain lengths, OA and DDA, are
the best ligands for obtaining the balanced nucleation and
growth rate desired for the growth of tetrapods with the
longest branches. However, when the alkyl chains become
longer than C14, the growth would be inhibited by the
excessive steric hindrance. The resultant slower growth
rate produces the shorter branched tetrapods during the
growth time (10 min). Upon the addition of ODA, the
extremely suppressed monomer activity would produce
the dot shaped NCs. The bulkier secondary/tertiary alkyl
chain of DOA and TOA, as compared to that of the primary
alkyl chain of OA, can bind the monomer less strongly and
so increases the concentration of nuclei and the depletion
rate of the monomers at the growth stage, producing shorter
branches, rather than perfect tetrapods. Therefore, we suggest
that the morphology evolution from dots to tetrapods can
be achieved by controlling the steric hindrance associated
with the alkyl chain length of the amines.

The longer alkyl chain of TOP, compared to that of TBP,
may increase the degree of ligand protection afforded to the
monomers. Assuming that such enhanced ligand protection
occurs, the excess TOP would serve as a ligand and its longer

alkyl chain might decrease the concentration of nuclei,
producing the elongated nanostructures. These results are
consistent with the previous observation that TBP yields the
dot-shaped NCs, whereas TOP allows the growth of elon-
gated shaped NCs.35 The addition of OA (and DDA)
suppresses the formation of nuclei and increases the mono-
mer activity at the growth stage, generating the well-grown
tetrapod structures. The longer branches of the tetrapods than
those observed in the case where TBP is used indicates that
more balanced growth was achieved for a sufficient reaction
time. Similarly to the case of TBP, the steric hindrance of
the shorter (BA), longer (ODA), or bulkier alkyl chains
(TOA), as compared to those of OA, inhibits the formation
of the tetrapods during whole part of the reaction time and
decreases the length of the tetrapods.

When BA is used, the branched NCs are aggregated in
the case of both TBP and TOP. The flower-like aggregated
forms were previously reported for metal oxide (e.g., In2O3,
CoO, MnO, ZnO), ZnSe, and ZnTe NCs.36,37 The formation
of aggregated forms was demonstrated using the “limited
ligand protection” strategy, in which NCs undergo aggrega-
tion when the amount of ligands is below the critical
concentration necessary for the stabilization of the individual
NCs. The short alkyl chains of BA would reduce the degree
of surface protection afforded to the CdTe NCs, which
provides the increased kinetic driving force needed for their
aggregation. The addition of a sufficient amount of longer
alkyl chained amines enhances the degree of ligand protec-
tion and stabilizes the CdTe NCs in their dispersed form.37,38

4.3. Effects of CNTs on the Morphology and Phase
of the CdTe NCs. The efficient growth of the CdS and Cu2S
NCs on the CNTs was explained by the lattice matching of
the cubic CdS (111) and hexagonal Cu2S (001) planes with
the (002) graphite planes of the CNTs.21b,28 In the present
case, the interlayer distance of the (100) planes of the zb-
CdTe (3.24 Å) core matches with that of the (002) graphite
planes of the CNTs (3.4 Å), with a small lattice mismatch
(5%). The interlayer distances of the (101) and (111) planes
of wz-CdTe (3.5 and 2.2 Å) also match with that of the (002)
and (100) graphite planes (2.14 Å) of the CNTs, respectively,
with a lattice mismatch of 3%. Therefore, this lattice
matching may contribute to the high-yield, in situ growth of
the CdTe NCs. Furthermore, the surface defect sites of the
purified CNTs contain oxygenated functional groups (e.g.,
-OH or -COOH), which can act as templates and/or ligands
for the nucleation and growth of NCs.23a The adsorption on
the defect sites of the CNTs may increase the monomer
activity by eliminating the steric hindrance of the coordinat-
ing ligands, thus increasing the concentration of nuclei
compared to the growth without CNTs. The increased
concentration of nuclei produces the dot-shaped wz-CdTe
NCs in the case of both TBP and TOP (as shown in Figure

(34) Jun, Y. W.; Lee, J. H.; Choi, J. S.; Cheon, J. J. Phys. Chem. B 2005,
109, 14795.

(35) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan,
C. R. IBM J. Res. DeV. 2001, 45, 47.

(36) (a) Narayanaswamy, A.; Xu, H.; Pradhan, N.; Peng, X. Angew. Chem.,
Int. Ed. 2006, 45, 5361. (b) Narayanaswamy, A.; Xu, H.; Pradhan,
N.; Kim, M.; Peng, X. J. Am. Chem. Soc. 2006, 128, 10310.

(37) Lee, S.; Kim, Y. J.; Park, J. Chem. Mater. 2007, 19, 4670.
(38) Li, L. S.; Pradhan, N.; Wang, Y.; Peng, X. Nano Lett. 2004, 4, 2261.
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4a). When OA is added, shorter branched tetrapods are
produced as compared to those grown without CNTs (as
shown in Figure 2c), and the wz-CdTe branches can be
favorably formed under kinetically controlled growth condi-
tions, probably as a result of their enhanced growth rates.

To produce efficiently the more elongated tetrapods,
another strongly coordinating ligand, alkyl phosphonic acid,
was used with the coordinating solvent, TOPO. The present
result demonstrates that alkyl phosphonic acid did promote
the formation of elongated CdTe NCs, which can be simply
explained by the decreased activity of the monomers in the
presence of an excessive amount of the weak ligand, TOPO.
When HPA was used, the monomer activity was adjusted
so as to produce the short branched NCs in the aggregated
form. The longer alkyl chain DPA and TDPA decrease the
nucleation rate further, due to the steric hindrance of these
larger ligands, resulting in the favorable production of the
long tetrapod-shaped NCs. The slowest growth rate was
achieved using ODPA, which produced the dot-shaped CdTe
NCs. HPA serves as an insufficient protection ligand and
induces the aggregation of the CdTe NCs into flower-like
nanostructures. A sufficient amount of the longer alkyl
chained DPA, TDPA, and ODPA would significantly en-
hance the degree of ligand protection and stabilize the CdTe
NCs formed separately on the surface of the CNTs.

Our growth model can be rationalized by the multi-
injection of Te precursors. The multi-injection technique is
usually used to facilitate the formation of elongated struc-
tures. In the case of HPA, the multi-injection increases the
density of the aggregated branched NCs without increasing
the length of the branches. This indicates that the fast
formation of the nuclei makes the elongated shape of the
NCs virtually inevitable. The length of the tetrapods increases
in the case where multi-injection is used in conjunction with
DPA and TDPA. In the case of ODPA, perfect tetrapods
were created when multi-injection was performed. This result
indicates that the nucleation/growth rate is too slow to form
the tetrapods when a single injection was employed. We
believe that the multi-injection produces a turbulent increase
in the amount of monomers in the reaction solution, thus
allowing the growth rate to be efficiently increased. All of
the dot and tetrapod shaped CdTe NCs grown on the CNTs
consisted of the wz-CdTe structure, due to the enhancement
of the nucleation/growth rate as compared to that without
the CNTs.

5. Conclusion

High-quality colloidal CdTe NCs were synthesized using
CdO, Te, and TBP (or TOP) as the activating agent of Te,
OLA as the activating reagent of CdO, and ODE as a
noncoordinating solvent. We were able to control the
morphology and phase of the CdTe NCs in a simple manner
using eight different alkyl-chained amines, BA (C4), OA
(C8), DDA (C12), TDA (C14), HDA (C16), ODA (C18),
DOA (2 × C8), and TOA (3 × C8), as coligands, without
altering the growth temperature or concentration. The evolu-
tion of the NCs from spherical dots to tetrapods was
achieved. The longest-branched tetrapod shape was obtained
in the case of OA (with TOP), where the steric hindrance
increases the monomer activity (at the growth stage) suf-
ficiently to grow the tetrapods. The use of TBP (3 × C4)
produces the kinetically favorable wz phase branches of the
tetrapods, while that of TOP (3 × C8) produces the
thermodynamically stable zb phase branches, probably due
to the increased steric hindrance of TOP.

The CdTe NCs were grown attached on SWCNTs or
MWCNTs, and their shape was successfully controlled using
various phosphonic acids instead of OLA and amines,
namely, HPA (C6), DPA (C10), TDPA (C14), and ODPA
(C18). The longest-branched tetrapod shape becomes domi-
nant for DPA (for single injection), revealing that the steric
hindrance of the alkyl chains plays an important role in
determining the morphology. This provides important insight
into the control of the morphology and phase simply by
varying the steric effect of the ligands.
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