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The dimensions and structures of semiconductor nanocrystals

(NCs) play an important role in determining the electronic and

optical properties of the materials. In the past few years, much

effort has been expended to control the size and shape of these

materials. One way to control NC structures is to enhance

anisotropic growth using an external catalytic medium such as

the metallic nanoparticles employed in vapor–liquid–solid

(VLS)[1] and solution–liquid–solid (SLS)[2] processes. Ano-

ther common approach using surfactants as capping agents or

soft templates can be utilized in a solution system to facilitate

anisotropic crystal growth.[3] Tetrapods, a unique example of

these anisotropically shaped NCs, find potential applications

in nanocomposites and nanoscale devices. For example,

because of the three-dimensionally extending structures,

tetrapods may be a promising building unit for the preparation

of interesting superstructures for nanoelectronics, especially

three-dimensional (3D) prototypes.[4] In addition, semicon-

ductor tetrapods have potential advantages in hybrid NC/

polymer photovoltaic devices because their 3D structures

make it facile for them to orderly align toward the electrodes

within the polymer film, providing a direct charge-carrier

transportation pathway to improve the device performance.[5]

Up to now, nanometer-sized tetrapod crystals have been

synthesized for a variety of II–VI semiconductors including

ZnO,[6] CdS,[7] CdSe,[8] and CdTe.[5a,9] The most often

observed crystallographic feature of these tetrapod NCs is

one cubic zinc blende (ZB) core attached with four hexagonal

wurtzite (WZ) arms. Evidently, to form such novel archi-

tecture, one should have the crystals nucleate in the ZB phase

followed by anisotropic growth in the WZ phase. The former

stage can be achieved through kinetic control of the reaction
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and the latter can be realized with the assistance of proper

capping ligands. The ability of crystals to switch from one

growth mode to another during a continuous reaction is thus

crucial to achieving the tetrapod growth. This, however,

depends on the intrinsic property of the materials, for

example, the most thermodynamically favorable crystallo-

graphic structure under specific reaction conditions. As

compared to CdSe and CdTe, CdS tetrapods are much more

rarely obtained in synthetic systems due to the small growth-

energy difference between their WZ and ZB phases.[10] This

inherent restriction makes it impractical to controllably enable

clear-cut growth-phase switching and thus difficult to obtain

tetrapod products without external aids. In this Communica-

tion, we report a novel approach to facilitate the formation of

tetrapod-dominated branched CdS NCs by simply incorporat-

ing a trace amount of dopant in a solvothermal process. The

crystallographic structure of the branched NCs is examined

with high-resolution transmission electron microscopy

(HRTEM), which shows that the branched structures have

a ZB core and multiple WZ arms. A plausible mechanism for

the growth of branched NCs is proposed and discussed.

The structures and dimensions of the as-prepared products

were first investigated with scanning electron microscopy

(SEM). Figure 1a shows the SEM image of CdS nanowires

(NWs) obtained under the typical solvothermal reaction with

Cd(NO3)2 and S powder as the reactants and ethylenediamine

(EN) as the solvent. The growth of CdS NWs was guided by

the capping effect of the EN present in the system. With extra

feeding of a trace amount of Se powder in the reactants while

keeping all other reaction parameters fixed, branched

structures became the dominant product instead of NWs, as

can be seen in Figure 1b. These branched structures remained

dominant with high morphological yield when Te powder was

fed along with the S powder as the dopant. The low-magnitude

SEM images shown in Figure S1 (Supporting Information)

further illustrate the high morphological yield of the

tetrapod-dominated branched structures in the products.

The average diameters of the NWs and branched arms were

about 30 nm. The arm length of these branched structures

varied from 100 to 700 nm. The atomic compositions of Se and

Te in the branched NC products were around 5% and 2.5%,

respectively, as determined from the TEM-EDS (TEM-energy

dispersive spectrometry) analyses. The crystallographic struc-

tures of the as-synthesized samples were further characterized

with X-ray diffraction (XRD) and HRTEM.

Figure S2 shows the XRD patterns of the three CdS-based

nanostructures. All three samples predominantly show the

diffraction behavior of WZ CdS. A slight variation in

the positions of diffraction peaks was observed among the

three samples from a careful examination of the more focused

XRD spectra shown in Figure 1d. For CdS NWs, the diffrac-

tion peak at a 2u value of 26.5 8 corresponds well to the

WZ(0002) planes with a d spacing of 0.336 nm, as determined

from Bragg’s law. For the Se-doped and Te-doped samples,

the 2u value of around 26.3 8 gives an interplanar spacing of

0.339 nm for the WZ(0002) planes. The slight expansion of the

lattice in doped samples was due to the partial replacement of

S with Se or Te atoms, which are of larger atomic size. The

detailed crystal structures of the as-synthesized samples were
mbH & Co. KGaA, Weinheim 951
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Figure 1. SEM images of a) CdS NWs, b) Se-doped CdS, and c) Te-doped branched CdS NCs. d) XRD patterns of the as-synthesized samples with the

reference hexagonal CdS (JCPDS#06-0314) included for comparison.
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analyzed with HRTEM. Figure 2 shows the HRTEM images

of an individual NW, Se-doped tripod, and Te-doped tetrapod

of CdS. Interplanar spacings of 0.67, 0.68, and 0.68 nm were

observed in the axial directions of the NW and the extending

arms of the Se-doped and Te-doped samples, respectively. The

lattice spacings were in good agreement with the d spacings of

the WZ (0001) planes, as determined from the corresponding

XRD analyses. The axis of the NW is parallel to the WZ [0001]

direction, indicating that the NWs were grown along the c axis.

Furthermore, the arms of the Se-doped or Te-doped NCs

also possessed a preferential crystalline direction along the

WZ[0001] direction.

The optical properties of the three CdS-based nanos-

tructures were characterized with UV/Vis and photolumines-

cence (PL) spectroscopy. As shown in Figure 3a, all three

samples show an absorption edge at around 500 nm, consistent

with the bulk bandgap energy of CdS (Eg¼ 2.5 eV).[11] Their

corresponding PL spectra showed excitonic band-to-band

emission bands centered at 508, 535, and 517 nm for the plain

CdS NWs, Se-doped, and Te-doped branched CdS NCs,

respectively. Their corresponding PL quantum yields (Qs)

were also evaluated and are shown in the inset of Figure 3b. As

compared to the dopant-free NW samples, the significant

red-shifts in emission bands of the doped branched NCs was

due to the incorporation of Se and Te atoms and thus the slight

reduction of bandgap energy observed in the doped samples.

This result was in good agreement with those of the corres-

ponding CdS1–xSex and CdS1–xTex films.[12]

The most common structural feature of an artificially

synthesized tetrapod is a ZB core possessing four {111} facets,
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each attached with a WZ arm growing along the [0001]

direction. In other words, tetrapods are formed when

nanocrystals nucleate in the ZB phase first, followed by

growth of WZ arms from the four equivalent ZB (111) facets

of the tetrahedral ZB core. For the present work, we show that

the same growth mechanism applies for the formation of the

present Se-doped or Te-doped branched CdS NCs. To give a

solid proof of the claim, we examined the phase of the cores at

the core-formation stage. By suitably controlling the experi-

mental conditions, the solvothermal reaction can be termi-

nated at the early stage of the NC growth. The TEM images

shown in Figure 4a and b give a clear illustration on

the following points. For reactions with only S powder as

the chalcogen source, CdS nucleated in its most stable WZ

phase and grew into short nanorods along a preferential

crystalline planes of (0001), which possess the smallest surface

energy among all growing planes.[13] However, with the

incorporation of Se or Te in the reaction, NCs of CdS tended

to nucleate in the ZB phase to form nanoparticles instead of

nanorods. The ZB phase of these nanoparticles can be identified

from the spacing of lattice fringes and the electron-diffraction

pattern shown in the two insets of Figure 4b. The existence of

the ZB phase in the resulting branched NCs can be further

confirmed by the HRTEM image shown in Figure 4c, taken on

the intersectional region of a tripod. An evident difference in

lattice fringes between the core region and the three arms was

revealed, indicating distinct crystal phases therein. The lattice

fringes of the three {111} facets imply that the ZB core can

be attached with four arms leading to a tetrahedral structure.

The three arms show a 0.34-nm interlayer spacing, which can
mbH & Co. KGaA, Weinheim small 2008, 4, No. 7, 951–955



Figure 2. Typical TEM images of an individual a) CdS NW, b) Se-doped

CdS tripod, and c) Te-doped CdS tetrapod. Their corresponding latti-

ce-resolved images are shown in (d–f), respectively.

Figure 3. a) UV/Vis absorption and b) PL emission spectra for NWs,

Se-doped, and Te-doped branched NCs of CdS. The excitation wave-

length for PL measurement was 400nm.
be indexed as the spacing in the WZ[0001] direction. The

lattice-matched planes between the ZB core and the WZ

arms imply an epitaxial relationship. From the results

presented above, it can be concluded that the Se-doped and

Te-doped branched CdS NCs, including tripods and tetrapods,

obtained in this work possessed a ZB core with WZ arms

grown out of the equivalent {111} facets of the ZB core.

Quite a few approaches for the preparation of nanometer-

sized semiconductor tetrapods have been developed. Most of

them are based on the growth-energy difference between

the ZB and WZ phases, through which the NC growth can

switch from one phase to another. Typically, through suitably

controlling the temperature of growth,[7a,7b,7d,8b] the concen-

tration of precursors,[7a,7d,8a,8b,9d] or by applying specific

capping ligands in the reaction,[7c,8e,9a–9c] tetrapod NCs can

be obtained in single-step processes. A two-step sequential

growth technique, in which the first-prepared ZB core serve as

the seeds for the subsequent growth of WZ arms, can also

generate this architecture.[7b,8c,8d] For the CdTe case, the

energy difference between the ZB and WZ phases is

appropriately large[10] to enable easy control over the growth

of the ZB core and WZ arms to form tetrapod NCs. However,
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it has been pointed out that this energy difference is too small

to facilitate controllable tetrapod formation for CdS, CdSe,

and ZnS.[5a] In our experiments, we found that it was the

incorporation of dopant Se or Te that caused the formation of

CdS tripods and tetrapods by increasing the energy difference

between the two phases. Note that the energy difference for

II–VI semiconductors between WZ and ZB phases increases

monotonically as the anions become larger in atomic size.[10] It

is thus reasonable that upon incorporation of Se or Te atoms,

the growth-energy difference between the ZB and WZ phases

for CdS is significantly enlarged. As a result, the growth of

starting ZB seeds and subsequent WZ arms can proceed in a

single-pot process.

To further support our arguments, we conducted

the synthesis of Se-doped CdS NCs at a relatively dilute Se

concentration (about 1%). As shown in Figure S3, the

product was composed of a large quantity of agglomerated

NWs together with a minor amount of multiarmed NCs. This

outcome provided solid proof for the proposal that dopants

and their concentrations play an important role in the

formation of tetrapod-shaped NCs. When the dopant is

present in a very limited amount (1% for the Se-doped case),

the solvothermal reaction is perturbed only slightly to form
mbH & Co. KGaA, Weinheim www.small-journal.com 953
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Figure 4. TEM images of a) WZ CdS and b) ZB Te-doped CdS NCs obtained at the early stage of the

solvothermal process. The insets show their corresponding selected-area electron diffraction (SAED)

and HRTEM images. c) HRTEM image taken on the intersectional region (as marked in the inset) of a

Te-doped CdS tripod. The interfaces between the ZB core and the WZ arms are highlighted with the

dashed lines.
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branched NCs of limited number. At dilute dopant concen-

trations, the increase in energy difference between the ZB and

WZ phases of CdS is quite limited, leading to only a slight

change in the growth kinetics of the NCs. The presence of a

relatively high concentration of dopants, however, would

reverse the growth habit of CdS, making it nucleate at the ZB

phase and grow at the WZ phase because of the sufficiently

large energy difference between the two phases. Conse-

quently, tripod- and tetrapod-shaped NCs in high morpholo-

gical yield were obtained.

A plausible growth mechanism for the formation of

Se-doped and Te-doped branched CdS NCs is proposed as

follows. At the beginning of the reaction, Se and Te

incorporation resulted in the growth of CdS nuclei in the

ZB phase with four equivalent {111} facets exposed, as evident

from the HRTEM image shown in Figure 4b. The first formed

ZB CdS nanoparticles then served as the seeds from which the
www.small-journal.com � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
WZ arms grow. The arm diameter of

the resulting tetrapods may be

adjusted by controlling the size of

the ZB seeds. Note that the lattice

arrangement of Cd and S atoms on

the {111} planes of ZB phase are

identical to those on the WZ(0001)

plane.[8a] Furthermore, the {111}

planes in ZB CdS are epitaxially

matched with the WZ(0002) planes

due to the closeness in their d

spacings (dZB(111) -¼- dWZ(0002)¼
0.34 nm). Both the atomic arrange-

ment and lattice-spacing matches

contributed to the branched CdS

NC formation of this work. The

solvent EN also played an important

role here. In a typical case, WZ CdS

NWs grew with a preferential direc-

tion along the c axis under the

inducement of EN.[14] In this situa-

tion, EN tended to attach to the

1010
� �

planes and suppress the

growth rate of these planes, while

the (0001) planes, covered with the

least amount of EN, grew the fastest.

Thus, it was the different adsorption

ability of EN toward different planes

of CdS NCs that made the 1D growth

of WZ arms possible. By suitably

controlling the synthetic conditions,

such as reaction temperature, heating

rate, and reactant concentration, it is

possible to reduce the arm diameter

of the branched NCs. This task can be

achieved through effective modula-

tion of the size of the ZB seeds grown

at the early stage of the solvothermal

process as well as through manipula-

tion of the relevant growth kinetics of

CdS, as proposed by Manna et al.[5a]

In an ideal situation, totally identical
arms should be obtained in the resulting branched NCs.

However, because of the inevitable local concentration

fluctuations existing in the reacting system, nonequilateral

arm growth may take place and even worse the growth of one

or even more arms may be completely suppressed, leading to

the possible appearance of three- and two-armed structures.

As a final note, the Ostwald ripening effect, in which longer

arms grow even longer at the expense of shorter ones, also

contributed to the unequal arm lengths observed in Figure 2b

and c.

In conclusion, branched CdS NCs, including tripods and

tetrapods, in high morphological yield can be obtained with a

simple solvothermal process by simply incorporating Se or Te

as dopant into the process. It is proposed for the first time that

dopant Se or Te can kinetically transform the growth habit of

CdS nuclei from the typical WZ to ZB phase, thus making the

formation of multiarmed structures much easier. The doping
small 2008, 4, No. 7, 951–955



inducement effect on the tetra- and tripod formation may give

new insight into the manipulation and controllability of

anisotropic nanocrystal growth. The present finding can be

readily extended to other semiconductors possessing ZB–WZ

polymorphism.[10]
Experimental Section

NW and branched NC syntheses: All chemicals were of analytic

grade and used without further purification. The syntheses of

NWs, Se-doped, and Te-doped branched NCs of CdS were carried

out in a solvothermal process. For the preparation of CdS NWs,

Cd(NO3)2 �4H2O (1.85 g, 0.006 moles) and S powder (0.19 g,

0.006 moles) were added to EN (100mL). Special attention should

be paid when dealing with the hazardous Cd source. After a 5min

stirring, the solution turned straw-yellow and the solution was

transferred to a teflon-lined stainless steel autoclave (with a

capacity of 120mL). The autoclave was sealed, heated, and

maintained at 180 -C for 24 h. For the synthesis of Se-doped

branched CdS NCs, Cd(NO3)2 �4H2O (1.85 g, 0.006 moles),

S powder (0.32 g, 0.01 moles), and Se powder (0.079 g,

0.001 moles) were used as the precursors, followed by the same

procedure performed in the synthesis of CdS NWs. As to the

fabrication of Te-doped branched NCs, Cd(NO3)2 �4H2O (1.85 g,

0.006 moles), S powder (0.32 g, 0.01 moles) and Te powder

(0.128 g, 0.001 moles) were used, followed by the same reaction

procedure as mentioned above. The resulting yellow solid product

was centrifuged and washed with distilled water and ethanol to

remove remaining ions and impurities. The product was then dried

at 100 -C in vacuum for later characterization.

Characterization: The morphology and dimensions of the

products were examined with field-emission scanning electron

microscopy (FESEM, Hitachi S-4700). The crystallographic struc-

ture of the samples was investigated with XRD (MAC Science

MXP18) and HRTEM (JEOL JEM-3000) operated at 300 kV. The

compositional information was obtained with an energy dispersive

spectrometer (EDS), an accessory of the HRTEM (JEM-3000). UV/

Vis absorption spectra were obtained with a Hitachi U-3300

spectrophotometer. For PL spectroscopy, a Hitachi F-4500

equipped with a xenon lamp (150W) was used. The excitation

wavelength was set at 400 nm. PL quantum yield of the samples

(Qs) was determined by using tryptophan solution (Qref¼0.16 at a

concentration of 0.73 mg mLS1 in H2O) as the reference. All of the

absorption and emission spectra were obtained at 25 -C under

ambient atmosphere.
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