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Abstract 

This work focused on a catalyst-free solution-based method to synthesize single-crystal CdE (E=S, Se 

and Te) nanowires. Using the hot coordinating solvents method, we have successfully synthesized high 

aspect ratio CdE nanowires. In this paper, we present our very recent results on the synthesis of CdTe 

nanowires and summarize our understanding of the effect of reaction parameters on the growth of CdE 

nanowires. The reaction parameters include ligands for Cd-complexes and E-complexes, ligand-to-Cd 

mole ratio, Cd-to-E mole ratio, precursor concentration, reaction temperature and injection process. We 

further proposed the optimum conditions for the growth of CdE nanocrystals with large aspect ratio. 

Finally, possible growth mechanisms were also investigated using time-dependent studies. Furthermore, 

Raman study shows a higher concentration of tellurium on the surface of CdTe nanowires. It is 

understandable because the free energy of Te is smaller than that of CdTe and thus Te crystal can easily 

form during the synthesis. Our high aspect-ratio nanowires have good dispersibility and exhibit huge 

potential applications in areas such as solution processed photovoltaic cells and transistors.   

 

 

KEYWORDS: Hot coordinating solvents method, CdS, CdSe, CdTe, nanowires, complexes, growth 

mechanism 
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Introduction 

    In recent years, semiconductor nanowires have attracted considerable attention due to their potential 

applications in biosensors,
1
 logic circuits,

2
 nonvolatile memories,

3
 field-effect transistors (FETs) 

4
 and 

photovoltaics.
5,6

 These applications require semiconductor nanowires with well-controlled chemical 

composition and uniformity in dimensions and morphology.
7,8

 Various techniques, including chemical 

vapor deposition (CVD),
9
 vapor-liquid-solid (VLS),

10
 solution-liquid-solid (SLS),

11,12
 template directed 

electrodeposition,
13

 self-assembly via an oriented attachment,
14,15

 surfactant-assisted aqueous phase 

synthesis methods
16

 have been reported to be successful in synthesizing nanowires. Among all these 

methods, VLS and SLS are the most commonly used techniques to synthesize nanowires with high 

crystallinity and high aspect ratios. However, these methods require a catalyst activation step at the 

beginning of growth which may change the chemical uniformity of the nanowires and thus affect their 

potential applications.
17

 Self-assembly via an oriented attachment is another promising method to 

synthesize nanowires in solution. It is carried out using dot-shaped nanocrystals self-assembly via an 

oriented attachment process. The driving force for this process is either the presence of a dipole moment 

in the nanocrystals or the reduction of surface tension through the elimination of surfaces via 

attachments.
14,18

 The advantages of this method are catalyst-free and low temperature comparing with 

SLS method. Several materials, including ZnO
19

 and ZnSe
20

 nanorods, CdSe
14,18 

CdTe
14

 and PbSe
21 

nanowires, have been obtained through this process. However, this method requires two necessary steps: 

synthesis of small uniform nanocrystals and following that a long reaction time (7 days) for pearl-

necklace aggregation and subsequent fusion of the fragments into nanowires.
18

 Another technique, 

surfactant-assisted aqueous phase synthesis method, has other advantages, such as comparatively low 

reaction temperature and it is a simple process. But the size distribution and crystallinity of the 

nanocrystals are not that good due to less control during the nucleation and growth stages. Bao et al. 

recently reported their synthesis of thiol-capped CdTe nanowires in aqueous phase.
16

 Although the CdTe 

nanowires have large aspect ratio, they have poor crystallinity.  

 

    Alternatively, hot coordinating or noncoordinating solvents method is also a catalyst-free and 

solution-based synthesis method.
22-23

 This method is more desirable due to several advantages, including 

a simple process, a relatively low reaction temperature (< 330 °C), and the nanocrystals synthesized 

have well-controllable shape and size uniformity.
24

 It has been successfully used to synthesize high-

quality CdE (E=S, Se and Te) nanodots, nanorods and tetrapods.
22-24

 However, CdE nanowires with a 

high aspect ratio are still rarely reported synthesized using this method.
25

 In our previous studies,
26,27

 we 

have reported the successful synthesis of CdS and CdSe nanowires. Monodisperse CdS nanowires were 

around 600 nm in length and 3.5 nm in diameter. We studied the effects of the reactant ratio, the 
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precursor ratio, the precursor concentration, the precursor injection process and the type of ligand on the 

surface and morphology of the nanowires. A good balance between nucleation and growth favors 

formation of high aspect ratio nanocrystals. Later, after a systematic investigation of several reaction 

parameters, including ligands for Cd complexes and precursor concentration, CdSe nanowires with a 

length of around 220 nm and a diameter of 8 nm were successfully synthesized.
27

 In that studies, we 

manipulated the cleavage rate of P=Se and Cd complexes via a change in the type of ligands used to 

form the complexes and double the precursor concentration to achieve a good balance between 

nucleation and growth. Very recently, based on our understanding of the growth mechanism, we 

successfully synthesized CdTe nanowires with a length of around 210 nm and a diameter of 7.5 nm after 

systematic investigation of reaction parameters. We found that single continuous injection is very 

important for the formation of high aspect ratio nanocrystals, although this method was found not so 

important for the growth of CdSe nanowires. This difference is due to the faster cleavage rate of 

trioctylphophine=Te (TOP=Te) than TOP=Se. With multiple injections, fast cleavage of TOP=Te results 

in more nuclei and hence more rapid depletion of the monomers. Thus, the precursor concentration 

available for the rods to grow into nanowires is reduced substantially. However, single continuous 

injection will maintain a relatively high monomer concentration in the solution which is thought to be a 

prerequisite for anisotropic growth.
23,28

  

 

CdE (bulk: Eg=2.4 eV for CdS, Eg=1.73 eV for CdSe and Eg=1.45 eV for CdTe at 300K), has a high 

optical absorption coefficient and represents one of the most important group II-VI semiconductors.
29,30

 

These materials have been widely used in electronic and optical devices. Currently, CdE nanorods or 

wires have become important potential building blocks for new electronic and optical nanodevices such 

as laser,
31

 transistor,
32

 light-emitting diodes
33,34

 and photovoltaic
35,36

 devices. As the electronic and 

optical properties of nanocrystals are dependent on the dimensions of these crystals, the issue of how to 

control the growth of CdE nanowires is one of the most challenging issues in chemistry and materials 

science. In this paper, we will report on the controlled synthesis of high-quality CdE nanowires using the 

hot coordinating solvents method. On top of reporting our recent results on the synthesis of CdTe 

nanowires, we will summarize our understanding the effects of reaction parameters on the growth of 

CdE nanowires.  

Experimental Section 

Materials. TOPO (trioctylphosphine oxide, 99 %) and tellurium powder (Te, 99.8%) were purchased 

from Sigma-Aldrich. TOP (trioctylphosphine, 90 %), TBP (tributylphosphine, 90%) and cadmium oxide 

(CdO, 99.95 %) were purchased from Fluka. TPP (Triphenylphosphine, 95%) was purchased from 
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Tokyo Kasei Kogyo Co. Ltd. HPA (hexylphosphonic acid, 100%), DDPA (dodecylphosphonic acid, 

100%), TDPA (tetradecylphosphonic acid, 100%) and ODPA (octadecylphosphonic acid, 100 %) were 

purchased from Polycarbon Inc.  

 

Synthesis of CdS and CdSe nanocrystals. The details of synthesis of CdS and CdSe nanocrystals 

can be found in the references. 
26,27

 

   Synthesis of CdTe nanocrystals. The synthesis procedure was similar to that of CdS and CdSe 

nanocrystals. In a typical synthesis, 0.128 g of CdO, 0.500 g DDPA (0.668 g of ODPA, 0.557 g of 

TDPA or 0.232 g of HPA) and 2.5 g TOPO were added to a 25 ml three-neck flask equipped with a 

condenser and a thermocouple adapter. The mixture was degassed at room temperature for 10 min. The 

flask was then refilled with N2 and the temperature was gradually raised to 300 °C to dissolve the CdO. 

After the CdO was dissolved and Cd-complexes formed, the solution turns colorless. In another 25 ml 

three-necked flask, 0.128g of Te and 3.5 g of TOP was prepared. The Te mixture was heated up to 200 

°C under N2 flow to form a clear yellow solution which indicates Te-complexes is formed. After that, 

the solution was allowed to cool down to room temperature. When the Cd-complexes reaction mixture 

was stabilized at about 300 °C, Te-complexes reaction mixture was continuously injected with different 

duration. After the injection, the temperature was maintained at 300 °C for subsequent growth. The 

reaction was stopped by removing the flask from the heating mantle. The nanowires were then washed 

twice with toluene/ethanol and redissolved in toluene for further characterization.  

 

Characterizations. TEM was carried out using a JEOL 2010 microscope fitted with a LaB6 filament 

and the acceleration voltage used is 200 kV. Ultraviolet-visible (UV-Vis) absorption spectra of the 

nanocrystals were obtained using a Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Thin 

film X-ray diffraction (XRD) studies were carried out on a Shimadzu XRD 6000 using Cu Kα radiation 

at 40 kV and 40 mA. Raman scattering spectroscopy was conducted at room temperature using a Micro-

Raman spectrometer (Horiba-JY T64000) in a backscattering configuration. A solid state laser (λ=532 

nm) laser has been used to excite the sample. The back-scattered signal was collected through a 100X 

objective and dispersed by a 1800 g/mm grating under triple subtractive mode. The spectra resolution is 

1 cm
-1

 and the lowest available frequency is 5 cm
-1

. The laser spot at sample surface is around 1 µm and 

the power can be measured by a power meter through a 10X objective. 

Results and Discussion 

Influence of the Different Ligands on Cd Complexes.  In our studies, we found that phosphonic acids 

play many important roles in the reaction. These phosphonic acids are responsible for dissolving CdO 
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powder,
37,38

 cleavage of the Cd=P double bond during the cleaving stage,
39

 controlling monomer 

solubility as well as selective adhesion to particular facets on the nanocrystals during the 

nucleation/growth stages.
40

 Thus, phosphonic acids with different length of alkyl chains give rise to 

different cleavage rate which will affect the nucleation and growth. In the synthesis of CdS nanowires, 

we found that the phosphonic acids with longer alkyl chains, such as ODPA and TDPA, were better at 

controlling the morphology of CdS nanocrystals than those with shorter alkyl chains, such as DDPA and 

HPA. The latter can only generate nanoneedles with a rough surface or nanocrystals with poor control of 

morphologies. A mixture of short rods, branches, and nanowires can be found.  We proposed that the 

reason for the poor control over the morphology offered by phosphonic acids with shorter alkyl chains is 

due to the higher reactivity of the Cd-ligand complexes. The reactivity of Cd-ligand complexes affects 

the P=S cleavage kinetics and the nucleation/growth rate of anisotropic nanocrystals.
39

 Furthermore, 

complexes with lower reactivity allow the monomers to adjust their position on the surface of the 

nanocrystal before the binding occurs.
41

 Therefore, Cd-ODPA complexes which provide both a low 

diffusion rate and low reactivity are good candidates for generating nearly monodisperse and high aspect 

ratio CdS nanowires. CdS nanowires with a monodisperse diameter of 3.5 nm and a length of about 600 

nm were successfully synthesized in that study (see Fig. 1a).  

 

In the synthesis of CdSe and CdTe nanowires, we found that DDPA and TDPA with medium length 

of alkyl chains are better at controlling the morphology of CdSe and CdTe nanocrystals than shorter 

alkyl chain phosphonic acid (HPA) and longer alkyl chain phosphonic acid (ODPA). CdSe nanowires 

with a length of 220 nm and a diameter of 8 nm are successfully synthesized using DDPA (see Fig. 1b). 

We proposed that on top of the medium diffusion rate and reactivity provided by DDPA and TDPA, the 

fast cleavage rate of P=Se and Te bond compared to P=S bond affects the balance between nucleation 

and growth. DDPA or TDPA as ligand for Cd-complexes is well matched with TOP as the ligand for Se 

or Te complexes. A good balance in the reaction condition is achieved when these ligands are used, and 

thus anisotropic growth is favored. 

 

TEM images of CdTe nanocrystals synthesized with different ligands on Cd complexes are shown in    

Fig. 2. It can be seen that HPA produces spherical nanocrystals with a diameter of 30 nm (see Fig. 2a). 

With the length of alkyl chain of phosphonic acids increasing (DDPA and TDPA), the length of 

nanocrystals increased substantially (see Fig. 2b-c). Using DDPA, single-crystal CdTe nanowires with a 

length of 210 nm and a diameter of 7.5 nm were produced. The growth of CdTe nanowires is along the 

preferred [001] direction and can be indexed using hexagonal CdTe (JCPDS card No. 19-0193) (see Fig. 

S1 and S2 for XRD patterns and HRTEM images). The length of nanowires synthesized with TDPA is 



 

 

7 

130 nm and diameter is constant. Further increasing the length of alkyl chain of phosphonic acid 

(ODPA), we obtained CdTe nanorods with a length of 31 nm and a diameter of 6.7 nm (see Fig. 2d). 

The possible reason of highest aspect ratio nanowires using DDPA compared to TDPA and ODPA is 

due to the optimal balance between the nucleation and growth. In the following, we will present the 

studies of the effect of the different E ligands on the nanocrystal morphology when ODPA was used for 

CdS and DDPA was used for CdSe and CdTe. 

 

Influence of the Different Ligands on E Complexes. Comparing with Cd-complexes, the different 

ligands for E-complexes were also found to have strong effect on the morphology. After mixing TOP 

with E powder, TOP=E bond was formed. The formation of TOP=E double bond and the cleavage of it 

can be observed in the FT-IR analysis. FT-IR spectra of pure TOP, TOP-S complexes, CdS nanocrystals 

after injection 10, 60 and 95 min in the frequency range 400–2000 cm
-1 

are shown in Fig. 3. It can be 

seen that the difference between pure TOP and TOP=S complexes spectrum is the presence of the 

vibration at around 598 cm
-1

. The presence of a strong band at 598 cm
-1 

in the spectrum of TOP=S 

complexes is due to the presence of R3P=S.
42

 This confirms that TOP and S formed a double bond after 

stirring 30 min at room temperature. The maximum peak shifting from 598 cm
-1 

for TOP=S complexes 

to 575 cm
-1 

in the CdS nanocrystals may indicate that the cleavage has to occur prior to CdS formation. 

On top of this, the peak intensity of this region also decreased with time when comparing the spectra of 

after injection 10, 60 and 95 min. These results also suggest that the cleavage of P=S bond happened. 

Liu et al. also found this to be the case using NMR to study the precursor evolution in II-VI nanocrystals 

synthesis.
39

   

 

It is worth to mention that the conditions to form colorless TOP=S, TOP=Se and yellow transparent 

TOP=Te complexes are different. For the formation of TOP=S complexes, it takes 30 min stirring at 

room temperature. At least 1 hr stirring at room temperature needed to form TOP=Se complexes. 

However, for the formation of TOP=Te complexes, it requires heating up to 200 °C and stirring for at 

least 1.5 hr to form yellow transparent solution. The difference in the formation of TOP=E double bond 

was related to the cleavage rate of P=E in the subsequent reaction. 

 

In the synthesis, a common phenomena is that the time taken for the color of the solution with TBP=E 

to change is slower compared to that taken by the solution containing TOP=E. For example, the time 

taken for the color of the solution with TBP=S to change is slower by 20 min compared to that taken by 

the solution containing TOP=S. The color of the solution containing TBP=S kept colorless for 30 min 

after all injections, changed to gray after 40 min, then to light yellow 50 min and deep yellow 95 min 
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(see Fig. 4a). For the solution containing TOP=S, all these color changes take place within 30 min after 

all the injections. Furthermore, when TBP is used, the maximum aspect ratio is reached after 4 hours 

while it takes 2 hours for the nanocrystals synthesized in the TOP complexed solution to reach its 

maximum aspect ratio. TBP tends to slow down the reaction as compared to TOP. This was a common 

phenomenon in our studies. For example, we found that the time taken for the color of the solution with 

TBP=Se to change is slower by several minuets comparing to that of taken by the solution containing 

TOP=Se. We think that the difference in the reaction rates cannot be explained by the steric effect 

because the octyl group offers an even larger steric hindrance to the cleavage of the P=E bond compared 

to the butyl group. It is very likely that TBP=E has a stronger binding energy than TOP=E because the 

octyl group is less stabilizing to the P=E bond than the butyl group.  

 

When using TPP, we found that the color change for the TPP complexed solution is significantly 

shorter compared to that for TOP and TBP complexed solutions. During the cleavage of the P=E, TPP 

with three benzene rings will prevent alkylphosphonate attack on the (TPP=E)-Cd complex. We 

proposed that this difference is indeed due to the steric effect which results in lower cleavage rate and 

hence lower CdE monomer concentration at the initial stage.
27

 In addition, these three benzene rings can 

further prevent CdE monomer bind on the nanocrystals surface. Thus, it was proposed that an ideal E 

complexes ligand will be TOP for the synthesis of high aspect ratio CdE nanocrystals. The time-

dependent optical properties of CdS nanocrystals are shown in Fig. 4b. It can be seen that there are three 

obvious peaks in the absorption spectra. The first peak is centered at 308 nm is an indication of the 

presence of CdE monomers. Similar characteristic peaks were observed in the synthesis of CdSe and 

CdTe nanocrystals. The peaks for CdSe and CdTe are centered at 349 and 376 nm, respectively. The 

second obvious peak is located at around 440 nm which is related to the diameter of nanorods or wires. 

As the reaction progresses, the 440 nm peak intensity gradually increases and the peak center is red 

shifted. The change in these two peak intensities is shown in the inset in Fig. 4b. Between 10 min and 40 

min after all injections the peak intensity reaches its maximum. This shows that the nucleation rate is 

quite fast. The increase in intensity and the decrease in width of both the 1
st
 and 2

nd
 exciton absorption 

peaks is an indication of the increase in monodispersity of the diameter of the nanocrystals as the growth 

progresses.
37,43,44 

  

 

Influence of the Ligand-to-Cd Mole Ratio. As discussed, ligand is involved in the formation of 

complexes, cleavage, nucleation and growth.
37-40

 Thus, ligand-to-Cd mole ratio is an important factor 

for the synthesis of high-quality CdE nanowires. It was reported that 2 mol of phosphonic acids is 

required to dissolve 1 mole of brown CdO powder so that all the cadmium ions formed complexes with 
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the phosphonic acids.
37-39

 When the phosphonic acid-to-Cd mole ratio is less than 2, CdO cannot be 

completely decomposed to form a colorless Cd complex solution at the reaction temperature. This is 

consistent with our results using HPA, DDPA, TDPA and ODPA. We found that although the 

phosphonic acid-to-Cd mole ratio is slightly lower than 2, the XRD pattern of final CdE products did not 

show any CdO peaks. The possible reason is that as the reaction progressed, previous formed anhydrides 

of phosphonic acid may undergo subsequent hydrolysis and regenerate phosphonic acids.
39

 These 

regenerated phosphonic acids can further dissolve unreacted CdO in the solution. A lower monomer 

concentration at the initial stage decreases the growth rate of the CdE nanocrystals and the presence of 

undissolved CdO particles can also disturb the nucleation/growth. Thus the morphology of nanocrystals 

with a lower phosphonic acid-to-Cd mole ratio is a mixture of dots and rods in the synthesis of CdS 

nanocrystals. Previously, Liu et al. studied the precursor evolution in group II-VI nanocrystals synthesis 

and proposed possible reaction pathways.
39

 Here, modified reaction pathways and chemicals used for 

this reaction are proposed as shown in Fig. 5. According to the reaction proposal, the whole reaction 

process can be explained as these stages: with the injection of the TOP=E complexes, (TOP=E)-Cd-

phosphonic acid complexes form at the reaction temperature. Subsequently, nucleophilic attack of 

alkylphosphonate on the (TOP=E)-Cd-phosphonic acid complexes results in the cleavage of phosphorus 

chalcogenide double bond (TOP=E).
39

 This process generates initial CdE monomers, TOPO and 

phosphonic acid anhydrides. CdE monomers form magic sized nanocluster (called as nucleation step) 

after achieving a supersaturation of monomers and grow larger by incorporating additional monomers 

still present in the solution with the binding effect of phosphonic acid. Thus ligands for Cd complexes 

and E complexes are important in the conversion of precursor molecules to CdE nanocrystals because 

they first acted as reagents. In the later stage, regenerated ligand from Cd complexes becomes binding 

agent which affects the anisotropic growth. 

 

    When the phosphonic acid-to-Cd mole ratio was equal to 2, high aspect ratio CdE nanowires can be 

obtained (see Fig. 1a-b and 2b). Further increasing the mole ratio to larger than 2, we found that the 

reaction speed is reduced. We proposed that this is due to cadmium being more coordinated with 

phosphonic acids and hence reducing the accessibility of the phosphine for the Cd.
26

 This leads to a 

reduction in the cleavage rate of the P=E double bond, resulting in a relatively lower concentration of 

monomer. Based on this understanding, high DDPA-to-Cd mole ratio was carried out to slow down the 

cleavage rate of P=Se and Te double bond in the synthesis of CdSe and CdTe nanocrystals. It can be 

seen that CdSe nanorods with a length of 33 nm and a diameter of 17 nm were obtained when the mole 

ratio is increased to 3 (see Fig. 6a). The length of nanorods is decreased and the diameter is increased 

substantially. Previously, CdSe nanowires with a length of 220 nm and a diameter of 8 nm are 

successfully synthesized when DDPA-to-Cd mole ratio is equal to 2 (see Fig. 1b). Further increasing the 
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mole ratio results in the decrease of length and the increase of diameter (see Fig. 6b-c). The hexagonal 

sheets with a diameter of 38 nm and a height of 20 nm were produced when the mole ratio is increased 

to 5. These results show that excess DDPA in the solution possibly binds to the c-axis and prevent 

anisotropic growth. Phosphonic acids instead of TOPO were found to be the main binding agent on the 

nanocrystals surface.
45,46

 Thus, it is not an effective way to get high aspect ratio nanocrystals via 

increasing the mole ratio to slow down the P=E cleavage rate. However, it provides a possibility to 

synthesize irregular nanocrystals, such as hexagonal bipyramidal and dihexagonal pyramidal. Similarly, 

with an increase in the mole ratio, shorter and thicker CdTe nanowires are produced (see Fig. S3). It is 

worth mentioning that the ligand-to-metal mole ratio also important for the synthesis of other nanowires, 

such as Cu2E (E=S, Se and Te). This observation was consistent with previous studies in the synthesis of 

one-dimensional nanocrystals.
37,38

 An appropriate ligand-to-metal mole ratio can promote the formation 

of nanowires. 

 

Influence of the Cd-to-E Mole ratio. The Cd-to-E mole ratio was another important factor that 

influenced the morphology of the resulting nanocrystals. It was found that decreasing the Cd-to-E mole 

ratio can lead to a decrease in the highest aspect ratio of the CdE nanocrystals. A possible explanation is 

that the more E precursor present in the initial stage (lower Cd-to-E mole ratio), the faster the nucleation 

process occurs, and more nuclei are formed during nucleation. This trend is true for CdE nanocrystals. 

On the other hand, increasing the mole ratio has different effects on CdS, CdSe and CdTe. In the 

synthesis of CdS nanocrystals, increasing the initial Cd-to-S mole ratio to 1:0.5, we obtained a mixture 

of tiny particles and nanowires with different lengths. Some of nanowires are longer than 1 µm. There 

are some tiny particles observed which has no chance to grow due to an earlier depletion of the 

monomer. Thus, the growth is limited by the amount of S. In the synthesis of CdSe and CdTe 

nanocrystals, different results were obtained. When the mole ratio is equal to 1:0.5, CdTe nanorods with 

a length of 25 nm and also branched nanocrystals were produced. Further increase in the mole ratio to 

1:0.25, mainly spherical shape CdTe nanocrystals with a diameter of 7 nm were found. The color change 

from colorless to dark brown after the initial inject takes around 8 min for the Cd-to-Te mole ratio of 

1:0.25, 3.5 min for 1:0.5 and 2 min for 1:1.  It is due to insufficient Te monomers left after fast 

nucleation. In addition, although using a higher Cd-to-E mole ratio can help to get high aspect ratio CdS 

nanocrystals, final CdS nanocrystals are usually mixed with lots of unreacted complexes and tiny 

particles. These will affect the ligand exchange and charge transport in the photovoltaic application.
46

 

Thus, it was proposed for the synthesis of pure and high aspect ratio CdE nanocrystals that the Cd-to-E 

mole ratio would be 1:1.  
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Influence of the Precursor Concentration. The monomer concentration in the solution is thought to 

play a key role for the determination and evolution of the morphology of the final nanocrystals.
28

 In 

previous studies, as the precursor concentration was increased, the morphology of the nanocrystals 

change from dots, rice grains, short rods, long rods, and then branched structures.
28,41

 In these studies, a 

different trend was observed. We found that in order for CdE nanowires to grow longer, a high precursor 

concentration is required. In the synthesis of CdS nanowires, the precursor concentration reduced by half 

results in the formation of shorter nanowires. The length of the nanowires ranged from 50 to 150 nm and 

the diameter was 3.4 nm. When the precursor concentration is doubled, the reaction yields shorter 

nanowires mixed with short rods and dots. We proposed that the reason is due to the higher number of 

nuclei at the initial stage of the reaction. In the synthesis of CdSe nanowires, we found that when the 

precursor concentration is doubled, the reaction yields nanowires with nearly monodisperse diameter of 

8 nm and length of 220 nm. However, a further increase in the precursor concentration showed adverse 

effect on the distribution of the length, diameter and aspect ratio of the nanocrystals. The length of the 

nanocrystals ranged from 20 to 300 nm and the diameter was ranging from 5 to 12 nm. A higher 

precursor concentration may result in either longer nanowires or branches.
28,41

 This is the case for CdSe, 

but not for CdTe. We found that doubling the precursor concentration yields CdTe nanorods and 

branches with a length of less than 50 nm and diameter of 3.4 nm (see Fig. 7). Increasing the precursor 

concentration for highly reactive component will result in more nucleation at the start of the reaction 

consuming the precursors necessary for growth. Therefore, increasing the precursor concentration is not 

an effect way to produce high aspect ratio CdTe nanocrystals. Other parameter, such as injection 

process, may affect the nucleation and growth more substantially which will be presented in the next 

session.  

 

Influence of the Injection Process. Constant supply/replenishment of the monomer is thought to be an 

important synthesis strategy.
47

 As discussed above, the monomer concentration in the reaction is an 

important factor. Injection process was found to be able to control the monomer concentration, thus 

affecting the growth model of nanocrystals. In these studies, the effect of the precursor injection process 

on the morphology of the nanocrystals was investigated while keeping other parameters constant. It was 

found that different final nanocrystal morphology was obtained when using different injection process, 

including single fast injection, single continuous injection and multiple injections process. For example, 

in the synthesis of CdS nanowires, we found that a single fast injection generates short nanowires. Their 

length ranged from a few tens of nanometers to 200 nm, and their diameter was 3.7 nm. This is because 

the single injection introduced all the sulphur monomer at once, resulting in a nucleation burst. A rapid 

and intense nucleation burst will consume the monomer very quickly and result in a large number of 
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nuclei compared to multiple injections. These nuclei consumed most of the monomer in a short time. 

The remaining low monomer concentration cannot sustain the anisotropic growth regime for a long time, 

resulting in a lower aspect ratio as we discussed earlier. When multiple injections at 2 min intervals are 

carried out, the nanocrystals formed are nearly monodisperse nanowires with very high aspect ratios (see 

Fig. 1a). It is because multiple injections regularly replenish the monomer concentration and hence this 

condition provides a relatively stable growth environment with high monomer concentration.
23,37,41

 In 

the synthesis of CdSe nanowires, a similar trend was observed when using single fast injection and 

multiple injections (4 times x 2 min interval x 2 min injection duration). When the injection interval was 

increased from 2 min to 4 min or even longer, the length of nanocrystals is decreased while the diameter 

is kept constant. CdSe nanowires were obtained with a length of around 170 nm and poor size 

distribution. The long interval multiple injections were not able to maintain a high monomer 

concentration in the solution which is thought to be a prerequisite for the anisotropic growth with high 

aspect ratio.
23,28

   

 

In the synthesis of CdTe nanowires, there is a big difference in morphology between single 

continuous injection and multiple injections (4 times x 2 min interval x 2 min injection duration). Using 

multiple injections, CdTe nanorods with a length of less than 50 nm and a diameter of 6.1 nm was 

produced (see Fig. 8a). Although a multiple injections process can periodically replenish the monomer, 

the faster cleavage rate of P=Te compared to P=Se or P=S leads to a high number of nuclei in the 

reaction. These nuclei grow to larger crystals by consuming the monomers between intervals. Thus there 

is a relatively low monomer concentration and a variable growth environment which cannot sustain the 

anisotropic growth regime for a long time, resulting in a lower aspect ratio. However, when single 

continuous injection is carried out, CdTe nanowires with high aspect ratio are able to be produced (see 

Fig. 8b-d). It was found that changing injection duration can change the aspect ratio of the nanocrystals 

substantially. When the injection duration is 12 min, CdTe nanorods were obtained with a length around 

83 nm and a diameter of 7.1 nm (see Fig. 8b). Increasing the injection duration to 18 min produces CdTe 

nanowires with a length of 119 nm and a diameter remaining constant (see Fig. 8c). When the injection 

duration is increased to 28 min, CdTe nanowires with highest aspect ratios are obtained (see Fig. 2b). 

Further increasing injection duration to 36 min, the average length of CdTe nanowires is slightly 

decreased from 210 nm to 180 nm while the diameter is slightly increased from 7.5 nm to 9.8 nm. The 

length of some nanowires is more than 450 nm. We believed that a moderately long duration was able to 

maintain a high monomer concentration in the reaction by continuous refurnishing monomer. In addition, 

it can be seen that the number of branches increases with the increase of injection duration (see Fig. 2b 

and Fig. 8c-d). It is possible due to a relative low monomer concentration using long duration injection 
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(36 min) compared to shorter ones (18 or 28 min). The monomer concentration over the reaction is now 

limited by the amount of Te. Thus, if the overall rate of cleavage and nucleation/ growth is slow, 

multiple injections which can separate nucleation and growth will be the most effective way in 

controlling anisotropic growth; if the rate is fast, a single continuous injection which can help maintain a 

good balance in supply of monomers is effective. This implies that the injection process has to depend 

on the reactivity of the element in the synthesis of nanowires in solution. 

 

Influence of the Reaction Temperature. Using an appropriate reaction temperature is one of the key 

parameters in obtaining control over nanocrystal growth.
47

 The reaction temperature was found to be 

another factor affecting the cleavage rate. It is because regardless of growth mechanism, the cleavage of 

P=E bond is a thermodynamic process. On top of this, stability and diffusion rate of Cd complexes and 

E complexes, as well as the binding strength of the ligands to the growing nanocrystals surface, are all 

strongly temperature dependent.
47

 Thus, the temperature dependence of the aspect ratio can be seen 

similar to concentration dependence.
41

 In the synthesis of CdS and CdSe nanowires, we found that the 

optimal reaction temperature is 310 °C. Lower reaction temperature results in lower cleavage rate and 

lower monomer concentration in the solution. As a result, lower monomer concentration does not favor 

growth along the c-axis of a wurtzite structure. When the reaction temperature was increased to above 

320 °C, CdS nanowires with higher aspect ratio and branched structures are obtained. This result was 

consistent with previous studies.
25

  In that study, Kang et al. also found that the growth rate along the c-

axis of the wurtzite structures is temperature-dependent. In the synthesis of CdSe and CdTe 

nanocrystals, a similar trend was observed at moderate low temperature (see Fig. S4 for different 

temperature effects on CdTe nanocrystals). We observed that with increasing reaction temperature from 

250 to 300 °C, the aspect ratio of CdTe nanocrystals was also increased. However, further increasing 

reaction temperature to 322 °C resulted in lower aspect ratio. This was different with CdS nanocrystals. 

CdTe nanowires with a length of 73 nm and a diameter of 6.7 nm were produced. It was proposed that 

the cleavage is a thermodynamic process and can be accelerated by increasing reaction temperature. It is 

because increasing the temperatures can decrease the stability of (TOP=E)-Cd-phosphonic acid 

complexes.
47

 Thus, results in fast cleavage rate and a higher number of nuclei in the reaction which is 

not good for anisotropic growth. Furthermore, too high temperature can also decrease the binding effect 

of the surfactants on the CdTe nanocrystals surface. Therefore, we proposed that optimal reaction 

temperature for CdTe nanowires is 300 °C.  

 

A summary of the effects of reaction parameters on the growth of nanocrystals are presented in Fig. 9. 

(1) The Cd-complexes and E-complexes affect both cleavage and nucleation processes. It was found that 
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the Cd-complexes and E-complexes mainly affect the cleavage of the P=E double bond.
39

 The cleavage 

is supposed to be the process lead to the formation of CdE monomers, while the rate of this cleavage 

mainly affects nucleation. (2) The ligand-to-Cd mole ratio mainly affects the reactivity of Cd complexes. 

With a higher phosphonic acid-to-Cd mole ratio, the accessibility of the phosphine for the Cd is reduced 

and thus results in a slow cleavage rate of the P=E double bond. This will further affect nucleation and 

growth. (3) The Cd-to-E mole ratio mainly affects the amount of E precursor present in the solution. 

This will affect the number of nuclei and nucleation rate. The Cd-to-E mole ratio also affects the 

dispersity of final products. (4) The precursor concentration can influence the growth mode of 

nanocrystals by affecting both nucleation and growth.
28,37

 Based on the effective monomer model, 

nanocrystal growth goes through three stages: 1D growth stage, 3D growth stage and 1D to 2D ripening 

stage as the effective monomer concentration decreases.
28,37

 At the higher monomer concentration, 

nanocrystals may follow 1D growth mode, while at the lower concentration, the growth follows 1D/2D 

growth mode, in between, the growth follows 3D model. (5) The injection process will also affect the 

monomer concentration in the solution. A fast injection process produces a large number of nuclei in the 

reaction which will consume monomer in a short time and is not favor for high aspect ratio growth. (6) 

The reaction temperature affects three stages: the cleavage, nucleation and growth of the nanocrystals. It 

is because the cleavage is a thermodynamic process and thus affected by the reaction temperature. The 

temperature dependence can also be seen as another form of the concentration dependence.
41

 On the 

basis of our results, the optimum conditions for the growth of high aspect ratio CdE nanowires are 

summarized in Table 1. 

 

Growth Mechanism.  In the synthesis of CdE nanocrystals, a series of time-dependent studies of the 

growth was carried out. In the previous studies.
26,27

 we presented time-dependent studies of CdS and 

CdSe nanocrystals. On the basis of these time-dependent studies, the effective monomer model
28,37 

is 

used to explain the shape evolution of CdE nanocrystals. This model suggests that the growth of 

anisotropic nanocrystals mainly depends upon the effective monomer concentration. A time-dependent 

study of the growth of CdTe nanocrystals is shown in Fig. 10. In this study, single continuous injection 

with a duration of 28 min was used. It can be seen that after 7 min injection of TOP=Te solution, long 

nanowires mixed with branches are formed. The length of nanowires ranges from few tens to 200 nm 

and the diameter is 4.6 nm (see Fig. 10a). With more precursor subsequently injected and reaction 

progressed, these thin nanowires grew longer and slightly thicker. After 14 min injection of precursor, 

the length of the nanowires grew to 210 nm and their diameter increased to 5.2 nm (see Fig. 10b). At 21 

min, the length and diameter of nanowires grew to 150-300 nm and 6.8 nm, respectively (see Fig. 10c). 

It can be seen there are some tiny dots in the Fig. 10a-c. These tiny dots disappeared after few minutes of 

final injection. Fifteen minutes after the injection, the average length of nanowires was about 210 nm 
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and the diameter was 7.5 nm. An increased in the length and diameter is due to continuous 

replenishment precursors. The reason for the high aspect ratio CdE nanowires is due to a good balance 

between the kinetic and the thermodynamic growth regimes. This strongly affects the final morphology 

of the nanocrystals. Anisotropic growth of nanocrystals along their c-axis is favored under a kinetic 

growth regime if a high precursor concentration is present.  

 

Although the effective monomer model can explain the shape evolution of CdE nanocrystals, we 

observed that the nanocrystals may follow oriented attachment mechanism in some cases (see Fig. 10e-f 

and Fig. S5 for the additional TEM images) as well as previous images.
27

 In Fig. 10e, there are lots of 

tiny nanodots accumulated at the ends of CdTe nanowires. It can be seen that the nanowires were not 

well-grown. The image is taken at 19 min which is the initial stage of single injection. We think that it is 

a strong evidence of oriented attachment. It is because single continuous injection for CdTe provides 

relatively long enough time for the agglomeration and fuse of these tiny dots. With the new precursor 

injected, these tiny nanodots grew and attached to the previous formed nanowires (see Fig. 10e). As the 

reaction progressed, these dots fusion and became part of the nanocrystals.
48

 A similar phenomenon was 

also observed in the synthesis of CdS and CdSe nanowires (see Fig. 10f and reference 27). The most 

probable reason for the oriented attachment is due to the presence of dipole moment
49

 or higher surface 

reactivity
50 

of these tiny nanocrystals. UV-Vis absorption spectra of the CdTe nanocrystals at different 

stages of growth are shown in Fig. 10g. It can be seen that the 1
st
 exciton absorption is located at around 

660 - 750 nm. Its intensity is gradually increasing and the peak center is red shifted as the reaction 

processed. This shift is consistent with the increase in diameter of the nanowires.
37,43,44

 The reactivity of 

the precursor may have an implication on the chemical composition of the wires. Next let’s look at 

Raman studies of these wires. 

 

Raman Study. A typical Raman spectrum from 100 cm
-1

 to 700 cm
-1

 for CdSe nanowires under 532 nm 

excitation is shown in Fig. 11, which was collected from as prepared CdSe nanowires dispersed on an 

ITO-coated glass substrate. The laser power is 1.5 mW. The Raman spectrum can be fitted with multiple 

Lorentzian peaks as shown in the inset, giving
 
 Raman shifts at 171 cm

-1
, 204 cm

-1
, 207 cm

-1
, 387 cm

-1
, 

414 cm
-1

 and 620 cm
-1

. Raman study on CdSe nanostructures has been reported.
51-53

 Accordingly, we 

can assign the prominent Raman peaks of 171 cm
-1

, 207 cm
-1

, 414 cm
-1

, 620 cm
-1

 as transverse optical 

(TO), longitudinal optical (LO), 2LO and 3LO phonons, respectively. A surface optical (SO) phonon 

with a frequency between those of TO and LO modes has been reported in the CdSe nanospheres and 

CdSe quantum dots in glass matrix.
54

 SO mode is determined by dielectric properties of the materials on 

both sides as well as the morphology of the object, as identified by Xiong et al. in GaP and ZnS 
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nanowires.
55,56

 A symmetry breaking mechanism associated with the surface roughness is needed to 

“activate” the SO mode. In our study, the surface of some CdSe nanowires is not so smooth (see Fig. 

S6). It’s reasonable to assign the 204 cm-1 
peak to SO and the 387 cm

-1 
peak to the combination band 

TO+LO, which was also observed in the CdSe nanospheres.
54

 

 

    Fig. 12 shows Raman spectrum for as prepared CdTe nanowires under 532 nm excitation. The laser 

power was kept at 1.5 mW. The spectrum (red circle) is fitted with six Lorentzian peaks (green) located 

at at 93 cm
-1

, 122 cm
-1

, 140 cm
-1

, 163 cm
-1

, 220 cm
-1

, 265 cm
-1

. The fitting result is shown as the blue 

line. Amirtharaj et al. 
57

 have identified that the peaks located at 93 cm
-1

, 122 cm
-1 

and 140 cm
-1

are from 

trigonal Te. The 122 cm
-1 

peak is due to the phonon with A1 symmetry and the 93 cm
-1

 and 140 cm
-1

 

peaks originate from phonons with an E symmetry.
58

 However, the 140 cm
-1 

peak could also be assigned 

to the TO phonon in CdTe because it is very close to the one as reported.
57,59

 According to the Raman 

studies on CdTe,
57,60,61

 the peak located at 163 cm
-1 

can be assigned to the LO phonon of CdTe, in spite 

of a difference from 171 cm
-1  

and 167 cm
-1  

reported by Ialam et al.
61

 and Amirtharaj
62

 respectively. To 

the best of our knowledge, there has been no reports about the assignment for the broad bands located at 

220 cm
-1 

and 265 cm
-1

which probably originate from combination bands and we tentatively assign them 

to the overtones of E and A1 modes in Te. High concentration of tellurium exists in the as-prepared 

CdTe nanowires, as shown by Raman study. Similar phenomena were reported in CdTe film synthesized 

through liquid-phase epitaxy method
61

 as well as the surface of single crystal CdTe in bulk form.
57

 It 

could be argued that the appearance of Te may result from laser heating. However, similar spectrum was 

obtained even when the power of laser spot was decreased to 0.02 mW. One possible explanation could 

be that the free energy of Te is smaller than that of CdTe and thus Te crystal can easily form during the 

synthesis of CdTe. However, further study is still needed to confirm this. One implication for this is that 

the surface property of nanowires may not be as expected. Isolated elemental domain (Te) are formed or 

precipitated on the surface of nanowires, it may affect their applications in optoelectronic devices since 

its elemental properties are different from its compound properties. 

Conclusions 

    In summary, CdE (E=S, Se and Te) nanowires are successfully synthesized using a catalyst-free 

solution-based method. We demonstrated good control over the synthesis of CdE nanowires using the 

hot coordinating solvents method. In this paper, we presented our very recent results on the synthesis of 

CdTe nanowires and summarize our understanding the effects of reaction parameters on the growth of 

CdE nanowires. We systematically studied and discussed several reaction parameters, including ligands 

for Cd-complexes and E-complexes, ligand-to-Cd mole ratio, Cd-to-E mole ratio, precursor 
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concentration, injection process and reaction temperature. We further summarized the effects of these 

parameters on the growth of high aspect ratio nanocrystals. Optimum conditions for the growth of CdE 

nanowires were also proposed. Finally, the growth mechanism was also proposed and discussed. On top 

of the effective monomer model which can mostly explain the shape evolution of CdE nanocrystals, 

oriented attachment mechanism was also proposed. Furthermore, Raman study shows the presence of 

SO in CdSe surfaces due to rough surface and higher concentration of tellurium on the surface of CdTe 

nanowires. We hope that this paper can serve as a guide for the synthesis of group II-VI nanowires in the 

future. 

Electronic supplementary information (ESI) available: XRD and HRTEM image of 

CdTe nanowires (Fig. S1 and S2). TEM images of CdTe nanocrystals synthesized with DDPA-to-Cd 

mole ratios equal to 2.5:1 Fig. S3) and at different temperature (Fig. S4). Additional TEM images show 

evidence of oriented attachment (Fig. S4 and S5). TEM image of CdSe nanowires with rough surface 

(Fig. S6). See DOI: 
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TABLE and FIGURES: 

TABLE LIST: 

Table 1. Optimum conditions for the growth of high aspect ratio CdE nanowires. 

 

FIGURE LIST: 

  

Fig. 1 TEM images of (a) CdS and (b) CdSe nanowires synthesized in this studies. 

 

    

Fig. 2 TEM images of CdTe nanocrystals synthesized with different ligands for Cd complexes at 300 

°C: (a) HPA, (b) DDPA, (c) TDPA and (d) ODPA. The ligand used for Te complexes is TOP. 
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Fig. 3 FT-IR spectra of pure TOP, TOP=S complexes, CdS nanocrystals after final injection 10, 60 and 

95 min. 

(a) (b) (c) (d) 

(a) (b) 



 

 

20 

300 350 400 450 500

0 20 40 60 80 100

Time (min)

 

Wavelength (nm)

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

after 10,30,40,50,

60,70,95min

P
e
a
k
 i
n
te

n
s
it
y

Peak intensity of 1st

 exciton absorption

Peak intensity

 at 308 nm

 

  
 

Fig. 4 (a) The color change of the solution vs. time (after the 4
th

 injection of a multiple injection process 

10, 30, 40, 50, 60, 70 and 95 min) in the synthesis of CdS nanocrystals. (b) UV-Visible absorption 

spectra of CdS nanocrystals.  An absorption intensity change at 308 nm and the 1
st
 exciton absorption 

around 440 nm can be seen. Inset shows the change in intensity of the peaks at 308 and 440 nm as a 

function of time of injection.  

 

 
 

Fig. 5 Reaction pathways to dissolve brown CdO powder (1) and produce CdE monomers (2) in the 

reaction. 

   
 

Fig. 6 TEM images of CdSe nanocrystals synthesized with DDPA-to-Cd mole ratios of (a) 3:1, (b) 4:1 

and (c) 5:1.  
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Fig. 7 TEM images of CdTe nanocrystals synthesized with a double concentration. 

    

 

Fig. 8 TEM images of CdTe nanocrystals synthesized using (a) multiple injections (4 times with 2 min 

duration at 2 min intervals) and single continuous injection with different durations: (b) 12 min, (c) 18 

min and (d) 36 min.   

 

 

 

 

 
 

 

 

Fig. 9 Scheme showing the effects of various reaction parameters on the nanocrystals growth. 
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Fig. 10 Time-dependent TEM images of CdTe nanocrystals synthesized with single continuous injection 

at: (a) 7 min, (b) 14 min, (c) 21 min and (d) 43 min. Evidences of oriented attachment from (e) CdTe 

and (f) CdS nanocrystals. (g) Time-dependent UV-Vis absorption spectra of CdTe nanocrystals. 

 

Fig. 11 Raman spectrum for CdSe nanowires under 532 nm excitation. The inset is segment display 

fitting. The blue dot is experimental data, the red line is the fitting result and the green lines are fitted 

Lorentzian peaks. The 3-peak fitting gives better result than the 2-peak fitting as shown in the inset. 
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Fig. 12 Raman spectrum and multi-Lorentzian fitting result for as prepared CdTe nanowires under 532 

nm excitation. The fitted peaks are assigned to phonons from Te and CdTe as denoted. 

 

Table of Contents - Graphic and Summary:  

 

We demonstrated good control over the synthesis of CdE nanowires using the hot coordinating solvents 

method. We presented our very recent results on the synthesis of CdTe nanowires and summarized the 

effect of reaction parameters on the growth of high aspect ratio CdE nanocrystals. Optimum conditions 

were also proposed. The growth mechanisms were also proposed and discussed.  

 

 
 

 
 

 
 


