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Abstract 

 
 

Synthesis and Characterization  

of CdTe Tetrapods  

by Continuous Precursor Injection Method 
 

Park, Ko Un 

School of Chemistry 

The Graduate School 

Seoul National University 

 
 

CdTe tetrapods have been got a considerable attention as appropriate 

solar energy harvesting material due to their good exciton separation at 

the surface and transport along the branches, and suitable absorption 

range covering near IR region. For the realization of efficient solar cells, it 

is essential to produce CdTe tetrapod with uniform morphology in a large 

quantity: CdTe tetrapods with arms as long as possible for the efficient 

electron conduction and well-controlled arm diameter for the maximum 

solar energy absorption.  

 In order to achieve these objectives, we have carried the controllable 

and scalable synthesis of CdTe tetrapods in terms of kinetic parameters. 

Using our newly developed continuous precursor injection (CPI) method- 

the approach involves the successive and slow injection of precursors at a 

well-controlled rate so that the reaction condition remains in the kinetic 

growth regime for the anisotropic growth, we were able to produce CdTe 
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tetrapods with well-controlled arm length and diameter and appropriate 

solar energy absorption. To be specific, CdTe tetrapods with an arm 

length from 20 to 70 nm and arm diameter from 3 to 12 nm were produced 

and they showed high structural selectivity of 76 %.  

In order to synthesize CdTe tetrapods with high uniformity, the 

nucleation step and the growth (i.e., seeded growth method) step should 

be separately carried out. First CdTe tetarapod seeds were synthesized. 

And then, secondly the slow growth with stabilized seeds obtained from 

the nucleation step was preceded by the continuous precursor injection 

(CPI). To maintain the anisotropic growth to proceed longer, it was 

necessary to keep the precursor concentration supplied by CPI in the 

kinetic growth regime. It is required to clearly understand how to find 

proper precursor injection rate and reaction temperature to generate CdTe 

tetrapod with desired arm length and diameter. We need to do more work 

on the growth mechanism and to figure out how to control the reactivity of 

precursors or to develop new precursors in order to generate the desired 

CdTe tetrapods with hugely uniform morphology and crystallinity. 

 

 

Key words: CdTe tetrapod, Size and Shape control, Kinetic growth, 

Continuous precursor injection approach 
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CHAPTER 1. Backgrounds and Objective 

 

Semiconductor nanocrystals have been obtained great attention as 

building blocks for new optical and electronic nanodevices, for example, 

photovoltaic cells1-3, light-emitting devices4-6, lasers7-9, biosensors10, 11 

and biomarkers12. They exhibit distinctive optical and electronic properties 

which is strongly dependent on their size and shape. The nanocrystal 

materials frequently show a behavior which is intermediate between that 

of a macroscopic solid and that of an atomic system. On one hand, their 

band gap can be tuned by manipulating their diameter because of quantum 

confinement effect13-15. The band gap increases by an amount that is 

inversely related to the size of nanocrystal16. It is experimentally observed 

as a red-shift in absorption onset as the diameter of particles increase16. 

On the other hand, the shape of the nanocrysatals also affects to their 

electrical properties. In case of zero-dimensional system, so-called 

quantum dot, have high luminescent efficiency with different coloration by 

tuning the size by the confined excitons. Whereas, elongated (e.g. 

nanorods, nanowires) and branched (e.g. tetrapods) nanocrystals can 

transport electrons along the branches17. Particularly, tetrapod 

nanocrystals which have four arms connected at a central core are one of 
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the most attractive candidates for the photovoltaic device material 

because of their sufficient electron-hole separation at the surface and 

high carrier mobility. Since nanocrystals got a paid attention as 

nanodevices materials, synthetic methods were developed from gas phase 

synthesis18, reverse micelle method19 to colloidal synthetic methods20. 

Especially the colloidal synthetic methods have lots of advantages of 

introducing to the nanodevices due to their ease size and shape 

controllability, gram scaled cost-effective synthesis abilities. 

The synthesis system of colloidal nanocrystal is consists from 

precursors, organic surfactant and solvents. At sufficient temperature, the 

precursor are decomposed into active atoms or monomers and this 

process induces sudden superaturation of monomers followed by a burst 

of nucleation of nanocrystals21. It leads the low size distribution of 

nanocrystal because the generated nuclei usually grow with similar speed 

as consuming the precursor. A balance between kinetic growth and 

thermodynamic growth and organic surfactant22 strongly effect on final 

shape of nanocrystals. Isotropic growth of nanocrystal preferred under the 

thermodynamic growth condition which is characterized by a sufficient 

supply of thermal energy and a low flux of monomers23. With this growth 

regime, thermodynamically stable structure, quantum dots (0D-



 

3 

 

nanocrystals) are synthesized. In contrast, anisotropic growth is induced 

under the kinetic growth regime which is promoted by a high flux of 

monomers. This anisotropic growth along the specific direction results 

from the fast growth and the growth rate exponentially depends on a 

surface energy of nanocrystal. Because the high-energy facets grow 

faster than low-energy facet, manipulation of anisotropic growth along the 

intended direction can be achieved by controlling the surface energy. In  

case of tetrapods which have four wurtize rods (arms) terminated with 

(0001̅) facet projected from four (111) facet of zinc-blended core24, the 

formation of shape and growth of arms are attributed by difference of 

surface energies between Zinc-blende and Wurzite structure, which 

determines the temperature range in which one structure can be preferred. 

Even the Zinc-blende ABC stacking of planes has slightly higher surface 

energy, hexagonal Wurzite ABAB stacking is kinetically more favored. So, 

pyramidal seeds are produced and growth to tetrapod-shaped 

nanocrystals with high precursor concentration. 

In this point of view, organic surfactant which stabilizes a certain 

surface by “selective adhesion” effects on the final shape of nanocrystals. 

The introduction of organic surfactant that selectively adheres to a 

particular crystal facet can lower the surface energy and reduce the 
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growth rate relative to others21. By selecting the proper surfactant and 

adjusting their amount, manipulating the shape of particle can be 

achieved25. For instance, phosphonic acid26 was essential to manipulate the 

shape of nanocrystal by the selective adsorption of them onto the specific 

crystal facet in a traditional way24, 26, 27. However synthesis using 

phosphonic acid was a cost-ineffective synthesis method due to their 

price of reagent and high reaction temperature. Recently cost-effective 

synthesis method for CdTe tetrapods using oleic acid was reported by 

Xiaogan Peng group28. Even the product was still not enough for the 

application due to insufficiency of precise controllability and limitation of 

the arm length and diameter with high uniformity. 

Herein, we will report the synthesis method enables the precise control 

of tetrapods nanocrystals by kinetic growth via adjusting the precursor 

concentration and manipulating the kinetic factors. The growth behavior of 

CdTe tetrapods was also studied to control the arm length and diameter 

independently. As a result, it was succeeded to widen the controllable 

range with arm length and diameter 
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Scheme 1.1 Synthetic scheme of II-VI group nanocrystal by 

thermodynamic growth and kinetic growth 

 

 

 

Fig 1.1 Proposed model of a CdTe tetapod24 
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CHAPTER 2. Introduction  

 

CdTe tetrapods have been got a considerable attention as appropriate 

solar energy harvesting material in polymer-nanocrystal hybrid solar cell 

due to their wide optical bandgap, 1.45 eV, which can cover UV to near IR 

range27. Their high absorption coefficient (104 cm-1) is also one of the 

advantages of CdTe material29. In particular, the tetrapod-shaped 

nanocrystals are well-known as exaction separation at the surface and 

efficient charge transport to elongated arms30. Not only that, but also their 

large interface area can improve the work efficiency of the solar cell.  

For the new generation colloidal nanocrystal solar cells, it is essential to 

produce the highly uniformed and precisely controllable CdTe tetrapods in 

a large quantity. The longer arms which are carrier transport pathway 

between the electrodes and well-controlled arm diameter which strongly 

effect on the band gap of tetrapods will assist in maximizing solar energy 

absorption31. However, their narrow controllable range of length and 

diameter, and low selectivity remain as the limitation to solve. To 

overcome these issues, herein we investigated the synthesis of CdTe 

terapods which have broader controllable range of length and diameter 

with high selectivity. We have carried out this synthesis in terms of kinetic 
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parameters. As mentioned above, the precursor concentration is one of 

the most important factors to manipulating the growth regimes (kinetic 

growth regime or thermodynamic growth regime) to control the arm length 

and diameter. In this point, we developed continuous precursor injection 

(CPI) method which involves the successive injection of precursors at a 

well-controlled rate so that the reaction condition remains in the kinetic 

growth regime for the anisotropic growth. Anisotropic growth along the 

specific direction is facilitated under the kinetic growth regime so it was 

able to overcome the limitation of arm length and diameter. It also 

maintains the anisotropic growth for a longer time under stable growth 

condition so that high morphological uniformity can be achieved. We also 

introduced the seeded growth32 for the high selectivity.  

As a result, the CdTe tetarpods was synthesized with wider controllable 

range of length from 20 to 70 nm and dimension from 3 to 12 nm arms of 

CdTe tetrapods. These structures are obtained in yield as high as 73 %. 

Finally we characterized the tetrapods with UV-Visble spectroscopy, 

transmission electron microscope (TEM) images and crystal structure was 

characterized by X-ray diffraction pattern and high-resolution 

transmission electron microscope (HR-TEM) images.  

 

 



 

8 

 

CHAPTER 3. Experimental 

 

3.1. Materials 

 

For the synthesis of CdTe teterapods, Cadmium oxide (CdO 99.95 %) was 

purchased from Alfa aeasr. Tellurium (99.997 %, 30 mesh), Oleic acid (OA 

90 %), n-trioctylphosphine (TOP, 90 %), 1-octadecene (ODE 90%) 

cetyltrimethylammonium bromide (CTAB, 99+ %) were purchased from 

Sigma Aldrich. Chloroform, acetone, methanol, ethanol, hexane were 

purched from Daejung Chemicals. All chemicals were used directly without 

further purification. 

  

 

3.2. Preparation of Precursor Solutions 

 

TOPTe (for seed formation) stock solution  

3 mmol of Te, 6 mL of TOP and 9 mL of ODE were mixed in a 50 mL 2-

neck round flask with a condenser and heated at 190 ℃ until the mixture 

became transparent solution. After the TOPTe was cooled down to room 

temperature, the round flask was filled with N2 gas. 
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TOPTe (for injection) stock solution  

TOPTe precursor for injection was prepared by the dissolution of 5 mmol 

of Te into 5 mL of TOP. The mixture was treated as mentioned above.  

 

Cd(OA)2 (for injection) stock solution  

For the preparation of cadmium oleate (Cd(OA)2) solution, 10 mmol of 

CdO, 10 ml of OA and 10 ml of ODE were placed in an 100 ml 2-neck 

round flask equipped with a condenser. The mixture heated to 270 ℃ for 

20 min. under N2 flow condition. After the mixture is optically clear, the 

round flask was cooled down to room temperature, followed by backfilling 

with N2 gas. 

 

 

3.3. Synthesis of CdTe tetrapod 

 

Synthesis of CdTe Seeds 

To synthesize the CdTe seeds, 0.4 mmol of CdO, 0.6 mL of OA and 20 

mL of ODE was loaded into a 100 mL 3-neck flask with condenser and 

heated to 260 ℃ under N2 condition. After CdO was completely dissolved, 

1 mL of TOPTe (for seed formation) stock solution was swiftly injected 
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into the reaction vessel under vigorous stirring for nucleation of CdTe 

tetrapod seeds. 

 

Synthesis of CdTe tetrapods by continuous precursor injection approach 

To obtain CdTe tetrapods which have longer arm length and wider 

diameter, continuous precursor injection was performed. The injection 

solution was prepared by mixing the 8 ml (0.5 mmol/ml, 4mmol) of 

Cd(OA)2 stock solution, 4 ml (1 mmol/ml, 4mmol) and 8 ml of ODE to 

adjust the precursor concentration. The injection solution was added into 

the seed solution which was mentioned above, with 2.9 ml/min at 260 ℃. 

The size and shape of nanocrystals were controlled by various reaction 

temperature (230 ~ 290 ℃) and injection speed (1.5 ~ 3.1 ml/min). To 

investigate the halogen ion effect as a secondary surfactant, 0.1385g of 

CTAB was added to the Cd(OA)2 stock solution before the injection and 

mixed with TOPTe stock solution for the continuous injection as stated 

previously. Small amount of aliquots of samples were taken time to time 

during the reaction to investigate the shape evolution of tetrapods. 
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Purification  

To purify the aliquots product, 2 mL of chloroform and excess amount of 

ethanol were added until the solution became turbid. The solution was 

centrifuged at 3000 rpm. Once the precipitate was obtained, re-disperse 

into the toluene and precipitate again with excess ethanol. This process 

was repeated 2 times until the samples were sufficiently purified. 

 

3.4. Characterization  

Room temperature UV-Vis absorption spectra were measured with an 

Agilent 8454 UV-Vis diode array spectrometer. Transmission Electron 

Microscopy (TEM) images of tetrapods were obtained using JEOL JEM-

3011 at 300kV combined with Link oxford ISIS 310. High-Resolution 

Transmission Electron Microscopy (HR-TEM) image analysis was 

conducted by JEOL, JEM-3000F at 300kV, with field emission beam. The 

low-coverage samples were prepared by placing a drop of a dilute hexane 

dispersion of tetrapods on a copper grid (300 mesh) coated with carbon 

film. Finally, Powder X-ray diffraction (XRD) patterns of tetarpods were 

collected on a Brukner New D8 advance using the Cu Kα radiation. Each 

sample was purified five times to remove excess organic ligand before the 

XRD measurement.    
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Figure 3.1. The equipment for wet chemical synthesis of quantum dots 
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CHAPTER 4. Results and Discussion 

 

4.1. Synthesis of CdTe Tetrapod Seed 

 

The tetrapod is the nanocrystal which consist of a zinc-blend (ZB) core 

with (111) facet, each projecting a rod-shaped 4 wurzite(WZ) arms, 

terminated with (0001̅) facet. Their four elongated arms can be grown 

from the (111) facet of the ZB seed by the stacking fault between ZB seed 

and WZ arms. It is because along theses direction there is perfect match in 

lattice parameter between the two structures. They change in the stacking 

sequence of atomic planes. 

When the tetrapod nanocrystal forms from the zinc-blende core, the 

energy difference between zinc-blend structure and wurzite is important. 

If the energy difference is not large enough it is difficult to isolate 

controllably the growth of one phase at a time. In case of CdS, CdSe, ZnS, 

their energy difference is only a few milielectronvolts per atom so it is 

difficult to isolate24. In contrast, CdTe has large energy difference 

between the two crystal structures to from CdTe tetapods.  As it is 

mentioned above, tetrapods are generated from the zinc-blende core by 

the stacking faults. Because the basic tetrapod shape is formed in this step, 
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it can effect on the final selectivity of CdTe tetrapods. If nucleation of 

both WZ and ZB takes place, the sample will be seriously contaminated 

with rods. Besides, if the seed formation step and growth step are not 

separated, it will inevitably lead to broad size and shape distribution. To 

overcome this problem, we separated the seed formation (nucleation) step 

and branching (growth) step which is called “seeded-growth method”32 

(Scheme 4.1).  

Cd precursor was prepared in the 3-neck round flask and then Te stock 

solution was quickly injected at 260 ℃. Sudden injection leads rapid 

thermal decomposition of Te precursor and supersaturation in the reactor. 

As the oleic acid ligand can stabilize the crystal phase of seeds as zinc-

blende though the reaction33, the zinc-blende seed is generated first. In 

sequence, 4 wurtzite arms branched from the zinc-blende seed. The cubic 

zinc blende ABC stacking of planes is slightly higher energy but kinetically 

favored over the hexagonal wurtzite ABAB staking. In this reason, high 

monomer concentration favors nucleation of pyramidal seed with a zinc-

blende structure21. As a result, the CdTe seed was synthesized with 

pyramidal structure as shown in (Fig 4.1). CdTe tetrapod seed were the 

nanocrystals that comprise four limbs connected at a zinc-blende central 

core which were covered with oleic acid, which ensured the solubility of 
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the nanocrystals in nonpolar solvent presents the absorption spectra of 

CdTe tetrapod seeds. The first exaction peak was obtained at 698 nm with 

sharp peak shape which means the size distribution was low (Fig 4.1). As 

the uniformed tetrapod seed was synthesized, it was possible to obtain the 

high-quality, size and shape controllable tetrapods.  
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Scheme 4.1. Sketch of the seeded-growth method to tetrapod32 
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Fig 4.1 (a) A TEM image of CdTe tetrapod seeds and (b) their absorption 

spectrum 
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4.2. Synthesis of Controllable CdTe tetrapods by CPI approach 

 

 

Once the basic tetrapod shape is formed, the wurzite arms uniformly 

grow along the [0001̅] direction by feeding of the precursors due to the 

difference of their surface energy between (0001̅) facet and other facets.  

As shown in Scheme 4.2, the remained precursor concentration in reactor 

is one of the most important things for the size and shape control. The 

precursor concentration strongly influences on the growth mode from the 

nucleation to ripening. If the concentration is too high, additional 

nucleation will be generated, whereas, if it is low thermodynamic growth 

or ripping will be happened. In between nucleation regime and ripping 

regime, there are kinetic growth regime and thermodynamic growth 

regimes. A balance between these two growth regimes strongly governs 

the final shape of nanocrystals. Isotropic growth of nanocrystal is 

preferred under the thermodynamic growth regimes and it is characterized 

by sufficient supply of thermal energy and low flux of monomers. In 

contrast, anisotropic growth along a specific direction is promoted under 

the kinetic growth regime which is induced by high monomer flux 23. It 

means anisotropic growth can be maintained only between the nucleation 



 

19 

 

and thermodynamic growth regimes. In this reason, precursor 

concentration should be kept in kinetic growth regime for a long time to 

widen the controllable range. It is also expected that nearly 

monodispersed size and shape if the remaining monomer concentration 

can be well-controlled34. However the precursors are kept consumed as 

the nanocrystal growth, so that the method should maintain the 

concentration without drastic change. In this point of view, we introduced 

the continuous precursor injection approach using syringe pump with 

controlled injection speed during the nanocrystal growth.  

Cd(OA)2 (0.4 mmol/ml) and TOPTe (0.4 mmol/ml) precursor was 

separately prepared under the N2 gas condition. Then they are mixed with 

1:1 ratio (Cd(OA)2 10 ml and TOPTe 10 ml) in the 20 ml syringe to keep 

the air free condition. They are injected using the syringe pump with 

injection speed 2.5 ml/min for 8 minutes and every 2 minutes CdTe 

tetarpods were extracted from the reactors during the injection. The final 

product of CdTe tetrapods exhibited high shape selectivity above 76 % 

which is defined as the number of tetrapods divided by the total number of 

nanocrystals) without any size or shape selection procedures (Fig 4.2). By 

changing the reaction conditions (reaction temperature, injection speed, 

introducing secondary surfactant) we accomplished the wide controllable 
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range of tetrapod (arm length : 20 ~ 70 nm, diameter : 3 ~ 12 nm). Fig 4.4 

and Fig 4.5 show the transmission electron microscope images of 

controlled arm length and diameter by the continuous precursor injection 

(CPI) approach. The precise tuning in arm diameter and length was 

independently manipulated by the control of reaction condition. Fig 4.4 

shows TEM images of CdTe tetrapods with similar arm length about 48 nm 

and different arm diameter (a) 3.56 nm, (b) 6.79 nm (c) 12.2 nm. On the 

other hand, fig 4.5 shows the length controlled CdTe tetrapods (a) 22.9 nm, 

(b) 47.6 nm and (c) 73.0 nm which have similar diameter (about 7 nm) (Fig 

4.5) When we observe the TEM images of size tuned tetrapods and 

absorption spectrum in parallel, depending on their diameter the first 

exaction peak was shown from 680 nm to 750 nm which is resulting from 

the quantum confinement effect which is previously mentioned. In the Fig 

4.4 (d) the absorption spectrum was red-shifted as arm diameter 

increases, in contrast, the tetrapods having comparable arm diameter but 

different arm length show almost identical band gap energy. This indicates 

that in a rod or in a tetrapod-shaped nanocrystal, most of the confinement 

energy is long the diameter35.  

The crystallinity of synthesized CdTe tetrapods was characterized by 

powder X-ray diffraction (XRD) analysis. The XRD pattern is shown in Fig 
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4.6. There are reference peaks of zinc-blende CdTe (JCPDS 75-2086, 

blue) and wurtzite CdTe (JCPDS, 19-0193, green) at the bottom of the Fig 

4.6. The XRD patterns of synthesized CdTe tetrapods fit to wurzite 

reference peak. The diffraction pattern of wurtzite CdTe nanocrystal 

shows (002) and (110) reflections at 23.73 degree and 39.2 degree 2Θ 

angles, respectively, characteristic of the wurtzite phase. Especially, the 

diffraction peak at 23.73 degree corresponded to (002) plane is very sharp 

which means well-development of longitudinal growth36.  

In conventional synthetic method, it was essential to use phosphonic 

acid as a surfactant to manipulate the shape of nanocrystals and to control 

the length and diameter of CdTe tetrapods24, 26, 27. Even though it was 

well-developed to control the size and shape, this synthesis method was 

not a very suitable for application as absorption material or solar cell due 

to their price and high reaction temperature. Recently cost-effective 

synthesis method using oleic acid was reported by Xiaogan Peng group28. 

Nevertheless the quality of product was still not enough due to 

insufficiency of precise controllability and limitation of the arm length and 

diameter. To overcome this issue, we introduced the continuous precursor 

injection approach. Well-controlled rate assisted that reaction condition 

remains in the kinetic growth regime for the anisotropic growth 
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development. As a result, we developed the cost-effective synthetic 

method with wider controllable range (from 3 to 12 nm for arm diameter 

and 20 to 70 nm for arm length). Not only this, but also a gram scale 

synthesis (i.e. 1.07 g, Fig 4.3) was achieved without any deteriorating the 

sample qualities.  
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Scheme 4.2 Sketch of tetrapod synthesis by the continuous precursor 

injection (CPI) approach37
 

 

 

 

 

 

 
 

Scheme 4.3  The synthetic scheme of CdTe tetrapods nanocrystals 
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Fig 4.2 (a) TEM image of CdTe tetrapod with high selectivity and (b) their 

absorption spectrum 
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Fig 4.3 The final product obtained from single batch of reaction 

 

 

 

 

 

 

 

 

 



 

26 

 

 

 

 

Fig 4.4 The TEM images of diameter controlled CdTe tetrapods which 

have similar length about 48 nm and different arm diameter, (a)3.56 nm, 

(b)6.79 nm, (c)12.2 nm and (d) their absorption spectra 

 

(d) 
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Fig 4.5 The TEM images of length controlled CdTe tetrapods which have 

similar diameter about 7 nm and different arm diameter, (a)22.9 nm, 

(b)47.6 nm, (c)73.0 nm and (d) their absorption spectra 

 

(d) 
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Fig 4.6 The XRD patterns of CdTe terapods (red) and reference peaks of 

wurzite CdTe (top) and zinc-blende CdTe (bottom)  
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4. 3. Growth Behavior of CdTe Tetrapods 

 

A balance between the kinetic and the thermodynamic growth regimes 

strongly influence to the final shape of nanocrystals. Under the kinetic 

growth regimes anisotropic growth along a specific direction is promoted 

by a high flux of precursors (monomers). On the other hand, isotropic 

growth is preferred under the thermodynamic growth regimes which is 

characterized by a sufficient supply of thermal energy and a low flux of 

precursors23. In these reasons, the growth behavior of tetrapods is greatly 

influenced by the concentration of monomer concentration remaining in 

the reaction solution. Not only that, but also surface energy influence to 

the growth5. Since the crystal growth rate is exponentially correlated to 

the surface energy, CdTe tetrapods elongate to the [0001̅] direction.  

A Fig 4.7 (a) presents the growth behavior of CdTe tetrapod nanocrystal 

as a function of reaction time. In an initial stage of reaction, the 

longitudinal growth (length direction) is dominant than diameter direction 

growth. At the later reaction stage, the length directional growth speed 

was decreased and saturated, however the diameter directional growth 

speed was almost constant. The Fig 4.7 (b) shows the TEM images of the 

tetrapods as the function of the reaction time (at reaction temperature 
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270 ℃, injection speed 2.5 ml/min by syringe pump). The length of the 

tetrpods was grown from 7.4 nm (0.5 mmol of Cd and Te precursor, I mins) 

to 53.1 nm (4 mmol, 8 mins) and the diameter was increased (from 3.96 

nm to 9.86 nm) proportional to time. 

It is well-known that at a large monomer concentration, one-dimensional 

growth occurs at the higher chemical potential faces in the wurtzite 

structure. In the earlier stage, the precursor concentration remaining in 

the reaction solution is high enough to supply to the every surface area. 

Due to the higher surface energy of the (0001̅) facet than other facets 

((112̅0) and (101̅0)), the growth speed of [0001̅] direction is much faster 

than the other directional growth. In this reason, the anisotropic growth of 

wurtzite arm along the [0001̅] direction is favored. It is so-called surface 

reaction-limited growth mode. (Fig 4.8) On the other hand, in the late 

stage of the tetrapod growth, the local precursor concentration 

surrounding the particle is decreased and it should be transported from 

the bulk solvent. So depending on the diffusion rate of precursor the 

growth rate of particle can be decided. Because the diffusion rate is 

slower than growth rate, this becomes a rate determining step, diffusion 

limited growth condition. In this growth condition, 3D growth takes place 

where the Cd complex can diffuse into the vicinity of the growing 
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nanocrystal at the same rate as it is attached to the growing facet. In this 

manner, the manipulation of the length and the diameter of nanocrystal 

with nanoscale range were achieved by controlling the monomer 

concentration. Detailed information will be stated in a next chapter. 
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Fig 4.7 (a) Growth behavior of CdTe terapods (arm length and diameter), 

(b) TEM images of the tetrapods as the function of the reaction time (at 

reaction temperature 270 ℃ , injection speed 2.5 ml/min by syringe pump) 

 

 

 

(a) 

(b) 



 

33 

 

 

 

 

Fig 4.8 Growth modes of elongated CdTe tetrapods at different monomer 

concentration (a) reaction-limited condition, (b) diffusion-limited condition 

 

 

 

(a) 

(b) 
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4.4 Effect of Injection Speed and Reaction Temperature on 

Growth of Tetrapods 

 

CdTe tetrapods with more various length and diameter were obtained by 

adjusting the growth mode with reaction time and injection speed. First, 

we investigated the effect of precursor injection speed by manipulating the 

injection speed from 1.5 ml/min to 3.0 ml/min at 270 ℃ at the same 

precursor concentration. As shown in Fig 4.9 fast precursor injection 

speed promotes the anisotropic growth so that the large aspect ratio (size 

of length / diameter) is obtained. The experiment was conducted at 270 ℃, 

the other reaction condition was same as stated in experimental section. 

The aspect ratio was increased proportionally to injection speed from 3.75 

to 6.84. With the injection speed 1.5 ml/min, the aspect ratio was 3.75 

ml/min (length 42.1 nm, diameter 11.2 nm), when the injection speed was 

2.7 ml/min, the aspect ratio was 6.84 (length 54.8 nm, diameter 8.01 nm) 

However if the injection speed is too fast, the nucleation can be happen 

and newly coming seeds start to consume the precursors which makes 

hard to control the precursor concentration as we desire. On this account, 

the aspect ratio was decreased to 5.51 (length 52.6 nm, diameter 9.55 nm) 

at injection speed 3.0 ml/min. As the precursor consumption amount is 
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increased, renaming concentration of precursor is decreased. And it 

induces the diffusion limited growth mode earlier, for that reasons, the 

isotropic growth can be caused.  

On the other hand, the reaction temperature is one of the most important 

factors to control the growth mode as well. Fig 4.10 shows the effect of 

reaction temperature on aspect ratio. Aspect ratio of CdTe tetrapods was 

inverse proportional to the reaction temperature. At the 230 ℃, aspect 

ratio was 9.76, in contrast, 2.87 at 290 ℃. At the higher injection 

temperature above 300 ℃, 1D/2D-ripening was happened. Due to the 

sudden thermal decomposition of precursors, the concentrations of 

monomers decreased below the 3D growth regime. Therefore it should be 

avoided to prevent undesired nucleation of seeds or dissolution of wurtzite 

arms. When the reaction temperature is too low, below 230 ℃, the 

roughness of the surface and selectivity get worse 

To investigate the temperature effect on the growth of CdTe tetrapods, 

TEM and HR-TEM analysis was performed. As shown in Fig 4.11, the 

arms of tetrapod, synthesized at 270 ℃, had smooth surface and straight 

shaped arms with excellent crystallinity. Contrastively, the arms 

synthesized at 230 ℃ have serious roughness and polycrystallinity, 

additionally stacking fault regions are shown as well.  
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About these phenomena, we assumed the reasons why it happened. In 

general, the final crystal structure of nanocrystal is greatly dependent on 

the growth temperature. The higher temperature generally leads to a 

wurtzite structure.31, 37 In contrast, at the lower temperature zinc blend 

structure is preferred. In these reasons, at the lower temperature (230 ℃), 

zinc blend stacking faults can be formed and high index facets are also 

generated. Because this new facets have higher surface energy than other 

facets, branches can growth from this facets. This effect is observed by 

HR-TEM images (Fig. 4.11) In summary, the size (length and diameter) of 

tetarpods was possible to be tuned with wide range of the range (length 

20 ~ 70 nm, diameter 2~12 nm) by controlling the injection speed, 

reaction temperature and injection time.  
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Fig 4.9 (a) The effect of injection rate in the aspect ratio (length/diameter) 

of arms, TEM images of CdTe tetrapods depending on the injection speed 

(b) 1.5 ml/min, (c) 2.7 ml/min and (d) 3.0 ml/min, when reaction 

temperature was 270 ℃ 

 

 

(a) 

(b) (c) (d) 
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Fig 4.10  (a) The effect of the reaction temperature in the aspect ratio 

(length/diameter) of arms, TEM images of CdTe tetrapods depending on 

the reaction temperature (b) 230 ℃, (c) 270 ℃ and (d) 290 ℃, when 

injection speed was 2.5 ml/min 

 

 

(a) 

(b) (c) (d) 
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Fig 4.11 The high-resolution TEM (HR-TEM) images of CdTe terapods 

synthesized at (a) 270 ℃ and (b), (c) 230 ℃ 

 

 

 

(a) 

(b) (c) 



 

40 

 

CHAPTER 5. Conclusions 

 

We studied on the controllable and scalable synthesis of CdTe tetrapods 

by adjusting kinetics parameters. Based on continuous precursor injection 

approach, we succeed in controlling the arm length size and diameter with 

an arm length from 20 to 70 nm and arm diameter from 3 to 12 nm and 

they showed high structural selectivity of 76 %. In order to synthesize 

CdTe tetrapods with high uniformity, the nucleation step and the growth 

step should be separately carried by introducing the seeded growth 

synthesis method. First CdTe tetarapod seeds were synthesized by hot 

injection and then we have carried the controllable and scalable synthesis 

of CdTe tetrapods in terms of kinetic parameters. Using our newly 

developed continuous precursor injection (CPI) method- the approach 

involves the successive and slow injection of precursors at a well-

controlled rate so that the reaction condition remains in the kinetic growth 

regime for the anisotropic growth. To maintain the anisotropic growth to 

proceed longer, it was necessary to keep the precursor concentration 

supplied by the CPI in the kinetic growth regime. It is required to clearly 

understand how to find proper precursor injection rate and reaction 

temperature to generate CdTe tetrapod with desired arm length and 
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diameter. In this manner, the precise size control was achieved by 

adjusting the growth mode (surface reaction limited growth and diffusion 

limited growth mode) with the precursor injection rate and the reaction 

temperature. Fast precursor injection promoted the anisotropic growth and 

higher reaction temperature induced the isotropic growth. As a result, we 

succeed in controlling synthesis of CdTe tetrapods and their characters 

were investigated by UV-Vis spectrum, TEM, HR-TEM and XRD patterns. 
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국문초록 

 

CdTe 테트라포드형 나노입자는 입자 표면에서의 엑시톤 분리가 쉽고 팔 

부분을 통해서 전자의 전이가 용이하다는 장점을 지닐 뿐 아니라 근적외선 영

역까지 빛의 흡수가 가능하기 때문에 태양에너지 집적에 적합한 물질로 각광

을 받아오고 있다. 효율적인 태양전지를 제작하기 위해서는 균일한 형태를 갖

는 CdTe 테트라포드 나노입자를 대량생산하는 것이 필수적으로 요구되며 전

자전이가 효율적으로 이뤄지도록 CdTe 테트라포드의 팔을 최대한 길게 하고 

팔의 두께를 제어하여 태양에너지의 흡수를 최대로 이뤄지도록 해야 한다.  

이러한 목표를 달성하기 위하여 우리는 나노입자 합성에 반응 동역학적인 

변수를 제어하였으며 이를 통해 대량합성이 가능하며 크기 및 형태 제어가 가

능한 CdTe 테트라포드 나노입자 합성 방법을 구현하는데 성공하였다. 새롭게 

고안되어 도입된 연속 전구체 주입방법을 통해 통제된 주입 속도에서 전구체

를 느리게 주입하였고 이로서 반응동역학적 성장 범위에서 반응이 계속 진행

되도록 유도하여 비등방성 성장이 일어나도록 하였다. 결과적으로 팔 길이와 

두께 제어로 적절한 영역의 태양에너지 흡수가 가능하였다. 구체적으로는 팔 

길이가 약 20 nm 에서 70 nm까지, 두께는 3 nm에서 12 nm로 넓은 영역에서 

CdTe 테트라포드 나노입자의 크기를 원하는 크기로 제어가 가능했으며 구조

적인 선택성은 약 76 %로 높은 수치를 보였다.  

높은 균일성을 갖는 CdTe 테트라포드 나노입자의 합성을 위해 핵형성 단
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계와 입자의 성장 단계를 (seeded-growth 방법) 분리하였다. 먼저 CdTe 테

트라포드의 씨드(Seed)를 합성하였으며 두번째로 핵형성 단계에서 얻어진 안

정화된 씨드를 연속 전구체 주입방법을 이용하여 느리게 성장시켰다. 비등방

성 성장 (길이방향 성장)을 장시간 유지하도록 하기 위해 전구체의 농도는 반

응 동역학적 성장이 일어나는 범위에서 일정하게 유지되어야만 했으며, 이는 

연속 전구체 주입법을 통해 안정적으로 가능하였다. CdTe 테트라포드 나노입

자의 합성에 전구체의 주입 속도와 주입 온도가 어떠한 영향을 미치는지 명쾌

한 이해를 위해서는 성장 메커니즘에 대한 분석과 더불어 전구체의 반응성 제

어에 대한 구체적 탐색이 추가적으로 필요할 것으로 생각된다. 또한 새로운 

전구체의 탐색이 이뤄진다면 CdTe 테트라포드 나노입자의 결정성 및 구조적 

균일성을 더 크게 향상 시킬 수 있을 것으로 보인다. 
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