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Generation of charged ZnO nanoparticles and 

their deposition behavior in carbothermal 

reduction process 
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The Graduate School 

Seoul National University 

 

 

Many experimental evidences have been reported that charged nanoparticles are 

generated in the gas phase and contribute to deposition in the CVD process. When 

the building block is electrical charged, the electrostatic energy plays an important 

role in the ZnO structure growth, which might explain such peculiar microstructure 

evolutions that cannot be approached by the conventional concept of crystal growth. 

In relation of this possibility, it was experimentally confirmed based on the 

measurements by differential mobility analyzer (DMA) that charged ZnO 

nanoparticles were generated abundantly in the gas phase. When they were size-

selected by DMA and captured on a grid for transmission electron microscopy 

(TEM), particles of 10 nm had a rod or tetrahedron shape while particles larger 

than 10 nm tended to have a tetrapod shape. The tetrahedral particles seemed to be 

a seed for the growth of tetrapod nanowires. ZnO nanostructures could be also 



grown in gold catalyst by vapour-liquid-solid (VLS) method that would be 

generated by melting ZnO nanoparticles that were formed in the gas phase.  

 The new way of crystal growth with nanoparticles as a building block is closely 

related with a recently-discovered phenomenon of ‘non-classical crystallization’, 

which has attracted a great attention these days. It is often found that deposition 

does not occur on the substrate even when a huge amount of charged nanoparticles 

are generated in the gas phase. A drag force exerted on the nanoparticles would be 

one possibility for such non-deposition. To test such a possibility, the electric bias 

was applied to the substrate. Under the condition where no deposition occurred on 

a substrate at 450 
o
C, small ZnO nanoparticles were deposited on the substrate 

when 100 V of direct current (DC) was applied to the substrate. When the bias 

voltage was increased to 300 V, nanoparticles of larger size were deposited. When 

the bias voltage was increased to 600 V, tetrapod ZnO nanoparticles of much larger 

size were deposited. These results indicate that the drag force should be considered 

when nanoparticles are formed in the gas phase in addition to the electric force and 

the gravity. Sufficiently large nanoparticles were deposited without bias, because of 

the gravity of the particle. However, the effect of thermal energy such as the 

Brownian motion is more important in deposition behavior of the nanoparticles 

under high temperature condition. 
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1. INTRODUCTION 

 

1. THEORY OF CHAGED NANOPAERICLES (TCN) 

 

The growth of films and nanostructures has been believed that it was formed by 

atoms or molecules, which is called the terrace, ledge, and kink (TLK) model. The 

atoms or molecules first are attached onto the surface of films and nanostructures. 

And they migrate to another location of the surface, ledge or kink. Because atoms 

or molecules on kink are more stable, so they could remain and produce a crystal 

structure. However, to the contrary, they on ledge and terrace are detached because 

they are thermodynamically unstable. [1,2] Although the classical crystal growth 

based on the TLK model is well established, many puzzling phenomena, which is 

difficult to approach by the classical crystallization based on the atomic or 

molecular unit, occur during chemical (CVD) and physical vapor deposition (PVD). 

One of the puzzling phenomena is the phenomenon that happen simultaneous 

diamond deposition and graphite etching in CVD process. Graphite is 

thermodynamically more stable than diamond in the condition of the CVD process. 

So the phenomenon of simultaneous diamond deposition and graphite etching 

violates the second law of thermodynamic.[3] However, this puzzling phenomenon 

can be explained without violation of the second law of thermodynamics by theory 

of charged nanoparticles (TCN), which Hwang suggested charged nanoparticles 

that are generated in the gas phase are deposition units of film and 

nanostructure.[4,5](Fig.1-1) 
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Figure 1-1. The schematic outline of the theory of charged nanoparticles. 

 

 

 

 

 

Figure 1-2. The chemical potentials of carbon in diamond, graphite and the gas 

phase before and after gas-phase nucleation. The arrows indicate the paradox-free 

direction of carbon flux. [5] 
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Figure 1-2 show the puzzling phenomenon that is simultaneous diamond 

deposition and graphite etching can be easily explained with TCN. Figure 1-2 (a) 

indicate that when diamond was deposited, graphite should be also deposited, not 

etched, because graphite is thermodynamically more stable on condition of the 

process. However, when the diamond nanoparticles are first generated in the gas 

phase and then they are deposited on a substrate, the situation of simultaneous 

diamond deposition and graphite etching is thermodynamically possible on the 

substrate. (Fig 1-2 (b)) That is, although both the diamond and the graphite are 

etched on the substrate on atomic viewpoint, the diamond nanoparticles that are 

generated in the gas phase are deposited on the substrate, which can easily explain 

the puzzling phenomenon of simultaneous diamond deposition and graphite 

etching.  

If nanoparticles that are generated in gas phase are charged, the deposition 

behaviors of the nanoparticles would be different with electric character of 

substrates. In electrochemistry, the rate of hydrogen evolution at the electrode, 

where electrons and hydrogen ions combine to evolve hydrogen gas, is determined. 

In order of increasing rate of hydrogen evolution or charge transfer rate (CTR), the 

electrode materials can be enumerated with Ti, Al, Bi, Ta, Cu, Mo, Nb, Ag, W, Au, 

Fe, Ni, Ir, Rh, Pt, and Pd.[6]  

 It was found that the substrate materials of high CTR (Pd, Pt, Rh, Ir, Ni, Fe) 

made soot in the diamond CVD process, while the substrate materials of low CTR 

(Au, W, Ag, Nb, Mo, Cu, Ta) made diamond.[7-9].  
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Figure 1-3. SEM microstructures showing (a) diamond deposited on the silicon 

substrate and (b) soot deposited o n the iron substrate for the gas mixture of 1% 

CH4 – 99% H2 for 2h at a substrate temperature of 1263K under 2700 Pa. [10]  

 

 

Figure 1-3 shows the effect of the CTR of substrates in diamond CVD. 

Crystalline diamond particles were evolved on the silicon substrate with a low CTR 

(Fig. 1-3 (a)), while porous skeletal graphitic soot was evolved on the iron 

substrate with a high CTR (Fig. 1-3 (b)). And GaN nanostructures also showed 

different deposition behavior on various CTR metal substrates of Ti, Ta, Cu, Mo, 

W, Fe, Ni, and Pt. GaN nanowires were synthesized on the low CTR substrate (Ti, 

Ta, Cu, Mo, W), whereas GaN thin films were made on the high CTR substrate (Fe, 

Ni, Pt).[11] (Fig. 1-4)  
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Figure 1-4. Low (upper) and high (lower) magnification images of deposition 

behavior of GaN on low CTR materials (Ti, Ta, Cu, Mo, W) and high CTR 

materials (Fe, Ni, Pt).[11] 

 

 

 Youn et al. also compared the deposition behavior between electrically floating 

and grounded silicon substrates, which showed that silicon nanowires grew on the 

floating substrate whereas nanoparticles grew on the grounded substrate.[12] (Fig. 

1-5)  
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Figure 1-5. FESEM images: (a) low-magnification and (b) high-magnification 

images of a floating silicon substrate and (c) low-magnification and (d) high-

magnification images of a grounded silicon substrate.[12] 

 

These results indicated that the charged nanoparticles that were generated in the 

gas phase played important role on formation films and nanostructures. 

The charging of nanoparticles could also make the carbon cluster easily be 

diamond because the surface energy of diamond can be less than that of graphite on 

charging situation. The electrical double layer can decrease the surface energy of 

diamond more than graphite because the former is dielectric and the latter is 

conducting. This reduction surface energy of diamond causes that diamond 

particles are more thermodynamically stable than graphite.[13] (Fig. 1-6)  
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Figure 1-6. Plots of the Gibbs free energy versus the number of atoms. Solid lines 

denote the free energies of diamond for 0%, 10%, 20%, and 30% reduction of the 

surface energy and the dashed line denotes the free energy of graphite.[13] 
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2. MECHANISM OF PARTICLE CHARGING 

 

There are several mechanisms for particle charging. Among these mechanisms 

two mechanisms are more possible. One is the charging by ions that are formed in 

the reactor. In the case, ions are first formed and then particle nucleation is induced 

by ions, which is called ion-induced nucleation, or ions contact to the particles that 

are generated first. The other is that nucleation takes place first in the gas phase and 

then these nuclei undergo contact electrification on any surface such as the reactor 

wall and other particles.[14,15] Matsusaka et al. [16] said that the powder that were 

composed fly ash and alumina powder were transported in a spiral stainless steel 

pipe, the inner diameter of which is 6mm, and the powder were charged by contact 

with the inner wall of the pipe. 

 Contact electrification is one of the oldest scientific studies, originating more 

than 2500 years ago when Thales carried out experiments that rubbing amber 

against wool leads to electrostatic charging. Contact electrification is known as 

triboelectrification that originated from ‘triboelectric’ in Greek, which means 

‘rubbing amber’. Although this contact electrification has been known well and 

long, peoples poorly understood what causes surfaces to charge. The origin of 

charging is still being debated. Normally, however, the contact electrification is 

related to the difference in work functions.[17] That is, the material of low work 

function easily becomes positive. In contrast, the material that has high work 

function easily becomes negative. Because the work function is the energy that an 

electron needs to escape from a material. The order of the contact electrification of 

materials has been approached empirically, which the materials were rubbed with 

other materials. (Fig 1-7) 
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Figure 1-7. Example of a triboelectric series that shows an ordering of materials 

based on their empirically derived direction of charge transfer.[14]  

 

 

  In the atmospheric air, gas ions can be generated by cosmic rays but the number 

of ions is very small (about 10
3
 in one cubic centimeter). Nonetheless, the ions can 

be abundantly generated CVD process such as hot-wire CVD, plasma CVD 

because of thermal and plasma energy. Normally, the hot wire CVD processes are 
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operated at a wire temperature from about 1300
o
C to 2000

o
C, which results in 

thermionic emission of electrons from the heated wires. The amount of emitted 

electrons from hot wires is expressed by Richardson-Dushman equation.[18] 

 

2 exp
WF

J AT
kT

 
  

   

 

where J is the current density of emitted electrons, A is Richardson constant, T is 

wire temperature WF is the work function of hot wire and k is Boltzmann constant. 

The formula indicates that the current density J depends on the wire temperature 

and the work function of hot wires. Therefore the current density in the gas phase 

increases with increasing wire temperature and decreasing work function of wire. 

These emitted electrons could contribute to negative charging of particles in hot-

wire CVD. 

And the gaseous atom and molecule could be negatively or positively charged by 

the surface ionization on a hot wire. The surface ionizations could be described by 

Saha-Langmuir equations.[19] 

 

exp
o o

n g IP WF

n g kT

   
  

   

 

exp
o o

n g WF EA

n g kT

   
  

   

 

In these equations, n
O
, n

+
, and n

-
 present the numbers of neutral, positive, and 

negative of atomic or molecular unit, respectively. g
O
, g

+
, and g

-
 indicate the 

statistical weight of neutral, positive, and negative of atomic or molecular unit, 

respectively. So the ratio of g
+
/g

O
 and g

-
/g

O
 in these equations is close to 1. 

IP, EA, WF, k, and T represent the ionization potential, electron affinity of gas 

atoms or molecules, work function of a wire, Boltzmann constant, and temperature 
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of a wire, respectively. 

According to the Saha-Langmuir equations, when the atomic or molecular units 

with a high electron affinity contact with the surface of the hot wires, they can be 

easily negatively ionized. On the contrary, when the atomic or molecular units with 

a low ionization potential contact with the surface of the hot wires, they can be 

easily positively ionized. That is, the negative surface ionization of gas atoms and 

molecules appears on the condition of the low work function of the hot wires and 

the high electron affinity of gas species. On the contrary, the positive surface 

ionization of gas atoms and molecules appears on the condition of high work 

function of the hot wires and low ionization potential of gas species.  

These ions and electrons that were generated in the hot wire and plasma CVD 

reactors could help nanoparticles form in the gas phase. The reason is as follows. 
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Figure 1-8. The Gibbs free energy of formation of a spherical nanoparticle (red 

line). 

 

 

Figure 1-8 shows the Gibbs free energy (G) of formation of a spherical 

nanoparticle in gas phase. 

 

3
24 r

G f 4 r
3


    

 

 



- 14 - 

 

Where r is particle radius, σ is the surface energy and Δf is the Gibbs free 

energy difference per unit volume between the particle and supersaturated vapor. 

Δf is considered to be negative on the supersaturated case. r
*
 is the critical radius of 

particle. Nanoparticles that are smaller than r
* 
are going to be extinguished because 

the particle are unstable. That is, smaller particles have lower Gibbs free energy 

than bigger ones in the range of r＜r
*
. However, nanoparticles that are bigger than 

r
* 

are going to grow because the particle are thermodynamically stable. That is, 

bigger particles have lower Gibbs free energy than smaller ones in the range of 

r＞r
*
.  

On charged particle case, however, the Gibbs free energy needs the energy term 

of electric energy. The Gibbs free energy of formation of a singly charged 

nanoparticle in gas phase is  

 

3 2
24 r e

G f 4 r k
3 2r


    

 

 

Where k is Coulomb constant, e is electron charge. (Fig.1-9) Figure 1-9 indicates 

that the nanoparticles can easily grow up to r’ because Gibbs free energy of particle 

is smaller as particle size is larger in the range of r＜r’. And because the particle of 

radius of r’ just need the activation energy of a to be the particle of radius of r
*
, the 

charged particles can easily grow much larger. These results indicate that charged 

nanoparticles can be easily generated and grow on hot-wire and plasma CVD 

processes by ion induced nucleation and the charged nanoparticles are prone to be 

larger. That is why plasma dust could be easily generated in plasma CVD processes. 
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Figure 1-9. The Gibbs free energy of formation of a singly charged nanoparticle in 

gas phase (red line). 

 

 

Critical radius(r
*
) can be also figured out by molar volume Gibss free energy 

(ΔGV) and surface energy(σ) as following equations. 

 

*

V

2
r

G
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v
V

s

PkT
G ln

P
 

  

 

Where k = boltzmann constant, T = temperature, Ω = atomic volume, Pv = vapor 

pressure of material, and Ps = saturated vapor pressure of material.  
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3. ZINC OXIDE (ZnO) 

 

Under ambient conditions, the thermodynamically stable phase is wurtzite. The 

zinc blende ZnO structure can be stabilized only by growth on cubic substrates, and 

the rocksalt or Rochelle salt (NaCl) structure may be obtained at high pressures. 

Figure 1-10 shows several ZnO crystal structures. The wurtzite structure has a 

hexagonal unit cell with two lattice parameters a and c. in the ratio of c/a = 1.633. 

The lattice constants are determined by experimental measurements and theoretical 

calculations for the wurtzite ZnO. The lattice constants range from 3.2475 Å  to 

3.2501 Å  for the a lattice parameter and from 5.2042 Å  to 5.2075 Å  for the c lattice 

parameter. 

ZnO has numerous attractive characteristics for electronics and optoelectronics. 

It has direct bandgap energy of 3.37 eV, which makes it transparent in visible light 

and operates in the UV to blue wavelengths. The exciton binding energy is ∼60 

meV for ZnO. This high exciton binding energy enhances the luminescence 

efficiency of light emission and could lead to lasing action based on exciton 

recombination and possibly polariton/exciton interaction even above room 

temperature. 

 ZnO has also various nanostructure shapes such as nowires, nanobelts, 

nanocages, nanocombs, nanosprings, seamless nanorings and nanohelixes etc. 

during CVD processes. (Fig 1-11 and Fig. 1-12)  

 Such the nanostructures could form the fundamental building blocks for 

applications such as short-wavelength nanolasers, field-effect transistors, 

nanocantilevers, and field emitters. [20-22] 
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Figure 1-10. Stick-and-ball representation of ZnO crystal structures: (a) cubic 

rocksalt, (b) cubic zinc blende, and (c) hexagonal wurtzite. Shaded gray and black 

spheres denote Zn and O atoms, respectively.[23]  
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Figure 1-11. ZnO various nanostructures : (a) nanobelt; (b) aligned nanowire 

arrays; (c) nanotubes; (d) array of propellers; (e) mesoporous nanowires; (f) cages 

and shell structures and (g) hierarchical shell and propeller structure.[24]  
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Figure 1-12. ZnO various nanostructures : (a) nanocombs (b) tetrapod shaped 

structure (c) hexagonal disks/rings (d) nanopropellers (e) deformation-free 

nanohelixes (f) spiral of a nanobelt (g) nanosprings; (h) single-crystal seamless 

nanoring (i) a nanoarchitecture composed of a nanorod, nanobow and nanoring (j) 

rigid helix of ZnO (k) nanobow structure (l) double-sided nanocombs[24] 
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4. THERMODYNAMIC CALCULATION OF CARBOTHERMAL 

REDUCTION PROCESS OF ZINC OXIDE 

 

 In this study, ZnO was synthesized by carbothermal reduction process, because 

ZnO is much cheaper than Zinc (Zn). The typical carbothermal reduction proceeds 

with the mixing of graphite and ZnO powder at over 800 
o
C. That is, the role of 

graphite is to reduce ZnO and thereby to produce Zn, which could vaporize and 

react with oxygen to produce the ZnO vapor. Otherwise, a backward reaction of the 

reduction process can also generate ZnO as the reactor gases flow into lower 

temperature with a carrier gas. For understanding about the phenomena of an 

experiment reaction, thermodynamic analysis is needed. The analysis helps to 

understand the process variables such as pressure, temperature, composition of 

reaction etc. In carbothermal reduction process, ZnO and graphite is reacted as 

following reactions. 

 

ZnO(s) + C(graphite) = Zn(v) + CO(g) 

  

2ZnO(s) + C(graphite) = 2Zn(v) + CO2(g)  

 

Equilibrium vapor pressures of Zn(v) and CO(g) CO2(g) can be calculated by the 

equilibrium constant K which can be induced by standard molar Gibbs free energy 

change.  

 

oG
K exp

RT


  

 

Where, K = equilibrium constant, ΔG
o 
= standard molar Gibbs free energy change 

(J), R = gas constant, T = absolute temperature (K). 

ΔG
o 

can be calculated by standard molar enthalpy change (ΔH
o
) and standard 

molar entropy change (ΔS
o
). Both the molar enthalpy change and the standard 
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molar entropy change are calculated by a molar heat capacity at constant pressure 

(Cp) of elements of each reaction. 

 

o o oG H T S      

T T

o o P
298 P 298

298 298

c
H c dT T S T dT

T


         

 

The molar heat capacity at constant pressure is the function of absolute temperature. 

 

2

pC a bT cT        

 

Where a, b, and c are constant.  

From Kirchhoff’s equation, standard molar enthalpy can be calculated with the 

molar heat capacity at constant pressure as following equations. 

 

o
2

P

P

H
C a bT cT

T

 
        

 
 

 

2
o

T 0

bT c
H H aT

2 T

 
       

 

From Gibbs-Helmholtz equation, the standard molar Gibbs free energy can be 

calculated with the molar heat capacity at constant pressure. 

 

o

o

2

G

T H

T T
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2
o o bT c

G IT H aTln T
2 2T

 
       

 

Therefore, the equilibrium constant appears the function of the absolute 

temperature. 

 

oG RTln K    

 

o

2

H I a ln T bT c
ln K

RT R R 2R 2RT

   
     

 

 

In the process that CO is generated, the equilibrium constant is 

 

V g

eq eq

Zn CO
K P P  

 

In the process that CO2 is generated, the equilibrium constant is 

 

2

V 2g

eq eq

Zn CO
K P P  

 

From this formula, the equilibrium pressure could be figured out. Figure 1-13 

shows the equilibrium pressures that are calculated by the calculation of the 

equilibrium constant with the value of CP.[25] However the equilibrium pressure of 

CO2 is too smaller than that of Zn and CO, so the reaction of Zn and CO2 (Zn + 

CO2 = ZnO + CO)could be ignored as showed Figure 1-13. 

 In Figure 1-13 the result of the total pressure could indicate that a furnace 

temperature should be over 900
o
C for the reaction. In brief, the carbothermal 

reduction actively responds at over 900
o
C because the total pressure should exceed 

atmospheric pressure at that temperature. It has been reported that ZnO 

nanostructures could be fabricated at a furnace temperature above 900
o
C in a 
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carbothermal reduction process.[26-29]  

The equilibrium pressures of Zn and CO are smaller as Zn and CO gas mixtures 

that come from hotter furnace zone go cooler zone by a carrier gas. Thus a 

backward reaction occurs and then ZnO are generated. The driving force of 

generation of ZnO can be defined as 

 

Zn CO

eq eq

Zn CO

P P
RT ln

P P
     

 

where P
eq

 is the equilibrium pressures at a cooler zone and P is the actual pressure 

that is the equilibrium pressures at a hotter zone.  

From Clausius-Clapeyron equation,  

 

evap

2

H
dln P dT

RT


  

 

We can figure out the saturated vapor pressure. As already said, enthalpy can be 

calculated by heat capacity at constant pressure. Therefore, 

 

boiling
boiling

T

evapT evapT P(l v)
T

H H C dT      

 

From these equations the saturated vapor pressure of Zn can be calculated with the 

value of CP.[25]  

Figure 1-14 show the saturated vapor pressure of Zn and the equilibrium vapor 

pressure of Zn of Figure 1-13. From this calculation data, it was noticed that Zn 

droplet could not be generated in a calm carbothermal reduction process. 
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Figure 1-13. Equilibrium vapor pressures of Zn(v) ,CO(g), and CO2(g) and total 

pressure during carbothermal reduction process of synthesis of ZnO.  
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Figure 1-14. Comparing the saturated vapor pressure of Zn and the equilibrium 

pressure of Zn of Figure 1-13. 
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Chapter Ⅱ 

 

Formation of Tetrapod-Shaped Nanowires 

in the Gas Phase during the Synthesis of 

ZnO Nanostructures by Carbothermal 

Reduction  
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2. Formation of Tetrapod-Shaped Nanowires in the Gas 

Phase during the Synthesis of ZnO Nanostructures by 

Carbothermal Reduction  

 

1. INTRODUCTION 

 

ZnO has attracted a great attention because it has a wide bandgap (3.37 eV) and 

large exciton binding energy (60 meV), which makes ZnO be transparent in visible 

light and have efficient luminescence characteristics in the blue to the UV 

wavelengths at room temperature. In addition to these attracting optical properties, 

a variety of ZnO nanostructures can be synthesized by chemical vapor deposition 

(CVD). For example, ZnO nanowires[30], nanobelts[31,32], nanocoils[33], 

nanorings[32], and nanocombs[34] have been reported to grow by CVD. However, 

its growth mechanism has not been clearly understood because the evolution of 

such peculiar nanostructures is difficult to approach by the conventional concept of 

crystal growth based on the atomic or molecular unit. 

Recently, a new growth mechanism of ZnO nanostructures based on the 

electrostatic energy was suggested. Kong et al. reported the charging model for the 

ZnO nanobelts and nanorings.[32] They suggested that the electrostatic energy 

plays a critical role in the growth of ZnO nanorings by a spontaneous self-coiling 

process of polar nanobelts. Parkansky et al. reported a novel method for the growth 

of ZnO nanorods by applying an electric field to the ZnO film at low 

temperature.[35] Although spontaneous self-coiling strongly suggests the 

involvement of electrostatic energy in the growth, the origin of electrostatic energy 

is not clearly understood. 

As to the origin of electrostatic energy, Hwang et al. suggested that charged gas 

phase nuclei are usually formed in the CVD process and actively involved in the 

deposition of films or nanostructures.[4,5] If charged gas phase nuclei are involved 
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in deposition, the electrostatic energy would play an important role in the 

nanostructure evolution. For example, the image force of charged nanoparticles on 

the conducting materials is much stronger than that on the dielectric materials. 

Therefore, the charged nanoparticles would deposit preferentially on conducting 

substrates over on dielectric substrates, which results in the selective deposition 

widely used in the fabrication of nanoelectronics. Hwang et al. attributed the 

selective deposition to the difference in the image force of charged nanoparticles 

between conducting and dielectric substrates.[4,5] This difference in the image 

force might be related with the role of catalytic metal nanoparticles that are usually 

used to grow nanowires. It should be noted that, for catalytic metal nanoparticles to 

be effective, they should be placed on dielectric substrates such as quartz or 

alumina; if they are placed on conducting substrates, their catalytic effect in 

growing nanowires diminishes markedly because the electrostatic energy does not 

build up on the conducting substrates. 

Although catalytic metal nanoparticles are normally used for the formation of 

nanowires,[36] they are not essential to the growth of nanowires. There are many 

reports, where nanowires grow extensively in the absence of catalytic metal 

nanoparticles.[37,38] Such one-dimensional growth in the absence of catalytic 

metal nanoparticles can also be explained by the electrostatic energy if rod-shaped 

particles are formed on the dielectric substrate because the image force of the 

incoming charged nanoparticles is much stronger in the axial direction than in the 

radial direction of the rod.[4]
 
(Fig. 2-1) 

Since such a variety of ZnO peculiar nanostructure evolutions is difficult to 

explain without the involvement of charged nanoparticles, it would be important to 

check if charged ZnO nanoparticles are generated in the gas phase during the 

synthesis of ZnO nanostructures. Motivated by this background, we used a 

differential mobility analyzer (DMA) to confirm the generation of charged 

nanoparticles and measure their size distribution under the synthesis condition of 

ZnO nanostructures. 

And a few people introduced that the carbon nanotube(CNT) could be formed in 
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the gas phase with a catalyst[31,39,40], but ZnO nanowires could be generated in 

the gas phase without a catalyst. The observation of a substrate-free would 

contribute to comprehend the growth of nanowires. 

 

 

 

 

Figure 2-1. Schematics for coulomb interaction between a positively charged 

nanoparticle and a neutral rod: showing the repulsive force of (a) stronger than that 

of (b).[4]  
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2. EXPERIMENTAL DETAILS 

 

ZnO nanostructures can be grown using a typical carbothermal reduction process 

(ZnO + graphite mixture), where graphite lowers the decomposition temperature. 

The source materials of 4g of ZnO (99.9%; Aldrich) powder and 0.8g of graphite 

powder (<45µm, 99.99%; Aldrich) were loaded on an alumina boat which was 

placed at the center of the highest temperature zone in the quartz tube reactor with 

the inner diameter and length of the tube being 5 cm and 100 cm, respectively, as 

shown Figure 2-2. Nitrogen gas was introduced from the inlet of the reactor as a 

carrier gas with a flow rate of 500 standard cubic centimeter per minute (sccm). It 

took about an hour for the highest temperature zone of the reactor to reach 1000
o
C 

and the highest temperature zone was maintained at 1000
o
C during the experiment.  

For sampling of nanosized charged particles formed in the gas phase, a small 

quartz tube (inner diameter: 4mm) was placed in the outlet of the reactor at a 

distance of 11 cm away from the source materials and was connected to a nano-

DMA (TSI model 3085) combined with a Faraday cup electrometer (FCE) for 

measurements of the size distribution of charged nanoparticles. The DMA was 

pumped out by the vacuum pump at 900 sccm.  

The ZnO nanoparticles, which were size selected by the DMA, were captured on 

a holey transmission electron microscopy (TEM) grid membrane. The captured 

ZnO nanoparticles were observed by the TEM (JEOL JEM-3000F).  

In Figure 2-2, the velocity of the gas flow in the quartz tube and the stainless 

steel tube could be approximately calculated with the pumping rate and the cross 

section areas of these tubes. The velocity was about 1m/sec, so the reaction and the 

residence time of the source gases in these tubes could be ignored. 

Normally, particles are made to be electrically charged by artificial charging for 

measurements by the DMA. However, we did not use an artificial charger because 

particles were self-charged in the reactor. 
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Figure 2-2. Schematic of the experiment system.  
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3. RESULTS AND DISCUSSION 

 

During the synthesis of ZnO nanostructures, we measured the size distribution of 

ZnO charged nanoparticle that were generated in the gas phase with the DMA-FCE 

system. The size distribution of ZnO charged nanoparticles is revealed in Figure 2-

3.  

 

 

 

Figure 2-3. The size distribution of ZnO charged nanoparticles that were captured 

at a distance of 11 cm from source materials. 

 

 

According to our general observation, both positively and negatively charged 

ZnO nanoparticles were generated in the gas phase without exception under any 

processing conditions where nanostructures were grown on the substrate. Since the 

nano-DMA is used, charged nanoparticles larger than ~ 80 nm could not be 
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measured. Considering the data in Figure 2-3, charged nanoparticles larger than ~ 

80 nm are expected to exist in abundance. 

As to the charging mechanism, there are two possibilities. One is that ions are 

formed first and then nucleation is induced by ions, which is called ion-induced 

nucleation. The other is that nucleation takes place first in the gas phase and then 

these nuclei undergo surface ionization on any surface such as the reactor wall.[4] 

The surface ionization could be understand by Saha-Langmuir equations,[19] 

although this is particle case. Considering that the activation energy for the 

formation of ions is much higher than that for the surface ionization of gas phase 

nuclei, the second possibility is more persuasive.  

The size-selected charged nanoparticles of 10 nm, 20 nm, 30 nm and 50 nm in a 

mobility diameter are shown, respectively, in Figure 2-4 (a) – (d). Figure 2-4 is the 

TEM images of size-selected ZnO nanoparticles that were captured on a holey 

carbon membrane. The time for the capture was 1 min for the particles of 20 nm, 

30 nm and 50 nm but it was 3 hours for the particles of 10 nm. The reason for the 

difficulty to capture size-selected nanoparticles of 10 nm would be due to their 

small number concentration as shown in Figure 2-3. And small size particle was 

hardly captured because the particles tend to flow with gas flows. However larger 

particles were easily deposited on TEM grid because of the inertia. That is the 

reason a holey TEM carbon grid were needed, not thin film grid.  
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Figure 2-4. TEM images of ZnO nanoparticles that were size-selected by the DMA 

into mobility diameters of (a) 10 nm (b) 20 nm (c) 30 nm and (d) 50 nm.  

 

 

Most of the 10 nm particles in Figure 2-4(a) have a rod shape. However, 

particles larger than 10 nm in Figure 2-4 (b)-(d) have a tetrapod shape. The length 

of the size selected particles tends to be larger than their mobility diameters. In the 

case of 50 nm particles, the length is much larger than 50 nm. The reason might be 

that they are actually multiply charged although they are assumed to be singly 

charged when size-selected by the DMA.[41] According to Figure 2-4 (b) - (d), the 

tetrapod nanowires are formed in the gas phase, indicating that the extensive 

growth occurs in the gas phase. 
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It can be argued that some portion of the tetrapod nanowires in Figure 2-4 (d) 

might have been grown on the substrate instead of being fully grown in the gas 

phase. In order to check this possibility, the size-selected particles of 50 nm were 

captured for the different time duration and their size was compared. Figure 2-5 (a) 

– (d) show the particles of 50 nm captured for 2 sec, 10 sec, 1 min and 10 min, 

respectively. Figure 2-5 clearly shows that their number increased but their size did 

not increase with capture time. Therefore, it can be concluded that the tetrapod 

nanoparticles in Figure 2-5 are formed in the gas phase. 

As to the growth mechanism of tetrapod nanoparticles, Ronning et al.[42] and 

Hongsith et al.[43] proposed that a tetrahedron-shaped ZnO particle should be a 

seed. In search of the experimental evidence for the existence of such tetrahedron-

shaped particles, we extensively examined the 10 nm size-selected particles 

captured under the condition of Figure 2-4 (a). We could find out such tetrahedron-

shaped particles as shown in Figure 2-5. The high resolution TEM image in Figure 

2-6 (b) shows the (0002) plane that is the close-packed plane in the hexagonal close 

packed (HCP) structure of ZnO. According to the crystal growth theory based on 

atoms or molecules, the growth rate in the direction normal to the close-packed 

plane is lowest and therefore, the crystal surface becomes closed by the close-

packed plane. This well-established concept of crystal growth can explain the 

shape evolution of tetrahedral particles in Figure 2-6. However, the growth of 

tetrapod nanowires in Figure 2-4 and 2-5 cannot be explained by the classical 

concept of crystal growth because tetrapods have the highest growth rate of the 

close-packed plane (0002) whereas the classical crystal growth theory predicts the 

lowest growth rate of (0002). If the building block is the tetragonal particle 

enclosed by (0002) surfaces, however, the highest growth rate of (0002) in the 

tetrapods can be explained. 
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Figure 2-5. ZnO nanowires of 50nm in a mobility diameter were captured for (a) 

2sec (b) 10sec (c) 1min (d) 10min.  
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Figure 2-6. ZnO nanoparticles of a tetrahedral shape. 

 

 

It should be noted that the extensive growth of tetrapod-shaped nanoparticles 

occurred without catalytic metal particles. Therefore, their one-dimensional growth 

is not via the vapor-liquid-solid (VLS) mechanism. As mentioned in the 

introduction, the one-dimensional growth of tetrapod nanoparticles seems to be 

induced by the electrostatic energy originated from the charge carried by 

nanoparticles which was revealed by the DMA measurements in Figure 2-3. 
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4. CONCLUSION 

 

Under the synthesis condition of ZnO nanowires by carbothermal reduction, the 

charged ZnO nanoparticles or tetrapod nanowires were generated in gas phase. The 

growth of tetrapod nanowires could be explained by the building block of charged 

nanoparticles.  
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3. The influence of substrates on deposition behavior of ZnO 

nanoparticles formed in the gas phase during carbothermal 

reduction process 

 

1. INTRODUCTION 

 

Most of nanowires have been believed to be grown from individual atoms or 

molecules on a substrate. But Hwang et al. suggested charged nanoparticles that 

were formed in gas phase played a crucial role in the growth of nanowires.[4,44] 

And Kim et al. measured the distributions of positively and negatively charged 

nanoparticles that are generated abundantly in the gas phase by using a differential 

mobility analyzer (DMA) - Faraday cup electrometer (FCE) system, during the 

synthesis of ZnO nanowires.[29] And no nanowires were observed under the 

condition where the charged ZnO nanoparticles were not generated. From these 

observations, it could be induced that the ZnO charged nanoparticles are very 

important factor on formation of ZnO nanowires. During syntheses of carbon 

nanotube (CNT), Si nanowires, and GaN nanowires, charged nanoparticles are also 

generated in the gas phase during atmospheric pressure chemical vapour deposition 

(APCVD).[45-47] 

In this paper, it will be revealed the shape of ZnO nanoparticles are generated in 

the gas phase by the observation of ZnO nanoparticles with transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) and also revealed the 

influence of the state of substrates on the behavior of deposition of ZnO 

nanoparticles during the synthesis of ZnO nanostructures. 
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2. EXPERIMENTAL DETAILS 

 

ZnO nanostructures can be grown using a typical carbothermal reduction process 

(ZnO + graphite mixture), where graphite lowers the decomposition temperature. 

The source materials of 4g of ZnO (99.9%; aldrich) powder and 0.8g of graphite 

powder (<20µm; aldrich) were loaded on an alumina boat which was placed at the 

center of the highest temperature zone in the quartz tube reactor with the inner 

diameter and length of the tube being 5 cm and 100 cm, respectively, where the 

inlet side was closed but the outlet side was opened as shown Figure 3-1. Nitrogen 

gas was introduced from the inlet of reactor as a carrier gas with a flow rate of 500 

standard cubic centimeter per minute (sccm). The furnace temperature was raised 

to 1000
o
C for an hour and maintained at 1000

o
C during the experiment.  

For sampling of nano and micro-sized objects formed in the gas phase, a small 

quartz tube (inner diameter: 4mm) was placed in the outlet of reactor at a distance 

of 11 cm away from the source materials and was connected to a heater and 

vacuum pump. The temperature of heater is 700
 o
C. The particles were pumped out 

through the small quartz tube by the vacuum rotary pump with 900sccm. A 

substrate was located in the heater. The substrate was quartz that had been coated 

gold of 10 nm thickness on a half part by a sputter. The ZnO nanoparticles were 

observed by a transmission electron microscopy (TEM, JEOL JEM-3000F) and a 

field-emission scanning electron microscopy (FE-SEM, JEOL JSM-7500F).  
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Figure 3-1. Schematic of the experiment system. 
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3. RESULTS AND DISCUSSION 

 

 ZnO nanoparticles were pumped out from the atmosphere of the reactor toward 

outside through the small quartz tube and sampled on a substrate on a room 

temperature condition using vacuum pump. Figure 3-2 shows the ZnO 

nanoparticles that deposited on the substrate. These results reveal that ZnO 

nanowires could be formed and grow up in the gas phase without a catalyst. 

Similar to this, a few people produced carbon nanotubes (CNT) in the gas 

phase.[39,40] But they used nickel particles as a catalyst. The ZnO nanowires were 

generated on no catalyst condition.  

 

 

 

Figure 3-2. (a) SEM image (b) TEM image of ZnO nanoparticles that were 

pumped out from reactor and sampled on substrates. 

 

 

These ZnO nanowires that were pumped out from the atmosphere of the reactor 

were also deposited on a substrate for 1 hour at 700
o
C in a heater. At that time, the 

substrate was a quartz glass that had been coated gold of 10 nm thickness on a half 

part. The schematic of the substrate and deposited ZnO nanowires are shown in 

Figure 3-3. Plenty of ZnO nanosheets and nanowires were observed on an uncoated 
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part at 700
 o
C as shown Figure 3-3 (b). However, a different ZnO nanowire shape 

was observed on a gold coating part in Figure 3-3 (c). Shape of deposition of 

Figure 3-3(b) would be supposed that ZnO nanowires fell on substrate like Figure 

3-2 and then their shapes of deposition were changed by heat energy. It was already 

reported that a shape of deposition of ZnO was dependent on the temperature of 

substrate.[48,49] From the observation of the Figures 3-3 (b), the shape of 

deposition could be influenced by the particles that were generated in the gas phase. 

In Figure 3-3 (c), the shape of deposition of ZnO particle was very different. It 

looks like the VLS(vapour-liquid-solid) growth.[50] The phase diagram of the Au-

Zn-O system has been not clearly known. However, in the typical case of ZnO 

nanostructures synthesis, Au particles were used as catalyst at about 550
 o

C.[51] 

Therefore, because the eutectic temperature would be under 550
 o
C, micron sized 

ZnO particles could be melted into gold and then grow up nanowires at 700
 o
C in 

Figure 3-3 (c). So ZnO nanowires of Figure 3-3 (c) would be generated by VLS 

growth. This result indicates that VLS growth can be generated by not only atoms 

or molecules but also melting of nano- and micro-sized structures.  
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Figure 3-3. (a) Schematic of a substrate. SEM images of ZnO nanoparticles that 

were deposited on (b) a quartz glass and (c) gold at 700 
o
C. 
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4. CONCLUSION 

 

During the syntheses of ZnO, the ZnO nanowires could be generated in gas phase 

and the deposition shape of these nanowires could be influenced by the state of 

substrates. VLS growth can be generated by melting of nano- and micro-sized 

structures. 
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4. Bias Effect on the Deposition Behavior in Non-Classical 

Crystallization of ZnO Nanostructures by Gas Phase 

Synthesis 

 

1. INTRODUCTION 

 

ZnO has attracted a great attention over the past decades because it has a wide 

bandgap (3.37 eV) and large exciton binding energy (60 meV), which makes ZnO 

be transparent in visible light and have efficient luminescence characteristics in the 

blue to the UV wavelengths at room temperature.[23,52] Since nanostructure 

shapes have a great effect on electrical and optical properties[20,53,54], ZnO 

nanostructures of various shapes have been synthesized by chemical vapor 

deposition (CVD) processes. For example, ZnO nanowires[30], 

nanobelts[31,32,55], nanocoils[33], nanorings[32,55], and nanocombs[34] have 

been reported to be grown by CVD. However, their growth mechanism has not 

been clearly understood because the evolution of such peculiar microstructures is 

difficult to approach by the classical crystallization based on the atomic or 

molecular unit. 

Recently, non-classical crystallization, which refers to crystal growth by the 

building unit of nanoparticles, has been studied extensively.[56-62] The non-

classical crystallization was directly observed by in-situ transmission electron 

microscopy (TEM) observation. Using a silicon nitride liquid cell, Liao et al. 

carried out detailed real-time imaging to show how Pt3Fe nanorods grow by 

nanoparticles in solution.[63] Also by in-situ TEM observation using graphene 

liquid cells, Yuk et al. carried out direct atomic-resolution imaging to show how Pt 

crystals grow in solution.[64] The imaging clearly revealed that Pt nanocrystals 

grow not only by monomers but also by the coalescence of nanoparticles. 

Nanoparticle-based crystal growth has also been observed in many non-metallic 

systems such as biominerals,[59,60] and SnO2.[57] Although non-classical 
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crystallization is a relatively new and revolutionary concept in crystal growth, it 

has now become so established that related books[65,66] have been published and 

its tutorial and technical sessions have been included respectively in the spring 

meetings of the Materials Research Society (MRS) and the European Materials 

Research Society (EMRS) in 2014.  

In relation to the non-classical crystallization in the thin film growth by CVD, 20 

years ago Hwang et al.[10,67] suggested that, in order for the experimental 

observation of diamond deposition with simultaneous graphite etching not to 

violate the second law of thermodynamics, diamond crystals synthesized by CVD 

using gas activation such as hot filament or plasma should grow by the building 

block of charged nanoparticles formed in the gas phase. Growth of diamond 

crystals on a silicon substrate and porous skeletal soot on an iron substrate could be 

explained by assuming the generation of charged nanoparticles in the gas phase. 

This non-classical crystallization with a building block charged nanoparticles turns 

out to be quite general in many CVD processes[12,29,45-47,68-73] because it was 

confirmed by nanoparticle detection technique such as differential mobility 

analyzer (DMA) or particle beam mass spectroscopy (PBMS) that the charged 

nanoparticles are generated in the gas phase almost without exception in all the 

CVD processes. 

In order to show that these charged nanoparticles contribute to deposition, Youn 

et al.[12] compared the deposition behavior between electrically floating and 

grounded silicon substrates, which showed that silicon nanowires grow on the 

floating substrate whereas nanoparticles grow on the grounded substrate. Under the 

condition where a dense film grows on the floating substrate, a porous film grows 

on the grounded substrate. 

On the other hand, many microstructural evolutions in ZnO nanostructure growth 

imply the involvement of electrostatic energy.[32,33,55,74-76] In order to explain 

the microstructure evolutions of ZnO nanobelts and nanorigngs, Kong et al. 

reported the polar charging model.[32,55] They suggested that the electrostatic 

energy plays a critical role in the growth of ZnO nanorings by a spontaneous self-
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coiling process of polar nanobelts. Parkansky et al. reported a novel method for the 

growth of ZnO nanorods by applying an electric field to the ZnO film at low 

temperature.[35] Similarly, to explain the one-dimensional growth of silicon 

nanowires without catalytic metal nanoparticles, Cheng and Cheung suggested an 

electric field mechanism by assuming a strong electric field at the tip of silicon 

nanowires.[77] Although many microstructures such as spontaneous self-coiling 

and one-dimensional nanowire growth strongly imply that electrostatic energy 

might be involved in the growth, the origin of electrostatic energy is not clearly 

understood. 

However, according to the newly-developed concept of non-classical 

crystallization with a building block of charged nanoparticles, the origin of 

electrostatic energy is quite clear. Besides, Kim et al.[29] and Park et al.[71] 

experimentally confirmed the generation of charged ZnO nanoparticles in gas 

phase during the carbothermal reduction process. A concept similar to non-classical 

crystallization in the film growth by plasma-enhanced CVD was suggested by 

Ostrikov[73] and Cabarrocas.[72,78]  

Not only nanoparticles but also nanostructures can be generated in gas phase. 

Contrary to common belief ,tetrapod-shaped ZnO nanowire (T-ZnO) can grow in 

the gas phase instead of growing on the substrate, where Park et al. proved that T-

ZnO were generated in the gas phase by the observation of TEM sample.[71] 

With the discovery of non-classical crystallization, lots of work should be done 

in science, technology and applications. The important parameters include the 

presence of charge, the size distribution of nanoparticles, the substrate temperature, 

the gas flow rate and the electric bias. One important factor that should be 

considered to understand the deposition behavior of charged nanoparticles is the 

drag force, which increases with increasing size of nanoparticles and increasing gas 

flow rate. The purpose of this work is to show how the drag force affects the 

deposition behavior of charged nanoparticles. The existence of the drag force will 

be revealed by studying the bias effect on the deposition behavior of charged 

nanoparticles. It will be shown how the electric force or the gravity competes with 
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the drag force of charged ZnO nanoparticles. This work is the first report showing 

that the drag force is actively involved in the deposition of charged nanoparticles in 

the non-classical crystallization of the gas phase synthesis.  
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2. EXPERIMENTAL SECTION 

 

T-ZnOs were grown by using a typical carbothermal reduction process, where 

the powder mixture of ZnO and graphite is used.[26-28] The role of graphite is to 

reduce ZnO and thereby to produce Zn, which vaporizes and reacts with oxygen to 

produce the ZnO vapor. From this vapor source of ZnO, various nanostructures can 

be synthesized at relatively low temperature less than ~1000 
o
C.[26-28] The source 

materials of 4 g of ZnO (99.9 %; Sigma-Aldrich) powder and 0.8 g of graphite 

powder (99.99 %; Sigma-Aldrich) were loaded on an alumina boat which was 

placed at the center of the highest temperature zone in a quartz tube reactor with 

the inner diameter and length of the tube being 5 cm and 100 cm, respectively. 

Nitrogen was supplied to the inlet of the reactor as a carrier gas at a flow rate of 

500 standard cubic centimeter per minute (sccm). In order to minimize the contact 

of the oxygen gas and the powder mixture of ZnO and graphite, the oxygen gas 

was supplied at a flow rate of 500 sccm through a small quartz tube of 4 mm in 

inner diameter, which was placed 2 cm away from the powder mixture toward the 

outlet of the reactor tube.  

 It took 60 min to heat the reactor for the maximum temperature zone to reach 

1000 
o
C, which was maintained for another 60 min for the synthesis of ZnO 

nanostructures. In order to minimize the effect of thermal energy such as the 

Brownian motion of particles and the condensation of zinc, the silicon substrate 

was settled at 450
 o

C. As shown in Figure 4-1, the substrate was located on a 

stainless steel holder that was connected to a power supply for applying electric 

bias. The bias was applied to the substrate holder with respect to the grounded plate, 

which is 1cm away from the holder. Therefore, the bias produced the electric field 

between the holder and the grounded plate. The nanostructures deposited on the 

substrate were examined via field emission scanning electron microscopy (FE-

SEM, Hitachi SU70).  

In order to confirm the generation of charged ZnO nanoparticles in the gas phase 
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during the synthesis of T-ZnO, a nano-DMA (TSI model 3085) combined with a 

Faraday cup electrometer (FCE) was used. For measurements by DMA, the 

substrate holder and the grounded plate were taken out of the reactor and a small 

quartz tube with the inner diameter of 4 mm was placed in the outlet of the reactor 

at a distance of 11 cm away from the source materials (~800 
o
C) and was connected 

to the DMA-FCE system at the outside of the reactor. The DMA-FCE system could 

not only confirm the generation of charged particles in the gas phase but also 

measure their size distribution.[29,45-47,69,71] Normally, particles are made to be 

electrically charged by artificial charging for measurements by DMA. However, we 

did not use an artificial charger because ZnO nanoparticles were self-charged in the 

reactor. 

 

 

 

Figure 4-1. The schematic of the CVD reactor connected to a power supply for 

applying electric bias. 

 

  



- 55 - 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 4-2 shows the size distribution of ZnO charged nanoparticles measured by 

the DMA-FCE system. According to our general observation in many CVD 

systems, the number concentration of both positively and negatively charged 

nanoparticles was normally similar.[29,45,46,69,71] In this synthesis condition of 

T-ZnO, however, the number concentration of the negative nanoparticles was about 

two orders of magnitude higher than that of the positive ones as shown in Figure 4-

2. This might be due to the fact that p-type defects such as oxygen interstitials, zinc 

vacancies and oxygen antisites are generated under the oxygen-rich processing 

condition of ours and ZnO nanoparticles with p-type defects are more easily 

negatively charged because the work function of p-type material is higher than that 

of the intrinsic and n-type ones.[79-81] This possibility is supported by our 

observation that the number concentration of negative ZnO nanoparticles was 

similar to that of positive ones when the oxygen gas was not supplied.[71] 

As to the charging mechanism, there are two possibilities. One is that ions are 

formed first in the CVD reactor and then nucleation is induced by ions, which is 

called ion-induced nucleation.[82-85] The other is that nucleation takes place first 

in the gas phase and then these nuclei undergo contact electrification on any 

surface such as the reactor wall and other particles.[14,15] Considering that the 

activation energy for the formation of ions is much higher than that for the contact 

electrification of gas phase nuclei and that the number of ions in atmospheric air is 

very small (~10
3
 in one cubic centimeter), the second possibility is more persuasive. 

And the contact electrification with other particles would not be a major charging 

mechanism considering that the number concentration of negative particles was 

much higher than that of positive ones. Therefore, the dominant charging 

mechanism would be by the contact of the nanoparticles with the quartz reactor 

wall. Since quartz is a highly electropositive material[14,15], the particles which 

underwent the contact charging with quartz would have a tendency to be negatively 

charged. This aspect would also contribute to the higher number concentration of 
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negative ZnO particles in Figure 4-2. 

 

 

 

Figure 4-2. The size distribution of charged ZnO nanoparticles that were generated 

in gas phase during the synthesis of T-ZnO 

 

 

The number concentration of negative ZnO nanoparticles shown in Figure 4-2 

was maintained up to 3 hours and decreases slowly thereafter. However, the ratio of 

negative to positive nanoparticles was maintained as long as 10 hours, which was 

the maximum processing time. 

Considering the charge neutrality, an enormous amount of excess positive 

charges should build up on the quartz wall. It might be suspected that the insulating 

quartz wall could accommodate such an amount of excess charges. In relation to 

the possible accommodation of the charge, McCarty et al.[86] measured the 

electrostatic charge on individual microspheres of 50 – 450 μm and found out that 

the charge on a microsphere was proportional to its surface area with about 1 
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elementary charge per 2000 nm
2
, which corresponds to about 5 × 10

8
 charges per 

mm
2
. The measurement indicates that the area of our quartz tube is large enough to 

accommodate the expected excess charges.  

 

 

 

Figure 4-3. The deposition behavior of ZnO nanoparticles on positive bias 

condition of (a) 0 V (b) +100 V (c) +300 V (d) +600 V.  

 

 

Although there are a huge amount of charged ZnO nanoparticles in the gas phase 

of the CVD reactor as shown in Figure 4-2, they do not land on the substrate placed 

in the reactor, which is attributed to the drag force that hinders the movement of 

particles and is influenced by the relative velocity of the particles in the 
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medium, so the drag force makes the particles flow with the medium stream.[87]. 

In fact, the hot gas that comes from the heated reactor zone climbs over the colder 

gas in the unheated zone due to their density difference arising from the 

temperature gradient. This gas stream exerts a drag force on the nanoparticles that 

are generated in the gas phase of reactor, so that they move upward over the gas of 

450
 o
C zone. Because of this drag force, the ZnO nanoparticles are difficult to be 

deposited on the substrate (Fig. 3(a)). However since these particles are charged, 

the application of the electric bias to the substrate holder would affect their motion. 

The effect of the bias voltage on the deposition behavior of charged ZnO 

nanoparticles is shown in Figure 4-3. As previously reported, charged T-ZnOs as 

well as charged ZnO nanoparticles are generated in the gas phase.[71] This fact 

could help understand the results of Figure 4-3. Figures 4-3 (b)–(d) show that as 

the bias voltage was increased, the size of deposited particles was also increased. 

Since the bias was positive, deposited particles would be negatively charged. This 

different deposition behavior could be attributed to the drag force whose equation 

is expressed as 

 

21
( )

2
 D D p mF C A v v

 

 

where FD = drag force, CD = drag coefficient, A = cross-sectional area 

perpendicular to the flow, ρ = density of the medium, vp = velocity of a particle  

vm  =  velocity of a medium.. This equation reveals that particles with a large area 

have a larger drag force and thereby a larger resistance to move toward the 

substrate than those with a smaller area in the same .particle velocity and the same 

medium velocity condition. Therefore, in order to deposit large particles, the high 

bias voltage should be applied because of the terminal velocity that was caused by 

the drag force. That is, under the zero bias voltage, ZnO particles generated in the 

gas phase just flew out with the carrier gas because of the drag force arising from 

the gas stream to flow upward, which hindered the particles from moving toward 

the substrate (Fig. 3(a)). And under the bias of +100 V in Figure 4-3(b), small 

particles of ~ 10 nm were deposited but large particles flew out with carrier gas. 
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Because the drag force for small charged particles is weak and the gravity of these 

nano-sized particles is very small, so small electric force would need for the 

particles to fall into the substrate, which results in the deposition of small charged 

particles on the substrate. That is, only small electric force is needed to overcome 

the drag force arising from the gas stream to flow upward. Under the bias of +300 

V in Figure 4-3(c), a little larger particles of ~ 40 nm were deposited with much 

larger particles being flowed out with a carrier gas. Under the bias of +600 V in 

Figure 4-3(d), however, even much larger tetrapod particles with the leg length of ~ 

600 nm could be deposited on a substrate, indicating that the electric force is high 

enough to make the particle fall into the substrate.  

When the negative bias was applied, the similar result was obtained but the 

amount of deposited particles was much less than that of Figure 4-3 because the 

number concentration of positive particles was much less than that of negative ones 

as shown in Figure 4-4, which is consistent with Figure 4-2.  

Figures 4-5(a)–(d) show that the deposition behavior was affected by bias 

frequencies when alternative bias of 600 V was applied. For frequencies of 0.2 Hz 

and 1 Hz (Figs. 4-5(a) and (b)), an appreciable amount of T-ZnOs was deposited 

similarly to the deposition behavior for positive 600 V bias (Fig. 4-3(d)). However, 

the amount of T-ZnOs was markedly decreased for 3 Hz (Fig. 4-5(c)) and T-ZnOs 

were hardly deposited for 5 Hz (Fig. 4-5(d)). This dependence of deposition 

behavior on the bias frequency might be related with the distance travelled by 

charged T-ZnOs until the bias was reversed. More specifically, the distance 

travelled by charged T-ZnOs during 5 sec for 0.2 Hz or 1 sec for 1 Hz is expected 

to be longer than the distance (1 cm) between the two electrodes, which results in 

deposition of T-ZnOs. On the other hand, the distance travelled by charged T-ZnOs 

during 0.33 sec for 3 Hz or 0.2 sec for 5 Hz is expected to be shorter than ~ 1 cm, 

which results in non-deposition. Considering the acceleration that arise from the 

electric force, the gravity and the mass of T-ZnO, the movement of these charged 

T-ZnOs of Figures 4-5(c) and (d) would be hindered under the electric filed. The 

cause could be the drag force that generated a terminal velocity. In this case, 
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charged T-ZnOs would fluctuate above the substrate and flow out eventually with a 

carrier gas, which results from the drag force. 

 

 

 

Figure 4-4. The deposition behavior of ZnO nanoparticles on negaitive bias 

condition of (a) 0 V (b) -100 V (c) -300 V (d) -600 V.  
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Figure 4-5. The deposition behavior of ZnO nanoparticles on alternative bias 

condition fixing the bias strength at 600 V with various bias frequency of (a) 0.2 

Hz (b) 1 Hz (c) 3 Hz (d) 5 Hz.  

 

 

When the size of graphite powder was changed from < 45 μm to that < 20 μm, a 

very large T-ZnO was deposited on the substrate even without any bias as shown in 

Figure 4-6(a). In this case, the size of T-ZnO is so large that the gravity seems to 

more influence the movement of particle than the drag force that arises from the 

upward gas stream. The formation of such a large T-ZnO might be attributed to the 

increase of the Zn flux due to the increased reduction rate by decreasing the size of 

graphite powder. When +600 V was applied to the substrate, smaller T-ZnOs were 
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also deposited as shown in Figure 4-6(b). These smaller T-ZnOs could not be 

deposited because of the drag force that was caused by the gas flow directed 

upward under no bias condition.  

 

 

 

Figure 4-6. The deposition behavior on positive bias condition of (a) 0 V (b) +600 

V during the synthesis of very large T-ZnO. 

 

 

In the non-classical crystallization of the thin film or nanostructure growth by 

the gas phase synthesis, the drag force of charged nanoparticles is an important 

factor that should be considered for process optimization. Under the condition 

where the gas flow rate is low, the reactor temperature is high and the size of 

nanoparticles is small, the drag force might not be so dominant as thermal energy 

or electrostatic energy of charged nanoparticles. However, under the condition 

where the gas flow rate is high, the reactor temperature is low and the size of 

nanoparticles is large, the drag force would be dominant and the nanoparticles 

would follow the direction of the gas flow. Since the gas flow would be upward 

at the reactor zone where the substrate was placed in our experiment, the charged 

nanoparticles would not deposit on the substrate as shown in Figure 3(a). 

The drag force can affect the deposition behaviour even in a uniform temperature 

zone under the condition of a laminar gas flow, where the gas velocity is almost 
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zero on the substrate surface and increases away from the surface. In this case, the 

force on nanoparticles would be in the direction away from the substrate surface. 

But in this case, the effect of thermal energy such as Brownian motion is excluded. 

So this levitation effect could easily appear on very low temperature case. As the 

size gets so large that the gravity force is dominant, nanoparticles would easily land 

on the substrate. Formation of such very large nanoparticles can occur by 

aggregation of charged nanoparticles during the CVD process. Then, those large 

aggregated nanoparticles would fall on the growing surface or on the substrate. 

This behavior is known as ‘snowing’ in the CVD process. 
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4. Intense Discussion about the Mechanism of Particle Charging 

and the Reason that Plenty Negatively Charged Particle 

Generated on Oxygen Rich Condition of Synthesis of ZnO.  

 

  Comparing Figure 2-3 with Figure 4-2, we could induce the mechanism of 

nanoparticles charging. There are two possible mechanisms of particle charging. 

One is charging by ion in the reactor. However, the temperature of reactor is not 

sufficient to ionize gas in the reactor and there are not ions on the atmospheric air 

(~10
3
 in one cubic centimeter) as many as charged particles of Figure 2-3 and 

Figure 4-2. The other possibility is contact electrification as said before. 

Considering the number of negatively charged particles is much more than that of 

positively charged ones, the contact electrification with each particle is not 

persuasive. Because electrical charge should be conserved, the contact 

electrification with each particle is not major mechanism of particle charging. So 

the most persuasive possibility is the contact electrification of particles with the 

surface of reactor. And then here is the question: why would negative particles be 

more than positive ones in Figure 4-2 to compare with Figure 2-3? 

The difference between the experiment of Figure 2-3 and that of Figure 4-2 is 

the existence of oxygen gas that was inserted into reactor. In oxygen rich condition 

of synthesis of ZnO, oxygen interstitials and zinc vacancies could be easily 

generated as shown Figure 4-7. 
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Figure 4-7. Formation energies as a function of Fermi-level position for native 

point defects in ZnO. Results for Zn-rich and O-rich conditions are shown. The 

zero of Fermi level corresponds to the valence-band maximum. Only segments 

corresponding to the lowest-energy charge states are shown. The slope of these 

segments indicates the charge state. Kinks in the curves indicate transitions 

between different charge states.[80] 

 

 

These native defects such as oxygen interstitials and zinc vacancies could make 

ZnO be p-type material.[79-81] And Singh et al. said that ZnO film shows p-type 

condition on low oxygen partial pressure ratio but the film shows n-type condition 

on high oxygen partial pressure ratio.[88] (Fig. 4-8)  
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Figure 4-8. Effect of oxygen partial pressure ratio on conduction type of ZnO 

films.[88] 

 

 

P-type ZnO films and ZnO particles would have lower Fermi level than intrinsic 

and n-type ones. This indicates that p-type ones have higher work function than 

intrinsic and n-type ones. According these facts p-type ones could be easily 

negatively charged on contact electrification as already said chapter 1.  

Figure 4-9 shows T-ZnO that were generated on high oxygen rich condition have 

high oxygen atomic ratio. This fact shows T-ZnO that was generated on oxygen 

rich condition could have many p-type defects. This observation could support that 

T-ZnO could easily appear negatively charged on oxygen rich condition.  
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Figure 4-9. EDS data of T-ZnO that were generated on high oxygen condition. 

 

 

 

 

 

Figure 4-10. EDS data of T-ZnO that were generated on low oxygen condition. 
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Figure 4-10 shows T-ZnO that were generated on low oxygen condition like 

chapter 2 have same ratio of zinc to oxygen. In chapter 2, Figure 2-3 shows these 

T-ZnOs had similar ratio of negative charge to positive charge. Comparing Figure 

4-9 with Figure 4-10, the only T-ZnO that were generated on high oxygen 

condition have high oxygen ratio. This result could also support the p-type defects 

drive particle to be negatively charged.  
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5. CALCUATION OF DRAG FORCE 

 

As mentioned before, the drag force equation is FD= ½  CD Aρmv
2
. And the drag 

coefficient (CD) of spherical particle is  

 

0.687
D 4 -1.16

24 0.42
C (1 0.15Re )

Re 1 4.25 10 Re
  

 
 

 

Where 0.1 < reynolds number of particle (Re) < 800. And reynolds number is 

following 

 

Re = ρpdv/μm  

 

where ρp = density of the particle, v = velocity of the body relative to the medium, 

d = diameter of the particle, and μm = dynamic viscosity of the medium.[89] 

Figures 4-11 shows several forces such as gravity, electric, and drag force as the 

size of particles that were assumed to have one charge increases. The particles were 

assumed that they had several relative velocities such as 0.01m/s, 0.05m/s and 

0.1m/s for the drag force calculation. The Figure indicates that the gravity 

dominate over other forces in micron sized particle. The drag force of particles that 

have a high relative velocity is more influenced by the size of particles than the 

small relative velocity particles. The diameter of the particles that have relative 

velocities of 0.1 m/s and below should be over at least about 720nm for the drag 

force of particles to overwhelm electric force of 600V/cm. However, the difference 

of forces just induces acceleration of particle, so comparison of forces is not 

sufficient for the assuming the movement direction of particles. And it is hard to 

calculate about the distance of movement of particles because we could not assume 

particles reacting and moving time in the reactor. Therefore, the calculation about 

velocity of particles should be needed. 
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Figure 4-11. Comparing several forces as the size of particle increases.  

 

 

The density of air is 1.225 kg/m
3
, density of ZnO is 5606 kg/m

3
, and viscosity of 

air at 450
o
C is about 3.5 × 10

-5 
kg/(m·sec). In order to calculation the velocities of 

particles, it was assumed that the diameter of particles that are generated in the 

atmosphere of the reactor are 10nm, 100nm and 200nm and the flow rate of carrier 

gas of upward direction is 0.1 m/sec. The velocities of the particles are following, 

which were calculated by time step of 0.000001sec.  
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Figure 4-12. The velocities of particles whose diameter is 10nm, 100nm and 

200nm, respectively on the situation that a gas to flow to upward direction and 

gravity only exist. 

 

 

Figure 4-12 shows the velocities of the particles on the situation that the carrier 

gas to flow to upward direction and gravity existed, which is similar the condition 

of 0V bias. And it was assumed that the initial velocities of the particles were zero. 

 The positive velocity indicates that the particle flows upward. This calculation 

reveals that the every spherical particle would flow upward with carrier gas. The 

terminal velocity of the particle of 10nm is 0.0999m/s, 100nm is 0.0961m/s and 

200nm is 0.0853m/s, respectively. These results indicate that the charged 

nanoparticles that are generated in the atmosphere of reactor would hard to fall into 

the bottom of reactor on no bias condition, where the effect of thermal energy and 

the gravity are ignored, because temperature gradient which makes a carrier gas 
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flow upward exits almost parts of reactor. The temperature gradient would be 

larger as a gas flows to outlet right over heater and the gradient gradually decrease 

on the outside of furnace.  

 

 

 

Figure 4-13. The velocities of the particles of diameter of 10nm, 100nm and 

200nm on the situation that the gas flow, the gravity and the electric field (50V/cm) 

exist. 

 

 

Figure 4-13 shows the velocities of the particles of diameter of 10nm, 100nm 

and 200nm on the situation that the electric field (50V/cm) that was assumed to 

have opposite sign of the particle existed and the initial velocities of the particles 

were the terminal velocities that were calculated in Figure 4-12. The Figure 4-13 

shows that the terminal velocity of a particle of 10nm is -0.827m/s, the terminal 

velocity of a particle of 100nm is 0.00428m/s and the terminal velocity of one of 

200nm is 0.0419 m/s. the negative velocity indicates that the particle falls down. 
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From this calculation, we could notice that large particles would hard to fall down 

because of the drag force arising from the gas to flow upward. Terminal velocity 

could be calculated when the drag force same to the sum of the electric force and 

the gravity.  

 

 

 

Figure 4-14. The velocities of the particles of diameter of 10nm, 100nm and 

200nm on the situation that the gas flow, the gravity and the electric field 

(100V/cm) exist. 

 

 

Figure 4-14 shows the velocities of the 10nm, 100nm and 200nm particles on the 

situation that the gas flow, the electric field (100V/cm) and gravity existed, and the 

initial velocities of the particles were the terminal velocities that were calculated in 

Figure 4-12. The Figure 4-14 indicates that the terminal velocity of the particle of 

diameter of 10nm is -1.61m/s, the terminal velocity of the particle of diameter of 

100nm is -0.0735m/s and the terminal velocity of the particle of diameter of 200nm 
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is 0.0413 m/s. Comparing with the terminal velocities of Figure 4-13, the large 

particle needs strong electric field to fall into the substrate.  

 

 

Figure 4-15. The velocities of the particles of diameter of 10nm, 100nm and 

200nm on the situation that the gas flow, the gravity and the electric field 

(600V/cm) exist. 

 

 

Figure 4-15 shows the velocities of the 10nm, 100nm and 200nm particles on the 

situation that the electric field (600V/cm), gravity and the carrier gas to flow 

upward existed, and the initial velocities of the particles were the terminal 

velocities that were calculated in Figure 4-12. This Figure 4-15 indicates that the 

terminal velocity of the particle of 10nm is -7.24m/s, the terminal velocity of the 

particle of 100nm is -0.636m/s and the terminal velocity of the particle of 200nm is 

-0.274. Comparing with Figure 4-13 and Figure 4-14, these results also indicate 

that the large particles need strong electric field to fall into the substrate. And the 

gradients of graph indicate that the drag force of 100nm and 200nm particle are 

stronger than that of 10 nm particle. That is, in large particles case, the strong drag 
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force make the acceleration be smaller than that of 10nm particle, which finally 

makes the terminal velocity is smaller than that of 10nm particles.  

 

 

Figure 4-16. The velocities of the particles of diameter of 200nm and 800nm on 

the situation that the gravity existed first then the gas to flow upward was inserted.  

 

 

Figure 4-16 shows the velocities of 200nm and 800nm particles on the situation 

that the gravity existed first then the gas, the rate of which is 0.1m/s, to flow 

upward was inserted. The negative velocity means the particle is fall down but the 

positive velocity indicate the particle flows upward. This Figure 4-16 indicate that 

a carrier gas to flow upward make the small particles flow upward but large 

particle fall down because of the gravity of the large particle.  
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6. CONCLUSION 

 

Under the synthesis condition of T-ZnO by carbothermal reduction, the charged 

ZnO nanoparticles including T-ZnO are generated in the gas phase. The deposition 

behaviour of charged ZnO nanoparticles is influenced by the drag force and the 

electric force through the bias effect on their deposition behaviour. As the bias 

voltage was zero the particles were not deposited but the bias voltage was 

increased, the larger nanoparticles were deposited. When the size of ZnO particles 

was sufficiently large, they could be deposited on a substrate even without a bias, 

which is attributed to the gravity. And the mechanism of particle charging would be 

the contact electrification with the surface of a reactor. Affluent negatively charged 

particle could be generated on the oxygen rich condition of synthesis of ZnO 

because of p-type defects of ZnO particles.  
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Chapter Ⅴ 

 

Deposition behavior of ZnO nanoparticles 

at 800 
o
C: Investigation about the effects of 

the drag force, the electric force, and the 

thermal energy. 
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5. Deposition behavior of ZnO nanoparticles at 800 
o
C: 

Investigation about the effects of the drag force, the electric 

force, and the thermal energy. 

 

1. INTRODUCTION  

Nanoparticles are generated in the gas phase, and they play an important role in 

formation of films and nanostructures.[4,5] It was proved that the charged 

nanoparticles are generated in the gas phase without exception in all the CVD 

processes tested by nanoparticle detection technique such as differential mobility 

analyzer (DMA) and particle beam mass spectroscopy (PBMS).[29,45-47,69-71,90] 

Such a new way of crystal growth with the nanoparticles as a building block is 

known as ‘non-classical crystallization’, which has attracted a great attention these 

days. A concept similar to non-classical crystallization in the film growth by 

plasma-enhanced CVD was suggested by Ostrikov[73] and Cabarrocas.[72,78] In 

order to understand how non-classical crystallization occurs, parameters that affect 

the deposition behavior of the building block should be identified. By examining 

the bias effect on the deposition behavior of charged ZnO nanoparticles during the 

gas phase synthesis, the role of drag force in the non-classical crystallization were 

identified in chapter 4. Under the condition where no deposition occurred on a 

substrate at 450 
o
C, small ZnO nanoparticles were deposited on the substrate when 

100 V of direct current (DC) was applied to the substrate. When the bias voltage 

was increased to 300 V, nanoparticles of larger size were deposited. When the bias 

voltage was increased to 600 V, tetrapod ZnO nanoparticles of much larger size 

were deposited. These results could be understood by the drag force imposed on 

the charged nanoparticles formed in the gas phase, which increases with the size of 

nanoparticles.  

With the discovery of non-classical crystallization, lots of work should be 

done in science, technology and applications. The important parameters include the 
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presence of charge, the size distribution of nanoparticles, the substrate temperature, 

the gas flow rate and the electric bias. In chapter 4, these charged nanoparticles 

could be influenced by the drag force, the electric force, and the gravity at 450
o
C, 

where the effect of thermal energy such as Brownian motion was weak. Normally, 

however, because the ZnO would be deposited at 600
o
C ~ 800

o
C, the observation 

of the deposition behavior that were experimented at high temperature should be 

needed.  

 So in this chapter, the results of observation of deposition behavior at 800
 o
C 

will be shown. And it will be handled how a thermal energy affects the deposition 

behavior of ZnO nanoparticles by comparing with a drag force and an electric force. 
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2. EXPERIMENTAL SECTION 

 

Similarly to chapter 4, The source materials of 4 g of ZnO (99.9 %; Sigma-

Aldrich) powder and 0.8 g of graphite powder (99.99 %; Sigma-Aldrich) were 

loaded on an alumina boat which was placed at the center of the highest 

temperature zone in a quartz tube reactor with the inner diameter and length of the 

tube being 5 cm and 100 cm, respectively. Nitrogen was supplied to the inlet of the 

reactor as a carrier gas at a flow rate of 500 standard cubic centimeter per minute 

(sccm). In order to minimize the contact of the oxygen gas with the powder 

mixture of ZnO and graphite, the oxygen gas was supplied at a flow rate of 500 

sccm through a small quartz tube of 4 mm in inner diameter, which was placed 2 

cm away from the powder mixture toward the outlet of the reactor tube.  

 It took 1 hour to heat the reactor for the maximum temperature zone to reach 

1000 
o
C, which was maintained for another 1 hour or 5 hour for the synthesis of 

ZnO. A silicon wafer substrate was located at the zone of 800 
o
C on a stainless steel 

holder that was connected to a power supply for applying electric bias. The bias 

was applied to the substrate holder with respect to the grounded plate, which is 

1cm away from the holder. Therefore, the bias produced the electric field between 

the holder and the grounded plate. The nanostructures deposited on the substrate 

were examined via field emission scanning electron microscopy (FE-SEM, Hitachi 

SU70). 
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3. RESULTS AND DISCUSSION 

Figure 5-1 shows the deposition behavior of ZnO nanoparticles at 800
o
C, which 

was carried out for 1 hour. Figure 5-1 (a) is the deposition behavior on no bias 

condition, Figure 5-1 (b) is the deposition behavior on electric field of +100V/cm, 

Figure 5-1 (c) is the deposition behavior on electric field of +300V/cm, and Figure 

5-1 (d) is the deposition behavior on electric field of +600V/cm. As said in chapter 

4, negative particles are much more than positive ones on this experimental 

condition, so the experiments of applying positive bias were only examined.  

 

 

 

Figure 5-1. The deposition behavior of ZnO nanoparticles at 800
o
C for 1hour on 

the condition of (a) 0 V/cm (b) +100 V/cm (c) +300 V/cm (d) +600V/cm. 
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There are few nanoparticles on a substrate in Figure 5-1 (a). As shown, it looks 

like that something like film was deposited on a substrate. It was considered that 

ZnO film was deposited or the Si substrate was oxidized, which could look like 

film. Comparing with Figures 4-3 (b) and (c), larger particles were deposited in 

Figures 5-1 (b) and (c) than those of Figures 4-3 (b) and (c). The reason would be 

that the thermal energy of particles at 800
o
C, such as Brownian motion, could make 

the large particles that could not be deposited on the substrates of Figures 4-3 (b) 

and (c) be deposited on the substrate. And the gas to flow upward of the substrate 

position of 800
o
C was also weaker than that of the substrate position of 450

o
C of 

chapter 4, because of small gradient of temperature. This weak gas flow could 

make the drag force be weak, so large particles could deposit on a substrate like 

Figures 5-1 (b) and (c). Similarly Figure 4-3 (d), tetrapod shaped ZnO nanowires 

(T-ZnO) were deposited on +600V/cm condition at 800
o
C. (Fig. 5-1 (d)) 

  Charged ZnO particles were also deposited on substrates at 800
 o

C for 5hr by 

electric force as shown in Figures 5-2. Figure 5-2 (a) is the deposition behavior on 

no bias condition, Figure 5-2 (b) is the deposition behavior on electric field of 

+100V/cm, Figure 5-2 (c) is the deposition behavior on electric field of +600V/cm, 

and Figure 5-2 (d) is the high magnification image of Figure 5-2 (c).  

Large hexagon-shaped ZnO nanostructures were generated on the substrate as 

shown in Figures 5-2 (a) and (b). Because ZnO is wurtzite structure, the hexagon-

shaped ZnO nanostructures would be formed. T-ZnO were deposited on the 

substrates on the condition of electric field of +600V/cm as shown like Figures 5-2 

(c) and (d). From these results, the initial state of deposition of Figure 5-1 could 

influence deposition behaviors of Figures 5-2. It looks like that initially deposited 

T-ZnO could hinder hexagon-shaped ZnO particles to be generated. And some film 

was generated on the condition of electric field of +600V/cm as shown like Figures 

5-2 (c) and (d), which was not clearly understood. 
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Figure 5-2. The deposition behavior of ZnO nanoparticles at 800
o
C for 5hour on 

the condition of (a) 0 V/cm (b) +100 V/cm (c) +600 V/cm. (d) is the high 

magnification picture of figure 5-2(c). 
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4. CONCLUSION 

 

Under the synthesis condition of ZnO by carbothermal reduction, the deposition 

behaviors of ZnO nanostructures could be different at high temperature state with 

the initial states of deposition. The effect of thermal energy could more influence 

the deposition behavior on high temperatures condition than that of the drag force 

arising from a gas stream. 
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Independent Topic 

 

6. Generation Monodispers Polyhedral Zn particles in the gas 

phase by synthesis of carbothermal reduction  

 

Abstract  

 

  The synthesis of monodiseperse nano- and micro-sized particles has been 

important for their properties that could not be obtained by their bulk materials. 

The generation of monodisperse particles had been examined by solution methods. 

However, the methods could have a problem that depreciates their properties 

because of an adsorbent. Therefore, the gas phase nucleation method is important 

in order to avoid depreciating their properties. Monodisperse polyhedral Zn 

particles of average size 3.5 µm were deposited at 100 
o
C during the synthesis of 

carbothermal reduction. The bimodal sized polyhedral Zn particles were also 

deposited at 350 
o
C and 150 

o
C, which was caused by the convection of a carrier 

gas.  
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1. INTRODUCTION  

 

  Monodisperse nano- and micro-sized particles have attracted attention these days 

for their potential application which could not be obtained by their bulk materials. 

For example, submicrometer-size TiO2 has a high-refractive-index [91,92] and 

carbon have also attracted attention because of their high specific surface area, low 

density, and high electrical and thermal conductivity.[93-96] Zn particles have also 

been selected as a phase change materials for concentrated solar power because of 

the melting temperature of Zn.[97,98] 

The properties of particles are much sensitive to their size. In order to control 

their properties, the method to control the particle size and form monodisperse is 

very important. Monodisperse spheres could be fabricated by methods such as sol-

gel synthesis[99,100], solvothermal methodology[101], and thermal hydrolysis[102] 

etc.  

However, the solution methods could have a problem which depreciates their 

properties because the particles would have adsorbent on their surface. In order to 

avoid the problem, the method that generated monodisperse particles in the gas 

phase should be needed.  

This paper shows the possibility that monodisperse Zn particles can be generated 

in the gas phase by the synthesis of carbothermal reduction.  
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2. EXPERIMENTAL DETAILS 

 

Polyhedral Zn particles can be grown using a carbothermal reduction process 

(ZnO + graphite mixture), where graphite help ZnO reduce at low temperature. The 

source materials of 4g of ZnO (<2 µm; 99.9%; Sigma-Aldrich) powder and 0.8g of 

graphite powder (<20µm, synthetic grade, Sigma-Aldrich) were loaded on an 

alumina boat which was placed at the center of the highest temperature zone in the 

quartz tube reactor with the inner diameter and length of the tube being 5 cm and 

100 cm, respectively, as shown Figure 6-1. High purity nitrogen gas (99.999%) was 

introduced from the inlet of the reactor as a carrier gas with a flow rate of 500 

standard cubic centimeter per minute (sccm). It took about an hour for the highest 

temperature zone of the reactor to reach 1000
o
C and the highest temperature zone 

was maintained at 1000
o
C for another one hour for synthesis of polyhedral Zn 

particles.  

For sampling of polyhedral Zn particles formed in the gas phase, a small Si 

wafer (1 cm × 1 cm) was placed in the reactor at a distance of 25 cm, 35 cm, and 

45cm away from the center of the reactor. Figure 6-2 shows the temperature of the 

reactor as the distance from the center of the reactor. The temperature of the 

distance of 25 cm is 350
o
C, and the temperature of the distance of 35 cm and 45cm 

are 150 
o
C and 100

 o
C, respectively. 

The polyhedral Zn particles deposited on the substrate were examined via field 

emission scanning electron microscopy (FE-SEM, JEOL-6330F) 
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Figure 6-1. The schematic of the experiment for synthesis of polyhedral Zn  

 

 

 

 

Figure 6-2. The temperature of the reactor with the distance from the center of 

the reactor.  



- 90 - 

 

 

3. RESULTS AND DISCUSSION 

Figure 6-3 shows the polyhedral Zn particles that were deposited on a Si 

substrate at 350
o
C, and their number concentration. This result indicated that many 

polyhedral Zn particles that have bimodal sizes of ~ 2.5 µm and ~ 5.5 µm were 

deposited on the substrate. 

 

 

 

Figure 6-3. The polyhedral Zn particles that were deposited on a Si substrate at 

350
o
C 

 

 

Figure 6-4 shows the polyhedral Zn particles that were deposited on a Si 

substrate at 150
o
C, and their number concentration. This result indicated that many 

polyhedral Zn particles that have also bimodal sizes of ~ 2 µm and ~ 4 µm were 

deposited on the substrate, though the bimodality tendency was a little blurred.  
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Figure 6-4. The polyhedral Zn particles that were deposited on a Si substrate at 

150
o
C 

 

 

However, figure 6-5 shows the mono-sized polyhedral Zn particles that were 

deposited on a Si substrate at 100
o
C, and their number concentration. This result 

indicated that numerous mono-sized polyhedral Zn particles that have size of ~ 3.5 

µm were deposited on the substrate. These monodisperse polyhedral Zn particles 

could be generated by the mechanism that the section of nucleation of Zn particle 

was separated from the section of growth of Zn particles. From the deposition 

behavior in Figure 6-5, it could be induced that the polyhedral Zn particles were 

generated in the gas phase in the reactor. 

Figure 6-6 shows the equilibrium vapor pressures of Zn(v) ,CO(g), and CO2(g) 

and total pressure during carbothermal reduction process of synthesis of polyhedral 

Zn particles. And Figures 6-7 compares the saturated vapor pressure of Zn with the 

equilibrium pressure of Zn of Figure 6-6 on reactor temperatures.  
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Figure 6-5. The monodisperse polyhedral Zn particles that were deposited on a Si 

substrate at 100
o
C 

 

 

From Figure 6-6 and Figures 6-7, we can notice that the nucleation and the 

growth of Zn particles could hardly occur on ambient condition in the every part of 

reactor over ~ 420
o
C that is melting point of Zn because the equilibrium vapor 

pressure of Zn is lower than the saturated vapor pressure of Zn. And below 420
o
C, 

a strenuous nucleation of Zn particles could hardly occur because the equilibrium 

vapor pressure of Zn is very small at 420
o
C. However so many polyhedral Zn 

particles were generated in the gas phase at 350
o
C, 150

o
C, and 100

o
C, as shown 

Figure 6-3 ~ Figure 6-6. The reason that the many polyhedral Zn particles were 

generated in the reactor is the high temperature gradient in between distance of ~ 

13cm and ~ 26cm of figure 6-2. Through this rapid cooling zone (RCZ), the 

equilibrium vapor pressure of Zn in a hot zone could be overcome the saturated 

vapor pressure of Zn in a cooler zone by flowing with the carrier gas of N2.  

The Gibbs free energy gradient would not be enough for nucleation of Zn over 

the temperature of the rapid cooling zone as shown Figure 6-7. As previously 

mentioned, many Zn could be nucleated in the RCZ. And the growth of Zn was 

dominant below the RCZ because the driving force of nucleation of Zn would be 
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almost exhausted in the RCZ. Therefore the separated section of the nucleation of 

Zn from the growth of Zn could be formed. This separated section induced the 

generation of monodisperse polyhedral Zn particles.  

However, the bimodal dispersed polyhedral Zn particles were deposited on the 

Si substrate in Figures 6-3 and Figure 6-4. These deposition behaviors arising from 

the behavior of the carrier gas flow. The some carrier gas that reached to the outlet 

of reactor returned into the reactor again because of the flow resistance of small 

outlet tube. That is, it is impossible that every gas flows out from the reactor 

because the outlet tube is too small (inner diameter: 4mm). This carrier gas that 

returned into the reactor could carry small Zn particles that remained in the gas 

phase in the reactor. So these Zn particles grew again and deposited on the 

substrate. This phenomenon induced bimodal sized polyhedral Zn particles as 

shown Figures 6-3 and Figure 6-4. That is, in Figures 6-3 and Figure 6-4, the 

bigger polyhedral Zn particles of 5.5 µm and 4 µm were deposited first because of 

the gravity and small polyhedral Zn particles that remained in the gas phase 

returned into reactor with carrier gas. And they grew and deposited. This returning 

carrier gas flew below the gas to flow toward the outlet of reactor because of 

temperature gradient. This phenomenon induced the small polyhedral Zn particles 

of 2 µm and 2.5 µm could deposit on the substrate as shown Figures 6-3 and Figure 

6-4, although the small polyhedral Zn particles had not enough mass to deposit like 

the larger polyhedral Zn particles of 5.5 µm and 4 µm.  
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Figure 6-6. Equilibrium vapor pressures of Zn(v) ,CO(g), and CO2(g) and total 

pressure during carbothermal reduction process of synthesis of polyhedral Zn 

particles. 
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Figure 6-7. Comparing the saturated vapor pressure of Zn and the equilibrium 

pressure of Zn of Figure 6-6 
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4. CONCLUSION 

Polyhedral Zn particles of ~ 2.5 µm and ~ 5.5 µm were deposited on the 

substrate at 350
o
C, polyhedral Zn particles that have also bimodal sizes of ~ 2 µm 

and ~ 4 µm were deposited on the substrate at 150
o
C during carbothermal 

reduction processes of synthesis of Zn particles. However mono-sized polyhedral 

Zn particles of ~ 3.5 µm were deposited on the substrate at 100
o
C during the 

synthesis of Zn particles. The bimodal deposition behavior would be cause by the 

convection of the carrier gas of N2. 
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국문 초록 

화학 기상 증착(蒸着) 과정 중 기상에서 생성되는 하전(荷電)된 나노 

입자가 증착 과정에 기여를 한다는 많은 증거들이 존재한다. 이때 증착 

입자들이 전기적으로 하전을 띠게 되면 이러한 전기 에너지는 산화 아연 

구조체 성장에 중요한 역할을 하게 된다. 하지만 이 현상은 기존의 결정 

성장 이론으로 설명하기 쉽지 않다. 위의 하전 입자의 증착 영향을 

실험적으로 확인하기 위해 difference mobility analyzer(DMA)를 사용하였다. 

이를 통해 기상에 하전된 산화 아연 나노 입자들이 많이 존재함을 알 수 

있었다. DMA 를 이용하여 산화 아연 입자를 크기에 따라 분류하여 투과 

전자 현미경을 이용하여 살펴본 결과 10nm 의 입자는 막대기 모양과 

사면체모양을 띠고, 반면에 이보다 더 큰 입자들은 사지(四肢)모양의 

나노 구조체 형태를 띠고 있었다. 앞선 사면체 모양의 산화 아연 입자는 

사지모양의 산화 아연 나노 구조체의 근원이라 여겨 진다. 또한 산화 

아연 나노 구조체는 금 촉매를 이용한 VLS(vapour-liquid-solid) 

방법으로도 생성 할 수 있는데 이때 산화 아연 나노 입자가 촉매에서 

녹음으로도 생성 가능하다.  

이러한 결정 성장에 나노 입자가 관여 한다는 것은 최근 발견된 

현상인 “non-classical crystallization” 와 밀접한 관련이 있어 보인다. 이 

현상은 최근 많은 관심을 끌고 있다. 하지만 증착 과정 중에 기상에서 

아주 많은 하전된 입자가 생성됨에도 불구 하고 시편에 어떠한 증착도 

일어 나지 않는 현상이 종종 발견되는데 이러한 증착이 일어나지 않는 

현상을 항력(抗力, Drag Force)에 의해 해석 될 수 있다. 항력에 대한 

가능성을 보이기 위해 시편에 전압을 가하여 증착을 하였고 이때 전압을 

가하지 않았을 때 어떠한 것도 증착이 되지 않음을 알 수 있었다. 
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하지만 직류 전압 100V 를 가하게 되면 작은 크기의 산화 아연 입자들이 

증착 됨을 알 수 있었고, 전압을 300V 로 올려서 가하게 되면 좀더 큰 

크기의 산화 아연 입자들이 증착 되었다. 전압을 600V 로 올리게 되면 

커다란 크기를 가진 사지모양의 산화아연 나노 구조체가 증착 되었다. 

이러한 결과들은 기상에서 생성된 나노 입자 증착 과정 중에 전기 힘과 

중력 외에 항력 또한 고려해야 한다는 가리킨다. 충분히 큰 입자는 그 

입자의 중력에 의해 전압을 가하지 않아도 증착 됨을 알 수 있다. 

하지만 높은 온도에서는 브라운 운동과 같은 열에너지 효과에 의한 증착 

양상 변화 역시도 중요해지게 된다.  

 

 

주요어(主要語): 산화 아연, 하전된 나노 입자, 사지(四肢) 모양의 산화 

아연 나노 구조체, 항력(抗力, Drag Force), 전기적 치우침 효과 
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