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Abstract 

 

Effect of Substrate Bias on Deposition 

Behavior of Charged Silicon Nanoparticles in 

ICP-CVD Process 

 

Seung-Wan Yoo 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

The effect of a substrate bias on the deposition behavior of crystalline silicon 

nanoparticles during inductively coupled plasma chemical vapor deposition (ICP-

CVD) was approached by nonclassical crystallization, in which the building block 

is a nanoparticle rather than an individual atom or molecule. This study consists of 

two major parts. One is the effect of the substrate bias on the deposition behavior 

of crystalline silicon nanoparticles during the thin-film deposition condition in the 

ICP-CVD process. The other is the effect of the substrate bias on the deposition 

behavior of crystalline silicon nanoparticles during the nanoparticle synthesis 

condition in the ICP-CVD process 



 

 

In the first part, the coexistence of positively and negatively charged 

nanoparticles in the plasma and their role in Si film deposition are confirmed by 

applying a bias voltage on the substrate, which is so small as not to vary the plasma 

potential. The sizes of positively and negatively charged nanoparticles captured on 

the TEM grid membrane were respectively 2.7 ~ 5.5 nm and 6 ~ 13 nm. The film 

deposited by positively charged nanoparticles has a typical columnar structure. In 

contrast, the film deposited by negatively charged nanoparticles has the structure 

like a powder compact with the deposition rate about three times higher than that 

deposited by positively charged nanoparticles. All the films have crystallinity 

although the substrate is at room temperature, which is attributed to the deposition 

of crystalline nanoparticles formed in the plasma. The film deposited by negatively 

charged nanoparticles has the highest crystalline fraction of 0.84. 

In the second part, the effect of the substrate bias on the size and amount of 

crystalline silicon nanoparticles deposited on the substrate with inserting grounded 

grids are investigated in an inductively coupled plasma chemical vapor deposition 

(ICP-CVD) process. By inserting grounded grids above the substrate, the lower 

region of the grounded grids was separated from the plasma. Thereby, the film 

formation in the ICP-CVD process could be avoided on the substrate and as a result 

crystalline Si nanoparticles formed in the plasma could be deposited on the 

substrate. Moreover the size and the amount of nanoparticles could be controlled 

by applying the direct current (DC) bias on the substrate. When the 1 mm square 

mesh grid was used, the nanoparticle flux was increased as the negative substrate 

bias was increased from 0 V to - 50 V. On the other hand, when positive biases 

were applied to the substrate, Si nanoparticles were not deposited at all. When the 2 



 

 

mm square mesh grid was used, sizes of nanoparticles were increased as the 

substrate bias was increased from -50 V to 50 V. 

 

Keywords: silicon thin film, charged nanoparticles, nonclassical crystallization, 

ICP-CVD, substrate bias 
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Chapter I. Introduction 

1.1. Theory of Charged Nanoparticles  

1.1.1 Introduction to Non-classical crystallization  

 

Crystal is a structure where atoms consists a lattice regularly. Classically, it is 

considered that the building block of crystal is an individual atom or a molecule 

and this concept is called classical crystallization. In classical crystallization, the 

crystal growth is described by the terrace, ledge and kink (TLK) model. In this 

model, atoms first land on the terrace, diffuse to the ledge and finally become 

incorporated into a crystal at the kink.[1, 2].   

 

However, there have been many evidences indicating that the building block of 

crystal growth is an individual nanoparticle, and this new concept about 

crystallization is called non-classical crystallization. Cölfen and Antonietti [3] 

made an extensive review on non-classical crystallization and made a meaningful 

remark that reanalyzing the literature, this mechanism turns out to be a 

‘‘rediscovery’’, as it seems that many important original observations are 

meanwhile forgotten and hidden in the past literature, as they simply did not 

comply with the classical crystallization model. A concept similar to non-classical 

crystallization was already suggested by Glasner et al.[4-7] during their study of 

the crystal growth of KBr and KCl in the presence of Pb
2+

 in aqueous solution. At 

the time, their suggestion was so revolutionary as to receive severe criticism,[8] 

and was subsequently dismissed by the crystal growth community. Sunagawa[9, 10] 
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made a similar suggestion that the growth unit of synthetic diamond is not an atom 

but a much larger unit, which has not been taken seriously in the community of 

diamond synthesis.  

 

A similar concept has been more recently suggested in the plasma-enhanced 

chemical vapor deposition (CVD) process by Cabarrocas,[11, 12] Vladimirov and 

Ostrikov,[13] and Nunomura et al. [14] In this process, the incorporation of 

crystalline Si nanoparticles into the films produces a so-called polymorphous 

structure.[9, 10]  

 

Hwang et al. reported that diamonds synthesized at low pressure by chemical 

vapor deposition (CVD) grow by nanoparticles formed in the gas phase.[15-17] 

This was extensive study about the non-classical crystallization of CVD diamonds. 

Since then Hwang et al.[15, 17-29] demonstrated that electrically charged 

nanoparticles play a critical role in the evolution of dense films, whereas neutral 

nanoparticles produce porous aggregations.[30] The generation of charged 

nanoparticles (CNPs), which was predicted to form in the gas phase during CVD 

was experimentally confirmed in many CVD process. [19, 25-29, 31-33] 
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1.1.2 Charged Nanoparticles in Diamond CVD  

 

Diamond synthesis in high-temperature and high-pressure process is considered 

as thermodynamically stable process because the phase diagram of carbon justifies 

the diamond synthesis in high-temperature and high-pressure process. However the 

low-pressure synthesis of diamond cannot be understood because diamond is 

metastable phase under the low pressure.[34, 35] 

 

Hwang and Lee explained the formation of metastable diamond can be possible 

in low pressure synthesis. Although graphite is more stable than diamond at low 

pressure, diamond is more stable than gas as shown in figure 1. Therefore, if the 

kinetic barrier of the formation of the metastable diamond lower than that of the 

graphite, the formation of the diamond can be possible. 

 

 

Figure 1. Thermodynamic and kinetic description of the metastable diamond 

formation.[36] 
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 Figure 2 shows the dependence of Gibbs free energy on the number of atoms 

for diamond and graphite.[37] The Gibbs free energy of diamond is slightly smaller 

than that of graphite in the range between 0 and ~ 260 carbon atoms. However, the 

kinetic barrier of the formation of diamond is still larger than that of graphite 

because the maxima point of the Gibbs free energy of diamond is larger than that of 

the Gibbs free energy of graphite, which are correspond to the kinetic barrier of the 

formation of diamond or graphite respectively. However, if the surface energy is 

reduced, the nucleation barrier of diamond is lower than that of graphite. Therefore 

the surface energy reduction of diamond would be one possibility of stabilization 

of diamond. 

 

Figure 2. Dependence of Gibbs free energy on the number of atoms for diamond 

(solid line) and graphite (dotted line). The dashed and long-dashed lines are for 
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diamond respectively with 10% and 20% reduction of the surface energy.[36] 

 

It was observed experimentally in the 1980s that the diamond was formed 

dominantly over graphite when gas activation such as hot filament and plasma was 

used, which was contrary to the fact that graphite was formed dominantly over 

diamond without gas activation. This was attributed to the production of the atomic 

hydrogen. The popular theory called as atomic hydrogen hypothesis suggested that 

the atomic hydrogen, which can be produced by hot filament or plasma, etches 

graphite much faster than diamond, and make diamond deposited. 

 

However this explanation violates the second law of thermodynamic.[17] As 

shown in figure 3 (b), atomic hydrogen hypothesis considers that chemical 

potential of graphite is higher than diamond. However, based on the phase diagram 

of carbon, chemical potential is graphite is lower than that of diamond.  

 

Figure 3. Comparison of chemical potential of carbon for graphite, diamond, and 

gas based on (a) phase diagram of carbon and (b) atomic hydrogen hypothesis.[36] 
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Hwang et al. tried to explain the experimental observation that diamond can be 

deposited under the condition where graphite simultaneously etches into the gas 

phase. Avoiding the violation of the second law of thermodynamic in explanation 

of the puzzling experimental observation, Hwang et al. suggested that diamond gas 

phase nuclei should be the building block of diamond films as illustrated in figure 4. 

  

 

Figure 4. Comparison of chemical potential of carbon between diamond, graphite, 

gas, and gas phase nuclei with the direction of their flux. 

 

According to the explanation, at the substrate, both the diamond and the 

graphite are etched, while the diamond nuclei are generated in the gas phase and 

deposited. 

 

To confirm the generation of diamond gas phase nuclei, Jeon et al.[19, 38] 

measured the mass distribution of negatively charged nanoparticles of carbon 

formed in the gas phase with various CH4 concentrations at a wire temperature of 
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2100
o
C under 800 Pa in the hot filament CVD process [39]. And diamonds were 

also deposited during the measurements of mass distribution as shown in figure 5. 

 

In figure 5, for the condition of 1 % CH4, the peak occurred at ~ 3000 atomic 

mass units and high-quality diamonds crystals were observed as shown in figure 6 

(a). In contrast, for the condition of 3% CH4, the mass distribution became much 

broader than that for 1 % CH4 and the cauliflower structures were deposited as 

shown in figure 6 (b). Considering the mass distribution of negatively charged 

nanoparticles shown in figure 5 and the morphology of nanostructure shown in 

figure 6, it is concluded that there was correlation between the negatively charged 

nanoparticles in the gas phase and the nanostructure on the substrate. Therefore, 

this result implies that the diamond deposited on the substrate grow by charged 

diamond nanoparticles generated in the gas phase. 

 

 

Figure 5. Mass distribution of negatively charged carbon clusters extracted from 
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the HW-CVD reactor using 1%CH4-99%H2, 1.5%CH4-98.5%H2, 3%CH4-97%H2, 

and 5%CH4-95%H2 gas mixtures, at a wire temperature of 2100
o
C under the 

reactor pressure of 800 Pa [39]. 

 

Figure 6. SEM images of diamond films deposited at the same conditions as the 

figure 5: (a) 1%CH4-99%H2, (b) 3%CH4-97%H2.[40] 
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Chapter II. Effect of Substrate Bias on Deposition 

Behavior of Charged Silicon Nanoparticle in ICP-CVD 

Process 

 

1. INTRODUCTION 

 

Since early 1990s, non-classical crystallization, where the building block of 

crystal growth is not an individual atom or molecule but a nanoparticle, has been 

extensively studied in solution.[41-45] Non-classical crystallization has now 

become so established that several review papers [46-48] and a few books [3, 49] 

have been published and its tutorial and technical sessions were included 

respectively in the spring meetings of Materials Research Society (MRS) and 

European Materials Research Society (EMRS) in 2014. Hwang et al.[15, 16, 22] 

studied extensively the non-classical crystallization in the chemical vapor 

deposition (CVD) process. They suggested that charged nanoparticles are 

generated in the gas phase almost without exception under typical deposition 

conditions of CVD and become the building block of thin films and nanostructures. 

The liquid-like property of charged nanoparticles, by which the non-classical 

crystallization is made possible, is attributed to the weakening of bond strength by 

charge. 

 

 On the other hand, in the plasma enhanced CVD (PE-CVD) process, a concept 
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similar to non-classical crystallization was suggested by Cabarrocas, [12] 

Vladimirov and Ostrikov, [13] and Nunomura et al. [14]. Cabarrocas et al.[12, 50-

52] suggested that the incorporation of nanocrystallites produced in the gas phase 

increased the film growth rate and the crystalline fraction and thereby improved 

transport properties and stability compared with hydrogenated amorphous Si (a-

Si:H) films. They called such films polymorphous silicon films, which refer to a-

Si:H matrix  embedded with silicon nanocrystallites. Ostrikov [53, 54] made an 

extensive review on the incorporation of gas-phase nuclei into nanostructures for a 

reactive-plasma assisted nanoassembly process. Shiratani and his colleagues [55-58] 

measured the size distribution of nanoparticles generated in the gas phase under 

various conditions of PE-CVD using the time evolution of a laser light scattering 

(LLS) intensity. 

 

 In the plasma CVD process, the nanoparticles generated in the gas phase are 

known to be charged negatively because the mobility of electrons is much higher 

than that of ions in non-thermal plasmas.[59] And the negatively charged 

nanoparticles are expected not to escape from the sheath potential but to grow in 

the plasma. Therefore, negatively charged nanoparticles are not expected to 

contribute to deposition under normal deposition conditions. On the other hand, it 

is well established that microcrystalline films are deposited at low substrate 

temperature under typical processing conditions of plasma CVD. From such 

deposition behavior, it can be inferred that some crystalline nanoparticles formed in 

the plasma should be incorporated into films. Since the substrate potential is 

always negative with respect to the plasma, these nanoparticles are expected to be 
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positively charged.  

 

In relation to the possibility for the formation of positively charged nanoparticles, 

based on the fact that some nanoparticles in the plasma grow so rapidly, Shiratani 

et al.[58] predicted that both positively and negatively charged nanoparticles 

should coexist. By placing a grounded grid in the plasma, Cabarrocas et al.[60, 61] 

showed that the deposition rate was decreased as the positive bias voltage on the 

substrate was increased in the capacitive coupled plasma CVD (CCP-CVD) 

process. This result means that positively charged nanoparticles are repelled by the 

positive bias on the substrate, indicating the presence of positively charged 

nanoparticles. Therefore, both positively and negatively charged nanoparticles are 

expected to coexist abundantly in the gas phase of the plasma CVD process.  

 

However, only a little attention has been paid to the generation of positively 

charged nanoparticles and their role in deposition in the plasma CVD process. 

Positively and negatively charged nanoparticles would differ in their size, amount 

and crystallinity in the plasma CVD process. Therefore, the growth rate as well as 

crystallinity can be different depending on whether positively or negatively 

charged nanoparticles are deposited. It would be important to understand how to 

control the deposition of positively or negatively charged nanoparticles formed in 

the plasma.  

 

The purpose of this work is to compare the deposition behavior between 

positively and negatively charged nanoparticles by applying the substrate bias. This 
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comparison is difficult under typical plasma CVD conditions because the plasma 

potential tends to vary with the substrate potential. By making the substrate size 

small enough, we could keep the plasma potential not to vary with the substrate 

potential and study the effect of the substrate on the deposition behavior of charged 

nanoparticles. By examining the deposition behavior on the substrate negatively 

biased, we could clarify the existence of positively charged nanoparticles and their 

role in the formation of crystalline films during plasma CVD.  

 

2. EXPERIMENTS 

 

When the bias is applied to the substrate under typical deposition conditions of Si 

in the inductively coupled plasma (ICP) CVD process, the plasma potential varies 

in proportion to the applied bias because there exists a sheath potential between the 

plasma and the substrate. This aspect is shown for the stainless steel substrate of 20 

cm in diameter in figure 7. For this reason, the potential difference between the 

plasma and the substrate does not vary markedly with the substrate bias. As a result, 

the substrate bias does not show a pronounced effect on the deposition behavior. In 

other words, regardless of the applied bias, the substrate potential is always 

negative with respect to the plasma. For example, even though a substrate bias is 

positive, the negatively-charged species would not be attracted toward the substrate. 

For the substrate bias to have a pronounced effect, the size of the substrate should 

be so small that the plasma potential may be maintained not to vary with the 

substrate bias. This aspect is shown for the small stainless steel substrate of 3 × 5 

mm
2
 in figure 7. 
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Figure 7. Plasma potentials measured with various bias voltages which were 

applied to a substrate of 20 cm in diameter (data of unfilled squares) and a small 

substrate of 3 × 5 mm
2
 (data of filled triangles). 

 

Si thin films were deposited in a radio frequency (RF, 13.56 MHz) ICP-CVD 

reactor at a power of 1400 W. The cylindrical ICP-CVD reactor has a diameter of 

37 cm with the diameter of the ring-type showerhead being 24 cm. The plasma was 

generated by a coil type antenna with diameter of 20 cm placed on a quartz window. 

The substrate was located 14 cm below the antenna, being at room temperature. 

The deposition time was 4 min and the reactor pressure was 350 mTorr. The flow 

rates of SiH4 and H2 were respectively 5 and 45 standard cubic centimeter per 

minute (sccm), which corresponds to a gas mixture of 10%SiH4-90%H2.  
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Si thin films were preliminarily deposited on a small p-type silicon wafer of 3 × 5 

mm
2
 at substrate biases of -10 V and 40 V as shown in FE-SEM images of figure 

8(a) and 8(b), respectively. The morphology and thickness of Si films in figure 8(a) 

and 8(b) are different, indicating that the substrate bias has some effect on the 

deposition behavior. However, it should be noted that the doped Si wafer can be 

dielectric at room temperature because doping by ion implantation is done only at 

the surface, which is conducting, whereas the other part of the wafer is intrinsic and 

dielectric at room temperature. Since electric charges can be accumulated on the 

dielectric substrate in the plasma CVD process, the actual substrate potential can be 

different from the bias applied to the substrate. Therefore, the Si wafer substrate is 

not appropriate for the study of the bias effect on the deposition behavior. For this 

reason, graphite, which is conducting and minimizes the charge accumulation, is 

used as a substrate. It should be noted that the stainless steel substrate is 

inappropriate for this experiment because it cannot be fractured for the cross-

section observation of the films by FE-SEM.  

 

 

Figure 8. Cross-sectional FE-SEM images of Si films deposited for 4 min on p-type 
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silicon wafer at substrate biases of (a) -10 V and (b) 40 V. 

 

To measure the plasma potential, Vp, and the electron temperature, a RF 

compensated Langmuir probe was used. The Langmuir probe consisted of a 

tungsten tip 3 mm long and 0.15 mm in diameter and a floating reference probe for 

reducing RF noise. The microstructure and deposition rate of Si films were 

investigated from the cross-section field emission scanning electron microscopy 

image (FE-SEM, S-4800, Hitachi, Japan). The crystallinity of deposited films was 

analyzed using a Raman spectrometer (LabRam HR-800, Horiba Jobin Yvon). To 

analyze Si nanoparticles in the gas phase, Si nanoparticles were captured on a 

carbon membrane of Cu grids for transmission electron microscope (TEM) under 

the same condition as the Si film deposition and then observed by high resolution 

transmission electron microscope (HR-TEM, Tecnai G2 F30, FEI, USA)  

 

3. RESULTS AND DISCUSSION 

 

Figure 9 shows the bias effect on the deposition rate of the Si films deposited on 

graphite for 4 min under the reactor pressure of 350 mTorr when the substrate bias 

was varied from -10 to 40 V. The deposition rates were 0.49, 0.53, 0.57, 0.36 and 

1.5 nm/s respectively for the substrate biases Vs of -10, 10, 20, 30, and 40 V. The 

deposition rate at Vs of 40 V is about three times higher than those at Vs of −10, 

10, 20 and 30 V. As shown in figure 7, the plasma potential Vp was maintained at ~ 

32 V when the bias voltage of the small substrate (3 × 5 mm
2
) was varied from -20 

to 40 V. Thus, at the substrate bias of 40 V, the potential difference of 8 V exists 
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between the plasma and the substrate and negatively charged species would be 

accelerated from the plasma to the substrate and at the same time positively 

charged species are repelled from the substrate. On the contrary, at the substrate 

biases, Vs, of -10, 10, 20, and 30 V, the potential difference would be respectively, 

– 42, – 22, –12 and – 2 V between the plasma and the substrate and positively 

charged species would be accelerated toward the substrate and at the same time 

negatively charged species are repelled from the substrate.  

 

Figure 9. Deposition rates of Si films deposited for 4 min with various substrate 

biases from -10 V to 40 V. 

 

On the other hand, the nucleation in the gas phase is known to occur extensively 

in the plasma CVD process and these nuclei are charged positively and 

negatively.[30, 51, 58, 62] Once the gas phase nucleation occurs extensively, the 
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total surface area of numerous nuclei is huge and the driving force for precipitation 

is consumed considerably. Usually, the remaining gas would have only negligible 

supersaturation for further precipitation and would negligibly contribute to 

deposition on a substrate at room temperature. This means that the deposition flux 

is mainly either positively or negatively charged nanoparticles and the deposition 

flux by neutral gas atoms or molecules would be negligibly small. 

 

Considering that a major depositing flux is either positively or negatively charged 

nanoparticles, the depositing flux under the biases of -10, 10 20 and 30 V would be 

mostly positively charged nanoparticles and the flux under the bias of 40 V would 

be mostly negatively charged nanoparticles in figure 9. The abrupt increase of the 

deposition rate under the bias of 40 V in figure 9 indicates that the negatively 

charged nanoparticles are much larger than that of the positively charged ones in 

the silane ICP-CVD process. More specifically, since the deposition rate of the film 

deposited under 40 V is about three times higher than those deposited under -10, 10, 

20 and 30 V, the amount of negatively charged nanoparticles would be about three 

times larger than that of positively charged nanoparticles. 

 

Hereafter, let us examine deposition rates in the range of Vs from −10 to 30 V.  

In this range, the deposition rates are varied much smaller than those in the range 

of Vs from 30 to 40 V. The floating potential Vf of the substrate, which has a 

potential lower than the plasma potential by the sheath potential difference, was 

measured to be ~ 23 V by the single Langmuir probe when the substrate was not 

biased. At Vf of ~ 23 V, the fluxes of positive and negative species incoming to the 
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substrate become the same with the charge being in equilibrium. When the 

substrate is biased, however, the floating potential changes to the substrate bias and 

the new equilibrium would be set up. Therefore, when the substrate bias is lower 

than ~ 23 V, incoming positive and negative species would increase and decrease, 

respectively. Likewise, when the substrate bias is higher than ~ 23 V, incoming 

positive and negative species would respectively decrease and increase. And 

incoming species with lower mass is more likely to be increased or decreased 

sensitively than heavier species by their mobility difference as the substrate 

potential changes from ~ 23 V. Therefore, depending on whether the substrate is 

lower or higher than ~ 23 V, the deposition behavior could be influenced by the 

species such as electrons or ions, which have higher mobility than nanoparticles. 

As Vs increase from 23 to 30 V, electrons, which are lowest in mass among 

negatively charged species, would be strongly influenced by the above aspect. In 

this situation, it is expected that the sheath length becomes smaller as the sheath 

potential decreases.[63, 64]  

 

Considering that the potential differences between the plasma and the substrate 

for Vs of 30 and 20 V are -2 and -12 V respectively, the sheath length for Vs of 30 

V would be shorter than that of Vs of 20 V, which would decrease the effective 

collection area. Because of this decreased collection area, the flux of positively 

charged nanoparticles would be decreased, decreasing the deposition rate at Vs of 

30 V. This would be why as Vs increased from 20 to 30 V, the deposition rate 

decreased from 0.57 to 0.36 nm/s in figure 9. 
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Meanwhile, in the range of Vs from 20 to −10 V, the deposition rates decreased 

as Vs decreased in contrast with the deposition rate in the range of Vs from 20 to 30 

V. To understand this deposition behavior, it should be noted that the flux of 

positively charged species does not increase continuously as Vs decreases with 

respect to Vp. Instead, the flux of positively charged species will be saturated 

because the mobility of positively charged species is much lower than that of 

electrons. However, figure 9 shows that the deposition rate was rather decreased as 

Vs decreased from 20 to −10 V. This decrease of the deposition rate might be 

attributed to the bombardment of energetic ions inhibiting the deposition of 

positively charged nanoparticles into the films, which seems to be pronounced at 

the high potential difference between the plasma and the substrate.[65, 66]  

 

Figure 10 shows the cross-sectional FE-SEM images of Si thin films in figure 9. 

The films deposited with Vs from −10 to 30 V have a typical columnar structure 

(figure 10(a)-10(d)) whereas the film deposited with Vs of 40 V is not columnar but 

more like a powder compact (figure 10(e)). Considering that the potential 

difference between the plasma and substrate would be – 42, – 22, –12, – 2 and 8 V 

respectively in figure 10(a)-10(e) as explained above, positively charged 

nanoparticles would be deposited in figure 10(a)-10(d) and negatively charged flux 

would be deposited in figure 10(e). The columnar and non-columnar structures in 

figure 10 may not be explained merely by the polarity difference of the depositing 

flux. They may be related to the potential difference between the plasma and the 

substrate and the size of charged nanoparticles. For example, if negatively charged 
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nanoparticles are larger than positively charged nanoparticles, their mobility 

toward the substrate would be relatively low, which may result in the non-columnar 

structure of figure 10(e). The mobility of positively charged nanoparticles, whose 

size is relatively small, would be relatively high toward the substrate, which may 

result in the columnar structure of figure 10(a)-(d). For the information of the 

crystallinity and crystallite size of the films in figure 10, the films were analyzed 

by Raman spectroscopy.   
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Figure 10. Cross-sectional FE-SEM images of Si films deposited for 4 min on a 

graphite substrate at substrate biases of (a) -10 V, (b) 10 V, (c) 20 V, (d) 30 V, and 

(e) 40 V. 

 

Figure 11 shows the Raman spectra of Si films prepared under the same 

conditions as the samples in figures 9 and 10. Although the substrate was near 

room temperature, figure 11 indicates that the films have some crystallinity which 

can be verified by transverse optic (TO) peaks of nanocrystalline phase centered at 

519 cm
-1

 for Vs of 40 V and 516 cm
-1

 for Vs of −10 ~ 30 V, respectively. The 

standard TO peak for crystalline Si is at 520 cm
-1

. The shift of TO peak from 520 

cm
-1

 to the lower wave number is attributed to the decrease of crystallite size. 

Based on the schemes reported by Chaâbane and Suendo et al.[61], the size of 

nanocrystallites is estimated from the Raman result. The estimated size of Si 

nanocrystallites is ~ 8 nm for Vs of 40 V and ~ 3 nm for Vs of −10 ~ 30 V. These 

sizes of nanocrystallites will be confirmed by TEM in figure 12 and 13. 
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Figure 11. Raman spectra of Si films deposited at the same conditions as in Figure 

9. Crystalline volume fractions were estimated as 0.84, 0.59, 0.56, 0.24, and 0.12 at 

substrate biases of 40, 30, 20, 10, and −10 V, respectively. 

 

From the Raman spectra in figure 11, crystalline volume fractions of the films are 

determined by the equation, Xc = (Inc+ Im)/( Inc + Im + Ia) using the scheme of the 

previous report.[67] Here, Inc , Im , and Ia are the integrated intensities of bands of 

nanocrystalline, intermediate, and amorphous phase, respectively, where the bands 

are deconvoluted from the Raman spectra in figure 11 into crystalline (~516 cm
-1

  

and ~516 cm
-1

), amorphous (480 cm
-1

) and intermediate (~507 cm
-1

) bands. The 

crystalline fractions were estimated to be 0.12, 0.24, 0.56, 0.59 and 0.84 

respectively at Vs of -10, 10, 20, 30 and 40 V.  
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Considering that the diffusivity of Si is negligible near room temperature, the 

crystalline phase in films of figure 11 cannot be formed by the atomic or molecular 

diffusion on the substrate or the growing surface. It is most likely that the 

crystalline nanoparticles should have formed in the gas phase and be incorporated 

into the films. Besides, these nanoparticles would be charged either positively or 

negatively in the plasma environment. The following three facts should be noted. 

First, as mentioned earlier, the main depositing flux is nanoparticles. Second, the 

substrate is near room temperature. Third, the Raman spectra in figure 11 indicate 

that the films consist of both amorphous and crystalline phases. Considering these 

facts, it can be deduced that some charged nanoparticles are crystalline and others 

are amorphous in the gas phase. 

 

To examine the detailed microstructure of the films deposited at Vs of 10 V (figure 

10(b)) and 40 V (figure 10(e)), cross-sections of the Si films were observed by HR-

TEM as shown in figure 12. Figure 12(a) and 12(b) show respectively low and high 

magnification images of the film deposited at Vs of 40 V. Figure 12(c) and 12(d) 

show respectively low and high magnification images of the film deposited at Vs of 

10 V. Judging from the lattice fringe, figure 12(b) shows relatively larger 

nanocrystallites embedded in the amorphous matrix than those of figure 12(d). 
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Figure 12. Cross-sectional TEM images for Si films prepared at substrate biases of 

(a) 40 V and (c) 10V at the same conditions as in Figure 9. Images of (b) and (d) 

are high-resolution images of (a) and (c), respectively. 

 

For further investigation, Si nanoparticles in the gas phase were captured on the 

TEM grid membrane, which was placed on the graphite substrate biased at Vs of 40 

V and 10 V and observed by HR-TEM as shown respectively in figures 13(a) and 

13(b). In figure 13(a), the crystalline nanoparticles, which were captured for 15 sec, 

have the size range of 6 ~ 13 nm, which roughly agrees with ~ 8 nm determined by 

Raman spectra in figure 11. In figure 13(b), the crystalline nanoparticles, which 
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were captured for 25 sec, have the size range of 3 ~ 6 nm, which roughly agrees 

with ~ 3 nm determined by Raman spectra in figure 11. The size of nanoparticles in 

figure 13(a) and 13(b) also agrees respectively with the size of nanocrystallites in 

figure 12(b) and 12(d). The capture times of 15 sec in figure 13(a) and 25 sec in 

figure 13(b) were chosen to deposit a 10 nm-thick layer of Si, which is necessary 

for the anti-oxidation of small nanoparticles below the size of 3 nm.[68] The 

nanoparticles of ~ 3 nm were also observed in plasma CVD by other groups.[61, 68] 

Using the grid in the conductively-coupled plasma CVD process, Chaâbane et al. 

and Cabarrocas et al.[61, 69] applied the positive bias to the substrate with respect 

to the grid. They observed that the deposition rate decreased with increasing 

positive bias. Based on this observation, they suggested that positively-

nanoparticles are generated in the plasma CVD process.  

 

 

Figure 13. Plane view high-resolution TEM images of Si nanoparticles captured on 

the membrane of TEM grids at substrate biases of (a) 40 V and (b) 10 V. 
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Figure 13(a) shows that negatively-charged nanoparticles are in the size range of 

6 ~ 13 nm. These nanoparticles would be the depositing flux of the film in figure 

10(e). Since the film in figure 10(e) has the crystalline fraction of 0.84, which was 

estimated from the Raman spectra in figure 11, most of these negatively charged 

nanoparticles appear to be crystalline and only a minor percentage of them appears 

to be amorphous. Figure 13(b) shows that positively-charged nanoparticles are in 

the size range of 3 ~ 6 nm. These nanoparticles would be the depositing flux of the 

films in figures 11(a)-11(d). However, the crystalline fractions of the films in 

figures 11(a)-11(d) increased with increasing Vs being respectively 0.12, 0.24, 0.56, 

and 0.59. In order to explain the increased crystalline fraction with increasing Vs, it 

must be assumed that positively-charged nanoparticles of 3 ~ 6 nm should undergo 

transition from a crystalline to an amorphous phase upon landing on a growing 

surface and this tendency becomes stronger with decreasing Vs or increasing 

potential difference between the plasma and the substrate. In relation to this 

possibility, Hwang et al. suggested that charged nanoparticles have a liquid-like 

property with the tendency increasing with decreasing size because the charge 

weakens the bond strength. If charged nanoparticles with a liquid-like property are 

accelerated toward the substrate by the potential difference between the plasma and 

the substrate, the transition from a crystalline to amorphous phase would be 

enhanced with increasing potential difference, resulting in the decrease of the 

crystalline fraction. 

 

4. CONCLUSION 
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Using a graphite substrate so small that the plasma potential was not varied with 

the substrate bias, the substrate bias was shown to have a definitive effect on the 

deposition behavior of charged nanoparticles in the ICP-CVD process. Both 

positively and negatively charged crystalline nanoparticles were shown to exist in 

abundance in the gas phase with the negatively-charged ones being larger than the 

positively-charged ones. If the positive bias higher than the plasma potential was 

applied to the substrate, the negatively charged nanoparticles could be made to 

deposit, which resulted in the highest film growth rate and the highest crystalline 

fraction. According to this study, the reason why crystalline silicon films can be 

deposited on a substrate at such low temperature as the silicon diffusivity is 

negligibly low is that positively charged crystalline nanoparticles, which are 

formed in the plasma, are accelerated by the sheath potential difference toward the 

growing surface of films in typical PE-CVD processes.  
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Chapter III. Application of Charged Nanoparticles 

Theory in ICP-CVD process: Enhancement of 

Generation of Positively Charged Nanoparticles 

 

1. INTRODUCTION 

 

The formation of crystallites in the microcrystalline or polycrystalline silicon 

films have been not understood in the plasma enhanced chemical vapor deposition 

process because the gas temperature of nonthermal plasmas is not sufficient to 

generate crystalline silicon.[70] Although the reason of generation of Si crystal is 

unclear, the study on the incorporation of crystalline nanoparticles into the film has 

been established to obtain the Si film having high deposition rate and high 

structural quality.[11, 71]  

In nonthermal plasmas, it is mostly regarded that nanoparticles generated in the 

gas phase are charged negatively because the mobility of electrons is much higher 

than that of ions in non-thermal plasmas.[59, 72] However, the negatively charged 

nanoparticles are expected not to escape from the sheath potential and to trapped in 

the plasmas, the negatively charged nanoparticles cannot be the main building 

block of crystalline films. Therefore nanoparticles should be charged positively to 

incorporate to the film on substrate after generation in plasmas. From this 

expectation, experimental evidences of presence of positively charged NPs were 

studied [58, 61] and theoretical explanations were calculated by simulation[73]. To 

achieve high deposition rate and high crystalline volume fraction during the Si film 
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deposition in the plasma CVD process, it is necessary to know why the positively 

charged nanoparticles are generated and how the generation of positively charged 

nanoparticles is enhanced in plasmas.  

Among the mechanisms about positive charging of nanoparticles, secondary 

electron emission is one of the reliable explanations.[73, 74] If secondary electrons 

are emitted from the nanoparticles, the nanoparticles are expected to be charged 

positively. And, for the secondary electron emission from silicon nanoparticles, it is 

reported that high magnitude of electric field is needed. 

According to the previous result, near the RF antenna, there is high magnitude 

of electric field.[75] Therefore the positively charged nanoparticles can be 

generated in the area near the RF antenna. The purpose of this study is to 

investigate generation of positively charged nanoparticles by change of silane 

feeding position near the RF antenna. 

 

2. EXPERIMENTS 
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Figure 14. Schematic of the experimental setup 

 

Si thin films were deposited in a radio frequency (RF, 13.56 MHz) ICP-CVD 

reactor at a power of 1400 W. The plasma was generated by a coil type antenna 

with diameter of 20 cm placed on a quartz window. The cylindrical ICP-CVD 

reactor has a diameter of 37 cm and the various diameter of the ring-type 

showerhead being 30, 24, 10, 0 cm were used to change silane feeding position. 

The feeding silane by showerhead of 0 cm in diameter indicates injection of silane 

at the center of chamber by a tube. The substrate was located 14 cm below the 

antenna, being at room temperature. The deposition time was 4 min and the reactor 

pressure was 350 mTorr. The flow rates of SiH4 and H2 were respectively 5 and 45 

standard cubic centimeter per minute (sccm), which corresponds to a gas mixture 

of 10%SiH4-90%H2.  
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To measure the plasma potential, Vp, and the electron temperature, a RF 

compensated Langmuir probe was used.[76] The Langmuir probe consisted of a 

tungsten tip 3 mm long and 0.15 mm in diameter and a floating reference probe for 

reducing RF noise. The microstructure and deposition rate of Si films were 

investigated from the cross-section field emission scanning electron microscopy 

image (FE-SEM, S-4800, Hitachi, Japan). The crystallinity of deposited films was 

analyzed using a Raman spectrometer (LabRam HR-800, Horiba Jobin Yvon). 

Cross-sectional TEM specimens of silicon films were prepared either using focused 

ion beam (FIB, SMI3050SE, SII Nanotechnology, Japan), and then observed by 

high resolution transmission electron microscope (HR-TEM, Tecnai G2 F30, FEI, 

USA) 

 

Substrate bias was used to attract positively or negatively charged nanoparticles 

toward the substrate depending on the potential difference between the plasma 

potential and the substrate. As we shown the figure 7, applying DC biases on a 

large area of substrate can change the plasma potential so that the substrate bias 

effect cannot be verified. Therefore we used small graphite substrate of small 

stainless steel substrate of 3 ×5 mm
2
 in figure 7. As we shown the figure 7, 

applying DC biases on the small substrate did not change the plasma potential. 

 

3. RESULTS AND DISCUSSION 

 

Figure 15 shows the cross-sectional FE-SEM images of Si thin films deposited 

on the graphite substrate for the substrate bias of -10 V under the reactor pressure 
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of 350 mTorr, when the diameter of showerhead was (a) 30, (b) 24, (c) 10, (d) 0 cm, 

respectively. The plasma potential was measured to be ~ 32 V, and the potential 

difference between the plasma and the substrate was – 42 V. Therefore, in the 

potential difference between the plasma and the substrate, the positively charged 

nanoparticles were deposited. The deposition rate of the films deposited at 

substrate bias of - 10 V is increased as the diameter of showerheads is decreased 

from 30 to 0 cm. This result indicates that the generation of positively charged 

nanoparticles was increased as the diameter of showerheads is decreased from 30 

to 0 cm. 

 

Figure 15. Cross-sectional FE-SEM images of Si thin films deposited on graphite 

for 4 min under the reactor pressure of 350 mTorr with the showerhead of (a) 30, (b) 

24, (c) 10, (d) 0 cm in diameter when the substrate bias was -10 V. 
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Figure 16. Raman spectra of Si films deposited at the same conditions as in figure 

15. 

 

Figure 16 shows the Raman spectra of Si films prepared under the same 

conditions as in figures 15. In figure 16, the films showing transverse optic (TO) 

peaks of nanocrystalline Si phase centered at 516 cm
-1

 have some crystallinity. The 

standard TO peak for crystalline Si is at 520 cm
-1

. And the shift of TO peak from 

520 cm
-1

 to the lower wave number is attributed to the decrease of crystallite size.  

 

From the Raman spectra in figure 16, bands are deconvoluted from the Raman 

spectra in figure 16 into crystalline (~518 cm
-1 

and ~516 cm
-1

), amorphous (480 

cm
-1

) and intermediate (~507 cm
-1

) bands, crystalline volume fractions of the films 

are determined by the equation, Xc = (Inc+ Im)/( Inc + Im + Ia). Here, Inc, Im, and Ia are 

the integrated intensities of bands of nanocrystalline, intermediate, and amorphous 
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phase, respectively. The crystalline fractions were estimated to be 0, 0.12, 0.80, and 

0.87 when the diameter of showerhead was (a) 30, (b) 24, (c) 10, (d) 0 cm 

respectively.  

 

The films in figure 15 (b - d) have crystalline phase though the substrate was near 

room temperature. Considering that the diffusivity of Si is so low at room 

temperature, the crystalline phase in films of figure 15 cannot be formed by the 

atomic or molecular diffusion on the substrate. It is more likely that the crystalline 

nanoparticles was formed in the gas phase and incorporated into the films.  

 

Furthermore, since the negatively charged nanoparticles are expected not to 

escape from the sheath potential, the increase of deposition rate of films in the 

figure 15 means that generation of positively charged nanoparticles were enhanced 

depending change of silane feeding positon.  
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Figure 17. Cross-sectional FE-SEM images of Si thin films deposited on graphite 

for 4 min under the reactor pressure of 350 mTorr with the showerhead of (a) 30, (b) 

24, (c) 10, (d) 0 cm in diameter when the substrate bias was 40 V. 

 

Figure 17 shows the cross-sectional FE-SEM images of Si thin films deposited 

on graphite for 4 min under the reactor pressure of 350 mTorr with the showerhead 

of (a) 30, (b) 24, (c) 10, (d) 0 cm in diameter when the substrate bias was 40 V. The 

films deposited for substrate bias of 40 V with showerheads of 30, 24, 10, 0 cm in 

diameter in figure 17 are thicker than the films deposited for the substrate bias of – 

10 V with showerheads of 30, 24, 10, 0 cm in diameter in figure 15 respectively. 

However difference of thickness between the films deposited with Vsub of -10 V 

and deposited with Vsub of 40 V is decreased as the diameter of the showerhead is 

decreased. This result indicates that electric polarity of charged nanoparticles is 

changed from negative to positive as the diameter of the showerhead is decreased. 
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Considering this result, it can be deduced that the generation of positively charged 

nanoparticles is related with the area under the RF antenna, where high magnitude 

of electric field exists. 

 

4. CONCLUSIONS  

 

As the diameter of the showerhead is decreased, the deposition late and the 

crystallinity of the films deposited for substrate bias of -10 V is increased. 

Considering the fact that positively charged species are accelerated from the 

plasma to the substrate in the potential difference between plasma potential of 32 V 

and substrate bias of - 10 V, generation of positively charged nanoparticles is 

enhanced as the diameter of showerhead is decreased. Therefore, charging 

mechanism of positively charged nanoparticles is related with area under the RF 

where magnitude of electric field is larger than the other area of the plasma. 
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Chapter IV. Control of Nanoparticle Size and Their 

Amount by Using the Mesh Grid and the DC-Biased 

Substrate in Silane ICP-CVD Process 

 

1. INTRODUCTION 

 

Semiconductor nanoparticles have attracted much attention because of their 

applications in electronics devices such as light-emitting devices, photovoltaic 

devices, etc. Unlike bulk semiconductor materials, the bandgap of semiconductor 

nanoparticles are reported to depend on their size known as quantum 

confinement.[77] Therefore significant efforts have been made to apply the 

quantum confinement effect of nanoparticles on light-emitting diodes[78, 79], and 

photovoltaic cells[80, 81]. 

 

Among the semiconductors materials studied, group II–VI conductors and 

group IV–VI semiconductor have attracted a great attention due to their superior 

optical properties. However, in those compound semiconductors, toxic heavy 

metals such as cadmium selenide (CdSe) and lead selenide (PbSe) are used 

primarily. On the other hand, IV group elements have also attracted a great 

attention because the IV group elements are relatively free from the environmental 

issue so that it would be a good substitute for the toxic compound semiconductor. 

Among the groups IV elements, silicon has many advantages because silicon is 
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abundant in the earth’s crust and already widely used in large area electronics. 

 

Many synthesizing methods for silicon nanoparticles are established based on 

the nonthermal plasmas.[82-84] Because the nanoparticles synthesized in plasmas 

are expected to be charged [72] and be suppressed to agglomerate, they would 

remain in narrow size distribution[85, 86]. However, the synthesizing methods for 

silicon nanoparticles mostly use the tube reactor which is not applicable to the large 

area electronics. 

 

In this paper, we synthesized crystalline Si nanoparticles in a planar plasma 

CVD chamber which can be applied to the large area electronics. And we adopted 

the grounded grid for obtaining nanoparticles as reported in the previous report[87]. 

Moreover, based on the fact the nanoparticles generated in the plasmas are charged, 

direct current (DC) biases are applied to the substrate to control nanoparticle sizes 

and their amount during plasma CVD.  

 

2. EXPERIMENT 

 

Figure 18 shows the schematic of the experimental setup. The planar ICP-CVD 

reactor has a diameter of 37 cm. To generate the radio frequency (RF, 13.56 MHz) 

plasma, RF power was coupled to a coil type antenna with a diameter of 20 cm 

placed on a quartz window.  
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Figure 18. Schematic of the planar ICP chamber. 

 

Si nanoparticles were deposited on the substrate with a gas mixture of 

10%SiH4-90%H2 at a discharge power of 1400 W in the ICP-CVD reactor. The gas 

mixture was injected through the ring-type showerhead with a diameter of 30 cm, 

which was placed below the quartz window. The flow rates of SiH4 and H2 were 

respectively 5 and 45 standard cubic centimeter per minute (sccm) and the reactor 

pressure was 350 mTorr. A P-type silicon wafer was used as a substrate and placed 

on a stainless steel susceptor 14.5 cm below the power feed of the antenna. The 

substrate was at room temperature.  
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By inserting the grounded grid 5 mm above the substrate, Si nanoparticles were 

deposited on the substrate. The length of the square meshes of the grounded grid 

was 1 mm or 2 mm. 

 

The size distribution of nanoparticles and their flux to the substrate were 

examined by the field emission scanning electron microscopy images (FE-SEM, S-

4800, Hitachi, Japan) at four different points of the substrate. Si nanoparticles were 

deposited on a carbon membrane of Cu grids for transmission electron microscope 

(TEM) and then observed by high resolution transmission electron microscope 

(HR-TEM, Tecnai G2 F30, FEI, USA). To measure the plasma potential, Vp, a RF 

compensated Langmuir probe was used, which was placed 2 cm above grounded 

mesh grid.  

 

3. RESULTS AND DISCUSSION 

Figure 19 (a) and (b) show the FE-SEM images for the Si nanoparticles 

deposited on the grounded substrate for 30 seconds under the pressure of 350 

mTorr at RF power of 1400 W. Si nanoparticles shown in figure 19 (a) and figure 

19 (b) are synthesized with the grounded grid of 1 mm and 2 mm meshes, 

respectively. Figure 19 (c) and (d) show the TEM images for the Si nanoparticles 

prepared under the same conditions as those of figure 19 (a) and figure 19 (b), 

respectively. As shown in figure 19 (c) and figure 19 (d), the Si nanoparticles have 

crystallinity.  
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Figure 19. SEM images of Si Nanoparticles deposited on silicon wafer substrate at 

𝑉𝑠𝑢𝑏 of 0 V with grounded grid of (a) 1 mm and (b) 2 mm meshes. High-resolution 

TEM images of Si nanoparticles deposited on the membrane of TEM grids at 𝑉𝑠𝑢𝑏 

of 0 V with grounded grid of (c) 1 mm and (d) 2 mm meshes. 

 

Considering the fact that the grounded grid separated its lower region from the 

plasma, the crystalline nanoparticles would not be formed below the grounded grid, 

but formed in the plasma above the grounded grid and then passed through the 

mesh of grounded grid. Crystalline nanoparticles tend to be self-assembled and 

form a film in the plasma CVD process. Therefore, to synthesize crystalline 

nanoparticles, their film formation in a plasma CVD process should be avoided. 

For this, crystalline nanoparticles are cooled and collected away from plasma 
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region.[88] On the other hand, the grounded grid can be used to produce crystalline 

nanoparticles because it separates the substrate from the plasma. If crystalline 

nanoparticles pass through the mesh of the grounded grid after their formation in 

the plasma region of the CVD reactor, they can be collected on the substrate. 

Therefore, crystalline nanoparticles can be collected or deposited on a substrate by 

using the grounded grid. 

 

If the bias is applied to the substrate, the deposition behavior of Si 

nanoparticles would depend on their polarity. To study such deposition behavior, 

the bias applied to the substrate was varied from – 50 V to + 50 V with the 1 mm 

mesh grid under 350 mTorr at RF power of 1400 W and the deposition behavior is 

shown in Figure 20. As the substrate bias increased from -50 V to 0 V, the number 

density of nanoparticles is decreased as shown in Figure 20(a), (b) and (c). The 

diameter of Si nanoparticles of the highest frequency is in the range of 10 ~ 12 nm. 

At the substrate biases of + 25 V and + 50 V, however, nanoparticles did not 

deposit at all as shown in Figure 20(d) and (e). From the fact that the flux of 

deposited nanoparticles continues to decrease as the bias voltage increases from -

50 V to 0 V and becomes zero at the biases of + 25 V and + 50 V, it can be inferred 

that Si nanoparticles should be positively charged. Especially, the result of non-

deposition on the substrate applied with biases of + 25 V and + 50 V indicates that 

none of nanoparticles were negatively-charged. 
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Figure 20. Size distributions and number density of Si nanoparticles for substrate 

bias of (a) -50, (b) -25, (c) 0, (d) + 25, and (e) + 50 V with grounded grid of 1 mm 

meshes at RF power of 1400 W. 

 

In relation to the possibility for the generation of positively-charged 

nanoparticles in the plasma CVD process, Shiratani and his colleagues [58] 

predicted their presence from the unusually high growth rate of nanoparticles, 
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which cannot be explained without positively charged nanoparticles. And 

Cabarrocas et al.[60] reported that the deposition rate decreased at the positive 

substrate bias in the CCP-CVD process, which also indicates the presence of 

positively charged nanoparticles.  

 

In general, nanoparticles generated in the gas phase of the plasma CVD process 

are known to be charged negatively because the mobility of electrons is much 

higher than that of ions in non-thermal plasmas. Therefore, both positively and 

negatively charged nanoparticles are expected to exist in the gas phase of the 

plasma CVD process of this study. However, Si nanoparticles are not deposited at 

the substrate biases of + 25 V and + 50 V, which indicates the non-existence below 

the grid. Therefore, negatively-charged Si nanoparticles, which are expected to 

exist in abundance in the plasma, appear to be blocked by the grid around which a 

sheath exists.[89] As shown in figure 21 (a), If the sheath is so thick that the 

sheath-free region disappears, negatively charged nanoparticles can be repelled by 

the sheath and may not be deposited on the substrate with the biases of + 25 V and 

+ 50 V.  

 

If the negatively charged nanoparticles are blocked by the sheath formed 

around the grid mesh, they may pass through the grid mesh if the mesh size is 

increased. In order to check this possibility, the mesh size was increased from 1 

mm to 2 mm and the deposition behavior on the substrate was examined. 
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Figure 21. Microscopic diagrams for one cell of the grid (a) when the sheath is 

thick enough to overlap the hole of mesh, (b) when the sheath exist with the sheath-

free region.[89] 

 

Figure 22 shows the size distribution of the Si nanoparticles deposited on the 

substrate applied with bias from -50 V to + 50 V with the 2 mm meshes grid under 

the same condition as that of figure 20. As the substrate bias voltage was increased 

from - 50 V to + 50 V, the number density of Si nanoparticles continued to decrease 

and their size increased. The diameter range of Si nanoparticles of the highest 

frequency was 8 ~ 10, 14 ~ 16, 16 ~ 18, 18 ~ 20 and 40 ~ 45 nm at the substrate 

bias voltages of - 50, - 25, 0, + 25, and + 50 V, respectively. In contrast with the 

result with the grounded grid of 1 mm meshes, Si nanoparticles are deposited at the 

substrate biases of + 25 V and + 50 V. Therefore it appears that the increased mesh 

size generates the sheath-free region inside the mesh and negatively charged 

nanoparticles could pass through the mesh as shown in figure 21 (b).  
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Figure 22. Size distributions and number density of Si nanoparticles for substrate 

bias of (a) -50, (b) -25, (c) 0, (d) + 25, and (e) + 50 V with grounded grid of 2 mm 

meshes at RF power of 1400 W. 

 

To examine the possibility for the formation of the sheath-free region, plasma 

potentials were measured at the position above the grounded grid with various 
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substrate bias voltages as shown in figure 23. The plasma potential is affected by 

the substrate bias through the sheath-free region inside the mesh and increased with 

increasing substrate bias. At the substrate bias of + 50 V, the plasma potential was 

measured higher than the substrate bias potential at the position above the 2 mm 

mesh grid. However, the plasma potential was measured lower than the substrate 

bias potential at the position above the 1 mm mesh grid. This lower plasma 

potential than the substrate bias voltage for the substrate bias of + 50 V with the 

grounded grid of 1 mm meshes would be attributed to the decrease of the sheath-

free region.   

 
Figure 23. Plasma potentials measured with substrate bias of -50, 0, and + 50 V at 

RF power of 1400 W for grounded grids of 1 mm meshes (data of unfilled squares) 

and 2 mm meshes (data of filled triangles). 

 

As shown in figure 22, Si nanoparticles deposited at the substrate bias of + 50 
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V with the 2 mm mesh grid are abruptly large in comparison with other Si 

nanoparticles deposited at other substrate biases. According to figure 23, the 

plasma potential was always higher than the substrate bias potential in the case of 

the 2 mm mesh grid. In this potential difference between the plasma and the 

substrate, positively charged nanoparticles would pass through the mesh mainly in 

spite of applying the substrate bias of + 50 V. The formation of the abruptly large 

nanoparticles cannot be explained by the agglomeration among positively charged 

nanoparticles because the aggregated positively charged nanoparticles have the size 

range of 10 ~ 11 nm as shown in Figure 20. On the other hand, it is reported that 

such large nanoparticles can be formed by rapid growth which is made possible 

when positively and negatively charged nanoparticles coexist. Therefore, it appears 

that the large nanoparticles deposited at the substrate bias of + 50 V with the 2 mm 

mesh grid were grown rapidly by the agglomeration of two oppositely-charged 

nanoparticles. Therefore, the effect of the substrate bias on the deposition behavior 

shown in Figures 3 and 4, indicates that the polarity and the size of nanoparticles 

passing through the grid can be controlled by the substrate bias and the mesh size. 

 

Based on the understanding mentioned above, to control the length of sheath by 

another process parameter except the mesh size, effect of RF power on the 

deposition behavior of charged nanoparticles was investigated. Because it is well 

known that plasma density is decreased as the RF power decrease and the sheath 

length become thicker at lower plasma density.  

 

Figure 24(a), (b), and (c) show the FE-SEM images for the Si nanoparticles 
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deposited on the substrate with the substrate bias of – 50, 0, and + 50 V under the 

pressure of 350 mTorr at RF power of 1000 W with the grounded grid of 2 mm. As 

shown in figure 24, the sizes of nanoparticles were not changed by applying the 

substrate bias. This result is understood that only positively charged nanoparticles 

are passed through the sheath-overlapped hole of mesh and deposited. On the other 

hand, the sizes of positively charged nanoparticles deposited at RF power of 1000 

W is larger than that of nanoparticles deposited at RF power of 1400 W with grid 

of the 1mm meshes. This is attributed that the plasma condition changed with 

decreasing RF power made the nanoparticles larger.  
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Figure 24. SEM images of Si Nanoparticles deposited by RF power of 1000 W at 

substrate bias of (a) -50, (b) 0, and (c) + 50 V with grounded grid of 2 mm. 
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Figure 25. Size distributions and number density of Si nanoparticles for substrate 

bias of (a) -50, (b) 0, and (c) + 50 V with grounded grid of 2 mm meshes at RF 

power of 1700 W. 
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Figure 25(a), (b), and (c) show the size distributions and the number density of the 

Si nanoparticles deposited with the substrate bias of – 50, 0, and + 50 V under the 

pressure of 350 mTorr at the RF power of 1700 W with the grounded grid of 2 mm 

meshes. In the contrast with the result with RF power of 1400 W, the sizes of 

nanoparticles were little changed by applying the substrate bias. This result is 

understood that when the RF power is high considerably, the sheath is too thin as 

shown in figure 26(b) and the sheath-free region is so large that the grounded grid 

cannot confine the substrate from the plasma. As a result, the substrate bias cannot 

change the deposition behavior of charged nanoparticles. 

  

 
Figure 26. Microscopic diagrams for one cell of the grid (a) when the sheath exists 

with the sheath-free region, (b) when the sheath is too thin to confine the substrate 

from the plasma. 

 

On the other hand, in the experiment with the 1mm mesh grid, RF power 

increased from 1400 W to 1700 W to open the closed sheath-overlapped region. 
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Figure 27 shows the size distribution and the number density of the Si 

nanoparticles deposited by RF power of 1700 W with the substrate bias of – 50, 0, 

and + 50 V under the pressure of 350 mTorr with the grounded grid of 1 mm 

meshes. As the substrate bias voltage was increased from - 50 V to + 50 V, the 

number density of Si nanoparticles was decreased continuously and nanoparticle 

size was increased. The diameter of Si nanoparticles of the highest frequency was 9, 

9 or 13, and 19 nm at the substrate bias voltage of - 50, 0, and + 50 V, respectively. 

In contrast with the result at RF power of 1400 W with the grounded grid of 1 mm 

meshes, size of Si nanoparticles was increased more significantly as the substrate 

bias was increased from 0V to + 50 V. Therefore it is understood that the higher RF 

power generated the sheath-free region inside mesh and the substrate bias changed 

the deposition behavior of charged nanoparticles.  
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/  

Figure 27. Size distributions and number density of Si nanoparticles for substrate 

bias of (a) -50, (b) 0, and (c) + 50 V with grounded grid of 1 mm meshes at RF 
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power of 1700 W. 

 

4. CONCLUSION 

By using the grounded grid, the film formation in the ICP-CVD process could 

be avoided and as a result crystalline nanoparticles could be produced on the 

substrate. Moreover, the applying the substrate bias, the amount and the size of 

crystalline nanoparticles could be controlled. From the result of the 1 mm mesh 

grid at RF power of 1400 W showing that the negative substrate bias increased the 

amount of nanoparticles, it is confirmed that positively charged crystalline 

nanoparticles are generated in the ICP-CVD process. And sizes of nanoparticles 

were controlled by applying the substrate bias in the condition where the area of 

sheath-free region exists enough to confine the plasma from the substrate. 
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국문 초록 

유도결합플라즈마를 이용한 화학기상증착 공정 중에 생성되는 

하전된 실리콘 나노 입자의 증착 거동에 미치는 기판 바이어스 효과를 

비고전적 결정화 이론으로 접근하였다. 비고전적 결정화 이론이란 

결정이 원자 또는 분자 단위에 의하여 생성되는 것이 아니라 나노입자에 

의해 생성된다는 이론이다. 본 연구는 크게 두 가지 부분으로 

나누어진다. 첫째는 유도결합플라즈마를 이용한 화학기상증착 공정 중 

결정성 박막 생성시 하전된 실리콘 나노입자에 미치는 기판 바이어스 

효과이며 둘째는 유도결합플라즈마를 이용한 화학기상증착 공정 중 

결정성 나노입자 생성시 나노입자에 미치는 기판 바이어스 효과이다. 

먼저, 결정성 박막 생성시, 기판 바이어스를 통하여 양으로 하전된 

나노입자와 음으로 하전된 나노입자가 모두 플라즈마 조건에서 존재함이 

확인되었다. 양으로 하전된 나노입자는 2.7 ~ 5.5 nm 크기였으며 음으로 

하전된 나노입자는 6 ~ 13 nm 크기였다. 양으로 하전된 나노입자에 의한 

박막보다는 음으로 하전된 나노입자에 의한 박막이 증착속도가 3 배가 

빨랐으며 양으로 하전된 나노입자에 의한 박막은 일반적인 columnar 한 

구조를 가졌다. 상온의 기판임에도 불구하고 결정성 박막이 증착된 것은 

것은 기상에서 생성된 결정성 실리콘 나노입자가 증착되었기 때문이다. 

다음으로, 결정성 나노입자 생성시, 접지된 그리드와 기판 

바이어스를 통하여 결정성 나노입자의 양과 크기를 변화시킬 수 있음을 
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확인했다. 1 mm 메쉬를 사용할 경우, 음의 기판바이어스를 가함에 따라 

결정성 나노입자량이 증가한 반면 양의 기판 바이어스에서는 나노입자가 

전혀 증착되지 않았다. 2 mm 메쉬를 사용할 경우 음의 기판 

바이어스에서 양의 기판바이어스로 변화함에 따라 나노입자의 크기가 

증가했다. 
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