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Abstract: We investigated the correlation of the slope of the Si* intensity versus the SiH* intensity with the Si cluster volume frac-

tion. The light emitted from the plasma was analyzed using optical emission spectroscopy. The deposition rates with cluster and 

those of without clusters were measured using quartz crystal microbalances installed in the plasma reactor. The silicon cluster vol-

ume fraction was derived by comparing the resulting deposition rates with cluster and without clusters. The results showed that the 

slope of the Si* intensity versus SiH* intensity varied depending on the reaction conditions and was roughly correlated with the sili-

con cluster volume fraction. Therefore, this simple spectroscopic comparison could be used as an indicator of cluster incorporation 

into thin films. 
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1. Introduction 
Energy conservation and emissions reduction have become 

major issues in the shipping industry. In particular, since the 

energy efficiency design index (EEDI) and ship energy efficien-

cy management plan (SEEMP) were added to the international 

convention for the prevention of pollution from ships (MAR-

POL) in 2011, many shipping countries have made great efforts 

to develop green ships utilizing renewable energy sources such 

as wind, solar, and biomass energy [1]. Among them, solar ships 

are emerging as a promising alternative in the rapidly develop-

ing green shipping industry [2]-[4]. 

Thin films of hydrogenated amorphous silicon (a-Si:H) are 

commonly used in thin film photovoltaic devices due to their 

relatively low material consumption, thicknesses of less than ~1 

µm, and potential for large-area production [5][6]. In particular, 

the use of reactive plasmas generated using radio frequency is 

the most common method of thin film deposition, as it provides 

flexibility in the choice of substrate (such as glass or polymers) 

due to the low process temperature, easy band-gap tuning, and 

the ability to stack multiple materials without critical damage.  

However, light-induced degradation of the resulting devices, 

which is also known as the Staebler–Wronski effect (SWE), 

limits their performance [7]. The breakage of weak Si–Si bonds 

via light exposure can result in an increase in dangling bonds, 

which reduces the photo- and dark conductivity of the films [8]. 

One strategy to suppress the degradation of metastable a-Si:H is 

to reduce the polymerization of particles in the plasma gas 

phase reactions [9][10]. Many research groups have reported 

that suppressing the incorporation of particles during film depo-

sition improves the optical and electrical properties of the film 

by reducing the amount of dangling bond defects on the surface 

of the growing film.  

A great deal of research into the kinetics of particle growth 

and the incorporation of particles into the growing film has been 

conducted. Several research groups have reported that silicon 

particulates can grow in plasmas as a negatively charged state 

and subsequently be incorporated into the growing film. These 

particles may be produced during the continuous plasma pro-

cessing and/or at the end of the process when the plasma is 

switched off [11]. During plasma discharge, the silicon particles 

are continuously negatively charged due to their larger cross-

section and lower mobility compared to the fast-moving elec-

trons [12][13]. Charged particles with a size of a several na-

nometers are electrostatically trapped in a localized region at 

the plasma/sheath boundary due to the balance between the 

opposing electrostatic and ion drag forces. As the size and mass 

of the particles increases, the force of gravity pulls the particles 

down onto the substrate. The particles can also be exposed to a 

low-electron-density region resulting from temporal plasma 

fluctuations; the negatively charged particles are then partially 
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neutralized and fall onto the substrate. Particle transport and 

behavior in the post-plasma regime are also important [14]. 

When the plasma is switched off, the electric field rapidly de-

cays, releasing the particles from the electrostatic trap; they are 

then rapidly neutralized by agglomeration among themselves 

and deposited on the film surface.  

The particle agglomeration of silane radicals is related to the 

electron temperature of the bulk plasma. Highly reactive SiH2 

radicals, which are known to trigger agglomeration, are easily 

generated at high electron temperatures (Te > 9.47 eV) [15]. 

SiH2 radicals react with SinH2n+2 species with a high proba-

bility to form polymerized species. Notably, several research 

groups have reported that plasma reactors with decreased elec-

tron temperature (e.g., remote plasma reactors) lead to stable a-

Si:H films with low Si cluster incorporation. However, the cor-

relation between plasma emission characteristics and silicon 

cluster volume fraction (Vf) in the resulting films is not yet 

fully understood. In the present work, the electron temperature 

is discussed by comparing the line intensities of Si* (1P0, 288.2 

nm) and SiH* (A2Δ, 412.7 nm) under various conditions. The 

plasma characteristics measured using optical emission spec-

troscopy (OES) and the deposition rates obtained using quartz 

crystal microbalances (QCMs) are considered, and the Vf of Si 

clusters deposited at different working pressures are discussed 

in terms of the results. 

Figure 1: Multi-hollow plasma discharge reactor equipped with 

QCMs and OES 

2. Experimental method
The experiments were conducted using a multi-hollow plas-

ma discharge reactor, as shown in Figure 1. Plasma was gener-

ated using radio frequency (RF) energy in each hole of the mul-

ti-hole electrode. The source gases were introduced through a 

ring-shaped tube line placed around the electrode and flowed 

toward the upstream region. The upward gas flow transported 

particles upstream and suppressed downstream particle diffu-

sion. The experiments were conducted under a 30 sccm flow of 

SiH4 and at a pressure of 0.5 Torr using capacitively coupled 

RF discharge. The distance between the multi-hollow electrode 

and the QCMs was approximately 50 mm, and the laser passed 

through 20 mm below the electrode. The temperature of the 

QCMs was maintained at 100 °C. 

The QCMs (Stanford Research QCM200) were placed in the 

upstream region to observe the deposition rate and the Vf val-

ues of the Si clusters. The details of the measurement technique 

are described elsewhere [16][17]. The plasma emission was 

observed using OES (Ocean Optics USB200+) through the 

upper quartz glass port.  The intensities of Si* and SiH* were 

measured, and the relationship between the change in their in-

tensities and the Vf of silicon clusters was analyzed.  

Figure 2: Slope of the Si* intensity versus the SiH* intensity at 

working pressures of 0.2, 0.3, and 0.5 Torr 

3. Results and discussion
To investigate the changes in plasma emission with increas-

ing working pressure, the intensity of the light emitted from the 

plasma discharge was measured using OES. Si* and SiH* have 

been reported to exhibit similar emission cross-section trends; 

thus, their intensity ratio can be used to predict the profile of the 

electron energy distribution function (EEDF). Namely, a higher 

Si*/SiH* ratio indicates a lower slope at the energy tail of the 

EEDF, which eventually leads to a higher electron temperature 

by modifying the EEDF profile [18]. Here, we have plotted the 

slope of the intensity ratio S (ΔSi*/ΔSiH*), rather than the 

Si*/SiH* intensity ratio under a particular plasma condition. 
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ΔSi*/ΔSiH* indicates the slope of the change in the SiH* inten-

sity versus the change in the Si* intensity over a range of condi-

tions, whereas Si*/SiH* represents the value under one specific 

plasma condition. The ΔSi*/ΔSiH* values were measured under 

different pressure conditions, and are plotted in Figure 2. The 

fitting lines connecting the filled triangles, squares, and circles 

indicate the dependence of the Si* intensity on the SiH* intensi-

ty at 0.2, 0.3, and 0.5 Torr, respectively. These measurements 

were performed under pure silane conditions with increasing 

applied voltage. The increase in the slopes of the solid trend-

lines with decreasing pressure was related to the increase in 

electron temperature resulting from the longer mean free path 

under low pressure conditions, leading to formation of Si clus-

ters in the plasma. These results show that the working pressure 

affected the plasma emission characteristics as well as the elec-

tron temperature. 

Figure 3: Effect of decreasing the gas flow rate on the slope of 

the Si* intensity versus the SiH* intensity 

To investigate the effect of gas flow rate on ΔSi*/ΔSiH*, 

which was representative of the effective electron temperature, 

we plotted the slopes obtained at 30 sccm (solid line) together 

with that obtained at 10 sccm (dotted line) and 0.5 Torr. As 

shown in Figure 3, the slope increased from 0.18 to 0.40 when 

the gas flow rate was decreased from 30 sccm to 10 sccm.  This 

might have been due to the longer gas residence time in the 

plasma region; i.e., because the source gases required more time 

to pass through the plasma region, they absorbed more power to 

decompose the gases into radical species, which typically oc-

curs in the holes of the powered electrode. Highly reactive radi-

cals such as SiH2, which is a potential particle source, could 

also accumulate and agglomerate in the plasma region. 

Figure 4: Effect of hydrogen dilution on the slope of the Si* 

intensity versus the SiH* intensity 

Figure 5: Variation in the silicon cluster volume fraction as a 

function of the SiH* intensity 

To determine the effect of hydrogen dilution on the plasma 

composition, the intensity of Si* versus the intensity of SiH* 

under hydrogen-diluted conditions was measured and is plotted 

together with relevant data from the pure silane experiments in 

Figure 4. The dotted line indicates the slope of the intensities of 

Si* versus that of SiH* under the pure silane condition; as 

shown, the slope decreased to 0.23 under hydrogen-diluted 

conditions. This result suggested that hydrogen dilution had an 

effect on the electron temperature [19]. Since Guha et al report-

ed the formation of silicon films with high stability against 

light-induced degradation using hydrogen dilution techniques, 

many studies have been conducted to determine the role of ex-

cess hydrogen [20]. The introduction of hydrogen has been 

reported to provide enhanced hydrogen coverage on the film 

growth surface, allowing incoming SiH3 to diffuse further to 
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find more energetically favorable sites. Several research groups 

have reported that hydrogen acts as an etchant to break weak 

Si–Si bonds in disordered silicon networks [21]. However, these 

studies discussed only the reactions on the surface of the grow-

ing film, not those in the bulk plasma state. Matsuda et al [22] 

suggested that excess hydrogen affects the gas phase reaction in 

the bulk plasma by reducing the electron temperature, which is 

strongly related to the generation of highly reactive radical spe-

cies. Similarly, in this work, we discussed the reduction of the 

electron temperature due to hydrogen dilution in terms of the 

slope ΔSi*/ΔSiH*. 

Figure 5 shows the Vf of silicon clusters on silicon films as a 

function of SiH* intensity under different deposition conditions. 

The overall trends in the Vf of silicon clusters were similar to 

those of the Si* intensity shown in Figure 4. This suggested 

that the slope ΔSi*/ΔSiH* was roughly correlated with the Si 

cluster incorporation rate. Thus, the value of ΔSi*/ΔSiH* could 

be used as simple indicator to determine cluster-free deposition 

conditions, although the complex experimental conditions with 

device characteristics should be further analyzed. As shown in 

Figure 5, under pure silane conditions at 0.2 Torr, more clusters 

were incorporated into the growing film than under other condi-

tions. This might have been due to a longer mean free path due 

to the lower operating pressure, higher electron density, and 

higher deposition rates. 

4. Conclusion
We observed the variations in emissive radical species and 

their contributions to film deposition to investigate the correla-

tion between the slope of the Si* intensity versus the SiH* in-

tensity and the Vf of Si clusters. As the working pressure was 

decreased, the slope of the Si* intensity versus the SiH* intensi-

ty increased. The slope also increased when the gas flow rate 

was decreased and the pressure was kept constant. When the 

silane was diluted with hydrogen but the overall flow rate was 

kept constant, the resulting slope was smaller than that observed 

under the pure silane conditions. The relationship between the 

silicon cluster volume fraction and the SiH* intensity was 

roughly correlated with the slope of the Si* intensity versus the 

SiH* intensity. These results suggest that this slope could be a 

potential indicator for predicting the rate of cluster incorpora-

tion into the film.   
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