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Spherical silicon solar cell is solar cell that uses silicon spheres of 1 mm in diameter. Purpose of my research is establishment of a manufacturing technique of the spherical silicon. The spherical silicon is produced by the dropping solidification method: a capillary jet of liquid metal is split into droplets and the droplets are solidified during free fall. Minagawa et al. found that mono-dispersed droplets could be generated by applying an intermittent electromagnetic pinch force to a liquid metal jet. However, the droplets frequently coalesced during free fall before completing its solidification, therefor mono-dispersed spherical silicon could not be obtained. In order to solve this problem, an electrification method was investigated in this study. The droplets are electrified by applying a high voltage. It is expected that a repulsive force will act upon the charged droplets and prevent them from coalescence. Experiments on droplets electrification were carried out with capillary jet of water and liquid gallium. Droplet charges were measured by an electrometer. It was found that the droplet charge depends on some parameters such as a jet diameter, shape of an electrode and a value of applied voltage. The experimental results were compared with a theoretical analysis, which has proposed by Brandenberger et al., and the agreement between the two was quite well. It was concluded that a droplet charge can be estimated by the theoretical model.

Introduction

After the Great East Japan Earthquake, solar power generation in Japan has been promoted shifts from nuclear power generation to solar power generation. Among solar power generation, the spherical silicon solar cell attracts much attention. The spherical silicon solar cell is a solar cell that uses silicon spheres of 1 mm in diameter (see, Fig. 1) , and has several advantages as follows: (1) Productivity is high because the spheres are directory produced from liquid silicon. (2) Material yield of silicon is high because there is no cutting process of silicon ingot. However, the spherical silicon solar cell has still a problem of production process. A mass-production method of silicon spheres at low cost has not been established yet. In the dropping method [2,3], silicon droplets are formed by disruption of a capillary jet of molten silicon. Then the molten droplets are allowed to solidify in free fall through a cooling tower and the solidified particles are collected. The problem of the process is that the size of the particles is not uniform, because the jet disruption is not uniform and the droplets coalesce each other in free fall. As a result, the productivity of the spheres is decreased.

Principle of droplet electrification

Coalescence of droplets can be prevented by electrification of droplets [4]. The principle of droplet electrification is shown in Fig. 2. A capillary jet is surrounded by a grounded cylindrical electrode. The jet has a high-electrostatic potential which is maintained by a high-voltage power supply of several thousands volts. The capillary jet have an equipotential surface charge, and the charge will be trapped by droplets which are detached from the tip of the jet. The charged droplets have a repulsive force which prevents them from coalescence. 

Calculation method of electric charge

An electric charge of droplet is estimated by the theory derived by Brandenberger et al. [4]. The strength of the electric field can be expressed in Gauss's law: The electric charge per 1 of droplet q [C] can be estimated by assuming that the length of the electrode Lelec is equal to the optimal wavelength λop, which has the fastest growing rate of disturbance for the capillary jet. Integration of Eq. ( 1) and substitution of λop for Lelec in Eq. (1) will give the following equation: 
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Experimental method

Experiment of droplet electrification with high-voltage application was carried out. The liquid, which was eclectically connected to the high-voltage power supply, was issued from the nozzle and the capillary jet was formed. The cylindrical electrode was arranged in the vicinity of the break-up point of the liquid jet, and the electrode was connected to ground.

Cold model experiments were carried out. Water and gallium were used as liquid. Experimental conditions are shown in Table 1. Effects of the experimental conditions of liquid medium, nozzle diameter, inner diameter of cylindrical electrode and applied voltage on electrification of droplets were examined. 

Experimental results

Figure 4 shows the temporal change of the electrified amount per unit time, which was measured by the electrometer. The applied voltage of the jet was changed with time from 0.5 kV to 3.0 kV as indicated in the figure. As seen in the figure, the curve of the electrified amount per unit time (namely, current) was a step-like function depending on the applied voltage. A droplet charge q can be obtained by divining a current value of each step by a frequency of droplet generation. Figure 5 shows the results, a droplet charge was proportional to an applied voltage. The experimental values agreed well with the calculated values of Eq. ( 2). experimental charge, Q / nC calculated charge, q / nC water (djet = 0.92 mm) • water (djet = 0.56 mm) ▲ gallium (djet = 0.48 mm) ■ Fig. 6: Relationship between calculated charge and experimental charge.

Conclusions

Following conclusions were obtained from the experimental results:  It was confirmed that droplets can be electrified by applying a high-voltage.



The electric charge of droplet could be measured, and it was found that the charge was varied depending on several conditions such as liquid medium of the jet, nozzle diameter, inner diameter of the cylindrical electrode, and applied voltage.



It was possible to estimate the electric charge of droplet by Eq. ( 2).
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 31 Fig. 1: Schematic diagram of spherical silicon solar cell [1].
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 2 Fig. 2: Prevention of droplets coalescence by electrification.

  where, εe dielectric constant [F/m], E(r) the strength of the electric field [V/m], r the distance from central axis [m], Lelec the length of electrode [m], Q charge to be given to the jet [C].

  applied voltage [V], relec the internal radius of electrode [m], rjet the radius of jet [m]. The optimal wavelength λop can be expressed in following equation derived by Weber [where, d0 the diameter of a nozzle [m], η viscosity [Pa•s], ρ solution density [kg/m 3 ], γ surface tension [N/m].
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 4 Fig. 4: Temporal change of electrified amount per unit time (nozzle diameter: 0.92 mm, inner diameter of electrode: 17.45 mm).

Fig. 5 :

 5 Fig. 5: Relation between applied voltage and droplet charge (nozzle diameter: 0.92 mm, inner diameter of electrode: 17.45 mm).Comparison between experimental and calculated values of droplet charge for various conditions is shown in Fig.6. The horizontal axis is observed value and the vertical axis represents calculated value. The calculated values agreed with the observed values within an error of about 10 %. It can be concluded that the droplet charge can be predicted by Eq. (2).

Table 1 :

 1 Experimental conditions.

	liquid	water	gallium
	nozzle diameter,		
	jet r [mm]	0.56, 0.92	0.48
	inner diameter of cylindrical electrode, elec r [mm]	8.35, 11.55, 17.45	6.6
	voltage, Φ [kV]	0.5, 1.0, 1.5, 2.0, 2.5, 3.0
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