FDTD Simulation of Photon Absorption and Fabrication of Silicon Nano-wires Array for Solar Cells
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Abstract

Dimensions of silicon nanowires array such as length, width and gap have been analyzed for photon absorption using 2D FDTD (Finite Difference Time Domain) simulations in SilvacoTM for silicon nanowires solar cells. Fabrication methods for Al2O3 or thermal silicon-di-oxide (SiO2) passivated vertical silicon nanowires array solar cells have been proposed. Initial experiments for realizing vertical silicon nanowires array using MACEtch (Metal Assisted Chemical Etching) have been carried out, leading to fabrication of random silicon nanowires array of typical diameter of 100 nm and aspect ratio of 200.
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Introduction
Energy scarcity is considered as one among the top ten problems faced by human civilization. Interestingly, 5000 times more solar energy is available on the surface of the earth than the average global energy consumption of 15 terawatts. But, solar energy currently represents less than 1 percent of the global energy supply, and substantial reductions in material and production costs of photovoltaics are necessary to increase the use of solar power [1]. Silicon nanowires are promising candidates for future applications in electronics and photonics. This paper describes the analysis, done through 2D FDTD (Finite Difference Time Domain) simulation, of photon absorption of silicon nano-wires array for solar cells. Important process steps for fabricating silicon nanowires solar cells are proposed.
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Fig. 1: Schematic diagram of the passivated silicon nanowire solar cells (a) with radial junction (b) with no junction in nanowire area
The schematic cross section of the proposed Al2O3 or SiO2 passivated silicon solar cells are shown in figure 1, where fig. 1(a) is with radial junction and fig. 1(b) is with no junction in nanowire area. The silicon nanowires on the top will result in increased absorption and hence expected to improve the efficiency. Such nanowire etched silicon surfaces absorb UV and visible light completely and hence called as “black silicon”. The carriers will be separated in the junction region. But, generally such cells are found to have lower efficiency due to increased recombination in the nanowires. This recombination can be minimized by passivation with thermal SiO2 or ALD deposited Al2O3. 
Fabrication Procedure for Silicon Nanowire Solar Cells
The main process steps for fabricating silicon nanowire solar cells are shown in figure 2. After wafer cleaning, thermal oxide growth will be done. This will be followed by lithography to protect finger area and alignment marks areas. After this step, silicon nanowires of desired diameter, gap and height will be fabricated with nanospheres lithography followed by MACEtch [2]. Then blanket phosphorus diffusion will be done, while the backside is protected with thermal oxide. The time of this blanket diffusion will decide whether the nanowires have radial junction as in figure 1a or no junction as in figure 1b. This may be followed by Al2O3 using Atomic Layer Deposition (ALD) or thermal silicon-di-oxide growth for passivation of silicon nanowires. This step will be followed by window opening for contacts on the top. The finger area metallization can be defined either by metal lift-off or by metal etching.
 SHAPE  \* MERGEFORMAT 



Fig. 2: Main process steps for fabricating silicon nanowires solar cells

2D FDTD Simulation of Optical Absorption of Silicon Nano-wires
 2D FDTD simulations of photon absorption at 200 to 1100 nm wavelength range have been done for silicon nanowires over silicon substrate using SilvacoTM [3]. Since, the nano-wires/beams’ width and gaps’ dimensions are in the order of wavelength of the light (i.e.) few hundred nanometers, simple ray tracing will give inaccurate result. Therefore, Finite Difference Time Domain (FDTD) simulations have been done. A typical structure used for such simulation is shown in the figure 4 with nano-wire width=100 nm, gap=100 nm, height=10 µm.
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Fig. 4: Typical structure used for simulation study, silicon nano-wire with diameter=100 nm, gap=100 nm and height=10 µm.
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Fig. 5: Photon absorption Vs optical wavelength output through FDTD simulations for various nanowire diameter and gap with a typical height of 10 µm.

Figure 5 shows the photon absorption Vs optical wavelength for a range of wavelengths from 200nm to 1100 nm for 7 different dimension variations in either nanowire’s width or gap with a typical height of 10 µm. Table 1 gives the summary of the variation and corresponding weighted absorbance weighted to solar AM1.5G.

Table 1: Weighted Photon Absorption for various nanowire diameter and spacing
	Nanowire Diameter (nm)
	Nanowire Spacing Gap (nm)
	AM1.5G Weighted Photon Absorption (%)

	25
25

50

50

100

100

200
	25
50

50

100

50

100

200
	94.70
89.88

88.78

88.80

91.44
90.81

90.84


Fabrication of Vertical Silicon Nanowire Array
Initial experiments for realizing vertical silicon nanowires (NW) array have been done on p-type, <100>, 1-10 Ohm-cm Si wafer leading to Si NWs of typical diameter ~100nm with aspect ratio 200. Figure 6a-c shows the JEOL JSM-6390 SEM (scanning electron microscopy) images of the fabricated silicon nanowires using MACEtch described in [4] with 5M HF/0.02M AgNO3  dip for 1 minute, followed by MACEtch in 10% HF/0.6% H2O2 solution for 1 hour  at room temperature. 
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Fig 6: SEM images of fabricated silicon nanowires (NW) array (a) 200 tilted view of forest of  Si NW (b) Cross-sectional image (c) upside down cross-sectional image showing typical diameter 100 nm and aspect ratio ~200.
Conclusion
Si NW arrays have been analyzed for higher photon absorption through 2D FDTD simulations for nanowires solar cells. Simulations have shown 90.81% weighted photon absorption for dia=100nm and gap =100nm. Fabrication methodology for Si NW solar cell has been described and Si NW (typical dia of 100nm and aspect ratio of 200) have been realized by MACEtch. 
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