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Effects of silver catalyst concentration in metal assisted chemical etching of silicon

Introduction:

Silicon nanostructures have been under intense investigation for the past two decades [START_REF] Cullis | The structural and luminescence properties of porous silicon[END_REF] because of their potential applications in solar photovoltaics [START_REF] Foslia | Plasmonics for Light Trapping in Silicon Solar Cells[END_REF], thermoelectrics [START_REF] Rurali | Colloquium, Structural, electronic, and transport properties of silicon Nanowires[END_REF], micromachining [START_REF] Steiner | Micromachining applications of porous silicon[END_REF], energy storage [START_REF] Shin | Porous silicon negative electrodes for rechargeable lithium batteries[END_REF], field emission [6], photodetectors [7], optical modulators [8] and in sensing devices [9]. Amongst various methods used for fabrication of silicon nanostructures [START_REF] Moumni | Correlation between oxidant concentrations, morphological aspects and etching kinetics of silicon nanowires during silver-assist electroless etching[END_REF][START_REF] Tsujino | Texturization of multicrystalline silicon wafers for solar cells by chemical treatment using metallic catalyst[END_REF], MaCE is one of the simplest and least expensive [START_REF] Cichoszewski | Role of catalyst concentration on metal assisted chemical etching of silicon[END_REF]. With MaCE previously deposited noble metal layers or particles act as catalysts for oxidant reduction in the etching solution and provides the required hole-current for silicon dissolution [START_REF] Huang | Metal-Assisted Chemical Etching of Silicon: A Review[END_REF]. Preferred metal catalysts are silver, gold, platinum and palladium [START_REF] Yae | Nucleation behavior in electroless displacement deposition of metals on silicon from hydrofluoric acid solutions[END_REF][START_REF] Vijayarangamuthu | One-step synthesis of Au-coated porous silicon as a surface enhanced Raman scattering substrate for biomolecule detection[END_REF] deposited by various techniques such as sputtering [START_REF] Li | Metal-assisted chemical etching in HF/H2O2[END_REF], evaporation [START_REF] Asoh | Effect of noble metal catalyst species on the morphology of macroporous silicon formed by metal-assisted chemical etching[END_REF], electrochemical [START_REF] Yang | High-strength silicon brass manufactured by selective laser melting[END_REF] or electroless displacement [START_REF] Dřínek | Silicon nanowires grown on metal substrates via self-catalyst mechanism[END_REF]. The metal is deposited as spatially separated nano-clusters or as a continuous metal layer depending on the deposition method. After metal deposition, a solution containing hydrofluoric acid and an oxidizing agent such as hydrogen peroxide or nitric acid etches the silicon [START_REF] Huang | Metal-Assisted Chemical Etching of Silicon: A Review[END_REF]. Although a theoretical model of etching exists for both continuous [START_REF] Geyer | Model for the Mass Transport during Metal-Assisted Chemical Etching with Contiguous Metal Films as Catalysts[END_REF] and locally distributed [START_REF] Moumni | Correlation between oxidant concentrations, morphological aspects and etching kinetics of silicon nanowires during silver-assist electroless etching[END_REF] metal catalysts on silicon, the influence of the metal concentration on the etching process has not been well investigated.

To begin to fill in this scientific knowledge gap, this study illustrates the process flow of nanostructure formation by varying the catalysis concentration on the silicon substrate through MaCE. The resultant black silicon materials are characterized both microstructurally and optically to provide further insight into the physics of the nano silicon formation, as well as evaluate them for applications in solar photovoltaic devices.

Method:

Double sided polished p-type electronic grade 525 µm silicon wafers (100) were used for the etching process. The silicon wafers where subjected to Radio Corporation of America (RCA) cleaning and were cleaved to produce 1 cm x 1 cm samples. Then a protective oxide layer was formed using a piranha solution of sulphuric acid and hydrogen peroxide (H2SO4:H2O2) in a volume ratio of 3:1 at 0 o C for 10 minutes. Before the etching process the oxide layer was removed by dipping the sample in a water and hydrogen fluoride (H2O: HF) solution with the volume ratio of 10:1 for 3 minutes at room temperature. Then the silver nanoparticles (Ag NPs) were coated on the freshly cleaned Si wafers by immersing in a 3.6 ml bath of HF with 25 ml of silver nitrate (AgNO3) aqueous solution for one minute. The excess Ag + ions present in the surface were washed with distilled water, then samples were immersed in etching solution comprising 3.6 ml of HF in 20 ml of H2O and 0.6 ml of H2O2 for 45 minutes. The different concentrations with molar ratios 0.008M, 0.004M, 0.003M and 0.002M of AgNO3 were used for the preparation of silicon nanostructures with a constant etching time and are labelled as (a, b, c, d) respectively. The residual Ag NPs on the sample surface and in the pores of the Si were removed by immersing the samples in diluted nitric acid (HNO3) for 60 minutes. Finally, the prepared samples were washed with distilled water and dried in nitrogen (N2).

The resultant samples were characterized using scanning electron microscopy (SEM) to analyse the morphology of the silicon nanostructures. The optical properties of the silicon nanostructures were measured in a range from 300 nm to 800 nm using a JASCO (V 650) UV-Vis spectrometer. The diffuse reflectance spectroscopy (DRS) method was used to obtain the surface reflectance.

Results and Discussion:

SEM:

Fig. 1 displays SEM micrographs of the silver nanoparticles on the silicon surface with various concentrations. The white spots on the SEM image are Ag nanoparticle randomly distributed on the silicon surface. The respective histogram is shown as the inset in Fig. 1. As can be seen by Fig. 1 as the concentration decreases the size of the Ag NPs decreases.

Fig. 2 shows the top-view SEM images at 7kX and 20kX of the as-prepared silicon nanostructured arrays with different concentrations of AgNO3. Comparing the top views of silicon nanowires, the surface density decreased with increase of AgNO3 concentration as would be expected. Thus, the size of the voids in the sample (a) is larger than the other samples, because of the higher concentration of Ag.

For a clearer understanding of the morphology of the Si nanostructures, Fig. 3 shows a typical cross-sectional SEM image of a sample (b) at two resolutions 7kX and 20kX. One can see that silicon nanostructures look like quasi-ordered nano-grass with preferential orientation along the [100] crystallographic direction. This indicates that the MACE of c-Si in HF-solution is strongly crystallographic oriented, which is in agreement with results of past studies [START_REF] Behren | Preparation and characterization of ultrathin porous silicon films[END_REF][START_REF] Fonseca | Acoustic investigation of porous silicon layers[END_REF]. While the thickness (diameter size) of silicon nanostructures is variable (about 60 to 140 nm) in the form of an array, for each individual silicon nanostructure the diameter does not vary significantly along the length. Since the concentrations of HF and H2O2 are constant in this experiment, the etching rate will not change with AgNO3 concentration. The amount of Ag nanoparticles on the silicon surface influence the surface density of the silicon nanowire arrays rather than the length. The length of silicon nanostructures is controlled by duration of the etching catalysed by Ag nanoparticles. In this work, the duration of etching is kept constant as 45 minutes, thus the length of the silicon nanostructures is constant at around 9 µm. The silver contamination in the silicon nanostructures was easily removed by the samples in HNO3 solution.

Less intuitively, the linear variation of the normalized etch rate of silicon nanostructures depends on the concentration of Ag NPs. This is a result of the process of HF diffusion toward the Ag NP/Si interface to dissolve oxidized Si surface atoms after hole injection from the Ag NPs. For the higher concentrations the time needed for the HF to diffuse the oxidized Si is longer. The etch rate is affected by the "free" area between Ag NPs, in the sense that the etching rate decreases when Ag NPs get closer. In this work, it is assumed that the normalization allows to roughly take into account the influence of the distance between Ag NPs on etch rates, with the exception of the sample with the lowest coverage and smallest NP size. This is because the increase of the etching depth resulted in a lower probability for HF to access the interface.

In addition, the aggregation of the Ag NPs also affects the diffusion of the etching solution. A critical parameter in the formation of nanostructures by MaCE is the attraction between the metal catalyst and the substrate material [START_REF] Behren | Preparation and characterization of ultrathin porous silicon films[END_REF]. Throughout the reaction, the Ag nanoparticles maintains an intimate contact with the silicon, sinking with the silicon as it is etched. 

UV-Visible Spectroscopy

The optical properties of the prepared Si nanostructures were studied using surface reflectance. The results shown in Fig. 4 are reflectance spectra for nanostructured Si for various concentration of AgNO3 solution. The measured reflectance of the silicon nanostructures is from 30 % in longer wavelengths (800 nm) and gradually decreases to below 10% at lower wavelengths (300 nm). The reflectance is low across the entire silicon absorption spectrum making it an especially viable candidate for an antireflection coating on silicon-based solar photovoltaic cells. The average surface reflectance of the Si substrate in the measured range decreased dramatically from 50% for the Si reference to less than 5% in the lower wave length region for sample (b) (0.004M of AgNO3) having silicon nanostructures on the surface. It is noted that larger nanostructures generally have a lower surface reflectance and that future work is needed to optimize the surface structures for both geometry and desnsity. Already, however, black silicon was produced. 

Application to Solar Photovoltaic Technology

This preliminary analysis, however, is promising when compared to other attempts [START_REF] Hutagalung | Optical and Electrical Characteristics of Silicon Nanowires Prepared by Electroless Etching[END_REF] and when additional optimization could lead to a viable wet-chemical processing method of creating black silicon when coupled with atomic layer deposition (ALD) [START_REF] Jia | Optimization of the Surface Structure on Black Silicon for Surface Passivation[END_REF][START_REF] Branz | Nanostructured black silicon and the optical reflectance of graded-density surfaces[END_REF]. The preparation of low-cost black silicon is particularly promising in solar photovoltaic (PV) applications [START_REF] Yoo | Black silicon layer formation for application in solar cells[END_REF][START_REF] Koynov | Black nonreflecting silicon surfaces for solar cells[END_REF][START_REF] Yuan | Efficient black silicon solar cell with a density-graded nanoporous surface: optical properties, performance limitations, and design rules[END_REF][START_REF] Oh | An 18.2%-efficient black-silicon solar cell achieved through control of carrier recombination in nanostructures[END_REF]. Often the best results of a black silicon approach use expensive techniques such as femtosecond lasers [START_REF] Sarnet | Femtosecond laser for black silicon and photovoltaic cells[END_REF], which would be challenging to scale up for mass production. Scaling is extremely important for solar photovoltaic applications, as vast areas of PV are needed to provide terawatts of power [START_REF] Vesborg | Addressing the terawatt challenge: scalability in the supply of chemical elements for renewable energy[END_REF] needed for a sustainable global energy supply [START_REF] Pearce | Photovoltaics-a path to sustainable futures[END_REF]. Already black silicon PV with interdigitated back-contacts have achieved over 22% efficiency with ALD passivation of a more expensive method (cryogenic deep reactive ion etching) of fabricating silicon nanostructures [START_REF] Savin | Black silicon solar cells with interdigitated back-contacts achieve 22.1% efficiency[END_REF]. Future work is needed to both optimize the concentration and potentially move to a multi-step etch following [START_REF] Hutagalung | Optical and Electrical Characteristics of Silicon Nanowires Prepared by Electroless Etching[END_REF] and then include ALD passivation following [START_REF] Savin | Black silicon solar cells with interdigitated back-contacts achieve 22.1% efficiency[END_REF] to make a mass-manufacturable high-efficiency black silicon based PV device.

Conclusions:

From the observed SEM results, the morphological properties of silicon nanostructures produced with MaCE with respect to changes in the catalyst concentration was investigated. The depth of the different silicon nanostructures was revealed by cross sectional SEM. The growth physics of silicon nanostructures were discussed based on the observed SEM results. The optical characterization results, indicated that MaCE is a promising as a form of producing black silicon where the reflectance dropped by an order of magnitude in the visible region. The results of this approach make MaCE a promising technically viable candidate for an antireflection coating system of black silicon solar photovoltaic cells. MaCE is a of simple, wet-chemical, and scalable approach to enhance the optical absorption of Si and improve the overall efficiency of the solar cell without adding significantly to the complexity, capital expenditure or cost of production.

Fig. 1 :

 1 Fig. 1: SEM images of AgNPs on silicon for various molar ratios of AgNO3 (a) 0.008M, (b) 0.004M, (c ) 0.003M & (d) 0.002M. The distribution of the particle size is shown in the inset of each image and the average particle size for (a) 110 ± 20 nm, (b) 100 ± 10 nm, (c) 90 ± 20 nm, (d) 80 ± 15 nm. For all AgNO3 concentrations metal clusters show logarithmicnormal distributions.

Fig. 2

 2 Fig.2shows the top-view SEM images at 7kX and 20kX of the as-prepared silicon nanostructured arrays with different concentrations of AgNO3. Comparing the top views of silicon nanowires, the surface density decreased with increase of AgNO3 concentration. The size of the voids in the sample (a) is larger than the other samples, because of the higher concentration of Ag.

  Fig. 2: SEM images of nanostructured Si for various concentration of molar ratio of

Fig. 3 :

 3 Fig. 3: Cross sectional SEM images of nanostructured Si for sample (b) 0.004M of AgNO3 with different magnification (7kX & 20kX).

Fig. 4 :

 4 Fig. 4: UV-visible reflectance spectra of nanostructured Si for various concentrations of molar ratio of AgNO3 (a) =0.008M, (b) = 0.004M, (c ) = 0.003M & (d) = 0.002M

Acknowledgement:

The authors are thankful to the support from DST-SERB/F/1829/2012-2013, Fulbright Finland, and DST -PURSE programme MK University, for providing the SEM facility.

Disclosures:

The authors declare no competing financial interests.