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Abstract: in this work, recent advances in various silicon nanostructures used in crystalline 

silicon solar cells for antireflection and light trapping are reviewed. Simulations and optimizations 

are also performed for the most relevant of these nanostructures. The results showed that 

nanocones and nanoparaboloids outperform nanopillars and give almost the same antireflective 

performance, reducing the average reflectance of the crystalline silicon surface below 2% in the 

wavelength range 300-1100 nm and under normal incidence. This reflectance is also found to 

stay below 4% for angles of incidence lower than 60° and for the averaged s and p light 

polarization. As a result, short-circuit current densities of 41.62 and 41.96 mA/cm², can be 

expected for a silicon solar cell decorated with these two nanostructures, respectively. Finally, we 

described the formation of silicon nanocones via nanowires by metal assisted chemical etching. 
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I. Introduction 

Today’s state-of-the-art R&D best monocrystalline (multicrystalline) silicon solar cell and module can 

deliver power conversion efficiencies (PCE) of about 26.7% (21.9%) and 24.4% (19.9%), respectively 

[1]. The increased production volumes and the associated maturity of the crystalline silicon-based 

technology have brought the cost of silicon PV modules down to 0.4 US$/Wp [2]. However, the actual 

efficiency (cost) is not yet high (low) enough to guarantee a widespread adoption of solar by 

consumers. Further efficiency enhancement and cost reduction, through optimization of device 

structure, simplification of device fabrication, as well as reduction of material usage, are required [3]. 

The nanostructuring of the silicon surface has been found to be an efficient way to eliminate the front-

surface reflection and, simultaneously, to increase the absorption in silicon solar cells [4]. Optimized 

silicon nanostructure arrays exhibit not only excellent antireflective and light trapping properties [6–9], 

but also provide other PV relevant functionalities such as hydrophobicity [10, 11]. Therefore, they are 

more and more used in solar cells for efficiency enhancement [5] and cost reduction [3]. 

In this work, recent advances in various silicon nanostructures used for antireflection and light 

trapping in crystalline silicon solar cells, such as nanopyramids, nanopillars, nanocones and 

nanoparaboloids, are first reviewed. Then, the most relevant of these nanostructures are simulated 

and optimized for performance enhancement. Finally, the formation of silicon nanocones by metal-

assisted chemical etching (MACE) is described. 

II. Recent advances in silicon nanostructures used for 

antireflection and light trapping 

 II.1. Silicon nanopyramids 

Pyramids have long been the dominant structure at the front surface of monocrystalline-silicon solar 

cells. Pyramidal silicon microstructures (~10 μm thickness) provide a relatively low surface area and a 

good light trapping capability, achieved through multiple reflection of the incident light in the various 

facets of the pyramidal structure [12, 13]. This results in average reflectance values of less than 10% 

in the spectral range 300 – 1100 nm and an appreciable increase in the solar cell PCE. Also, inverted 

pyramids have been found to outperform upright pyramids due to the fact that most of the incident 

rays bounce several times (at least three) on the walls of the inverted pyramids but only twice 

between conventional random upright pyramids. Therefore, the length of the optical path and the 

probability of light absorption are higher in the inverted pyramid structure [12, 14–16]. In addition to 

superior light trapping capability, the inverted pyramid structure is characterized by recessed and wide 

deeps, making this texture more suitable for conformal coating and filling. The coverage of passivation 

layers (for example hydrogenated amorphous silicon (a-Si:H) [17, 18] and silicon nitride (SiNx) layers 

[13]) or thin film solar cells (for example a thin film perovskite solar cell [19]) and the filling of metal 

electrodes in photovoltaic devices [13] demonstrated the compatibility of inverted pyramids with 

subsequent process steps in the manufacture of solar cells. 

Recently, with the trend toward ultrathin crystalline silicon cells, pyramidal microstructures commonly 

applied on thick crystalline silicon cells become unsuitable and the implementation of nanopyramids is 

proving to be more effective [13, 20–24]. Metal (e.g. Au, Ag, Cu)-assisted chemical etching [13, 16] or 

combination of lithography and wet chemical etching are principally used to fabricate inverted 

nanopyramids on silicon wafers [17, 20, 22, 24]. The different techniques used, the optimized 

structural parameters found and the performance obtained are summarized in Table 1. 



B. Dieng, M. Beye, M. Toure, D. Diouf , D. Kobor, A. S. Maiga, Design and optimization of silicon nanostructures 

 

OAJ Materials and Devices, Vol 4 #1, 0129 (2019) – DOI: 10.23647/ca.md20190129 

p3 

Table 1: Techniques, parameters and performance of inverted nanopyramid structure on a 

silicon wafer. 

Techniques  Parameters Performance 

Laser interference lithography 

and wet chemical etching [20]. 

period = 700 nm  

spacing = 100 nm 

37.5 mA/cm2of Jsc for 10 μm-thick c-Si 

(over 30-fold reduction in material usage) 

Laser interference lithography 

and subsequent combined dry 

and wet etching [22] 

period = 700 nm 

spacing = 100 nm 

depth = 475 nm 

R below 10% over the broad λ range 300 

– 1200 nm 

Increase in efficiency by 67% 

Colloidal lithography and 

anisotropic wet etching [23] 

period = 1400 nm Increase in Jsc by 76% for 20-μm-thick c-

Si (39.86 mA/cm2 vs 22.63 mA/cm2 for 

the flat counterpart) 

Laser interference lithography 

and reactive ion etching (RIE) 

and wet etching [24] 

width ~ 450 nm 

height ~ 310 nm 

spacing ~ 125 nm 

Increase in Jsc by 11.45% (from 29.422 to 

32.793 mA/cm2) 

Cu-assisted anisotropic etching 

[13] 

Random inverted 

pyramids 

Mean R down to ~4.4% over the λ range 

300 –  1000 nm; 

A high conversion efficiency of 18.87% 

colloidal lithography [18] diameter ∼600 nm 

depth ∼530 nm 

aspect ratio (length 

by diameter)  0.9–1 

Increase in the light path by 7.5 times;  

Efficiency of 8.6% on 830 nm-thick  

monocrystalline silicon  

JSC = short-circuit current density; R = reflectance; λ= wavelength. 

The advantages of excellent antireflection and light-trapping capabilities, an inherent low parasitic 

surface area, a negligible surface damage (less material damage), a scalable fabrication capability 

and good compatibility with subsequent process steps, make inverted nanopyramids a promising 

alternative for high-performance and cost-effective crystalline silicon thin film cells [23].   

         II.2. Silicon nanopillars 

Silicon nanopillar arrays with different pillar profiles have been found to exhibit excellent broadband, 

omnidirectional antireflective, and hydrophobicity properties due partly to the graded effective 

refractive index profile provided by the structure. Their great potential in improving the PCE and 

lowering the cost of crystalline silicon solar cells has been theoretically and experimentally 

demonstrated [7–9, 25–35]. Furthermore, it has been shown that the shape, height and period of 

silicon nanopillar arrays have a great influence on their antireflective properties [8, 28–30, 34]. 

Sharper pillars would lead to sharper minimum in the reflectance spectrum and so to a surface that is 

less suitable for broadband applications [8]. In fact, a close relation exists between the nanopillar 

shape and the refractive index gradient. Nanopillars with a tapered profile produce a smooth transition 

of the refractive index from the top to the bottom of the structure, whereas nanopillars with a 

cylindrical profile produce a larger discontinuity at the interface which causes more reflection [34]. 

Also, it was observed that the taller the pillars, the lower the reflectance, but the higher the fabrication 

cost. This is because at small pillar height, the reflectance is high as the interface appears abrupt to 

incident light [8]. As for the period, it was shown that close-packed nanopillar arrays exhibit better 

antireflective performance than non-close-packed arrays due to a smoother refractive index gradient 

[30]. However, for single-diameter nanopillars, that are similar to nanowires, it was found that 

increasing the material filling ratio leads simultaneously to an increase of the reflectance and a 

decrease in the transmittance, with the absorption showing a strong diameter dependence [36]. The 

light absorption of nanopillar arrays is either determined by the material filling ratio or by transverse 

resonance leaky modes depending on the input wavelength. A properly designed multi-diameter 
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nanopillar array was found to compete with a nanocone array on broadband light absorption 

capability, showing the same light absorption level when the number of the segment N=7 [37]. 

Various techniques are used to fabricate silicon nanopillars such as the combination of reactive-ion 

etching (RIE) with processes as self-assembly [25], spin coating [26], nanoimprint lithography [27], 

colloidal lithography [28], electron beam lithography [35], and inductively coupled plasma reactive-ion 

etching (ICP-RIE). The different techniques used, the optimized structural parameters found and the 

performance obtained are summarized in Table 2. 

Table 2: Techniques, parameters and performance of nanopillar structures on a silicon wafer. 

Techniques [References] Parameters Performance 

Self-assembly of polystyrene sphere 

and RIE [25] 

height = 260 nm 

aspect ratio = 0.9 

R < 8% for 600 ≤ λ ≤ 1300 nm 

spin-coating and RIE [26] height = 2200 nm 

period = 380 nm  

R < 2.5% for 350 ≤ λ ≤ 1650 nm 

Nanoimprint lithography (NIL) and 

deep RIE (DRIE) [27] 

diameter < 40 nm  

height = 1.5 μm  

Wide-area fabrication of high aspect 

ratio silicon pillar arrays with straight 

sidewalls 

Colloidal lithography (or anodic 

aluminum oxide) and metal-assisted 

chemical etching [28] 

period = 100 nm 

diameter = 60 nm 

Average specular R of 0.7% for 200 ≤ λ 

≤ 1900 nm and for θ up to 70° (s- and 

p-polarized light)  

Cryogenic inductively coupled 

plasma reactive-ion etching [25]. 

height ∼ 800 nm 

width = 200 nm 

bottom diameter 

∼200 nm 

20 nm of Al2O3 film 

(passivation) 

R < 1% for 300 ≤ λ ≤ 1 000 nm; 

Efficiency of 22.1%; 

Potential increase of 3% in daily 

energy production 

Electron beam lithography and RIE 

[35] 

 

width = 140 nm 

thickness = 110 nm 

spacing = 100 nm 

average R < 5% in the visible spectrum 

for both polarizations for 0° ≤ θ ≤ 40° 

JSC = short-circuit current density; R = reflectance; λ = wavelength; θ = incident angle. 

Strongly reduced reflection and enhanced light trapping can be achieved in thin (<100 μm) crystalline 

silicon solar cells covered with nanopillar arrays on top of interference coatings. Optimized Si 

nanocylinders (diameter = 250 nm, height = 150 nm and pitch = 450 nm) on a standard Si3N4 coating 

(thickness = 60 nm) resulted in an average reflectance of 1.3% in the 450 – 900 nm spectral range 

and for angles of incidence up to 60°. This reduced reflection resulted from the coupling of Mie modes 

to the substrate, leading to strong preferential forward scattering due to the high-mode density in the 

high-index Si substrate [32]. It was shown that an efficiency as high as 21.5% can be achieved for a 

20-μm-thick cell using this combination. This represent a significant improvement compared with the 

efficiency found for planar c-Si cell with a standard Si3N4 antireflection coating of the same thickness 

(17.5%) [38]. 

         II.3. Silicon nanocones 

Compared with many other structures, nanocones are considered as the more optimal ones for 

antireflection and light trapping due to their relatively small tips that provide a smoother transition of 

their refractive index from air to the substrate [39–47]. Investigations of the effects of structural 

parameters on the optical characteristics of crystalline Si thin films with the surface decorated by Si 

nanocone arrays showed that the base diameter should be equal to the array periodicity for efficient 

solar energy harvesting, and an optimized light absorption can be realized when the nanocone height 
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reaches ∼400 nm. It was also shown that an ultimate efficiency of ∼31.5% can be achieved when the 

periodicity is ∼600 nm for a 800 nm-thick Si film with a 400 nm-high nanocone array. Moreover, this 

ultimate efficiency can be further increased to some extent due to the enhanced light absorption in the 

low energy region by appropriately increasing the Si film thickness [48]. Nanocone arrays (dtop = 200 

nm, dbot = 600 nm, period = 600 nm, height 50 – 10 000 nm) were found to have significantly 

improved solar absorption and ultimate efficiency (about 22% higher) over nanowire arrays. Detailed 

simulations revealed that nanocones have superior absorption due to reduced reflection from their 

smaller tip and reduced transmission from their larger base. The enhanced ultimate efficiency of 

silicon nanocone arrays was found to be insensitive to tip diameter [49]. It was found that when the 

aspect ratio of the nanocones is less than two, both excellent antireflection and light scattering are 

obtained. The light trapping effect that increases the optical path length becomes more prominent, 

especially when the substrate becomes thinner [50]. 

Like silicon nanopillars, silicon nanocones can also be fabricated by various techniques. The different 

techniques used, the optimized structural parameters found and the performance obtained are 

summarized in Table 3. 

Table 3: Techniques, parameters and performance of nanocone structures on silicon wafer. 

Techniques Parameters Performance 

Nanosphere lithography and 

RIE [39] 

corrugated Si nanocones  

- height ~ 590 nm 

- diameters: bottom ~ 560 nm;  

top (tip) ~ 80 nm;  

- aspect ratio ~ 1.0 

R < 0.7% for 400 ≤ λ ≤ 1050 

nm. 

R < 0.5% for θ up to 70° at 

632.8 nm for both s- and p-

polarized light. 

Colloidal nanosphere 

lithography and single-step 

deep RIE [40] 

- polystyrene nanoislands: 

thickness 50 – 100 nm  

- Si nano-conical frustum: dbase ~ 

200 nm; dtop = 190 nm; height = 

320 nm; lattice constant=360 nm 

Average R of 3.8% for 300 ≤ λ ≤ 

400 nm (vs 9.2% for sharp-

tipped nanocone structures)  

e-beam lithography and DRIE 

[51] 

inverted nanocones:  

- radius ~50 nm; 

- lattice constant 300 – 400 nm 

Three to four-fold reduction in  

reflection 

Langmuir−Blodgett assembly 

and RIE [51] 

double-sided grating: 

- top: period=500 nm; base radius 
= 250 nm; height = 710 nm 

- bottom: period = 1000 nm; base 
radius=475 nm; height=330 nm 

JSC of 34.6 mA/cm2 at an 

equivalent thickness of 2 μm 

Colloidal lithography 

(Langmuir–Blodgett method) 

and RIE [43] 

diameter = 200 nm EQE > 80% for 400 ≤ λ ≤  800 

nm in a sub-10-μm-thick; 

PCE = 13.7%  

Two-step dry etching process 

(RIE and DRIE [46] 

 Low R ~ 0.5% for 300 ≤ λ ≤ 

1500 nm  

inductively coupled plasma-

reactive ion etching (ICP-RIE) 

[47]  

 

height = 230 nm 

spacing = 52 nm 

Average R < 1% at θ = 45° for 

400 ≤ λ ≤ 1000 nm  

Average  R < 4% for θ < 60°;  

Improvement of the JSC (from 22 

to 33 mA/cm2) and the PCE 

(from 8.7 to 13.1%) by 50% 

JSC = short-circuit current density; R = reflectance; λ = wavelength; θ = incident angle; EQE= 

external quantum efficiency; PCE = power conversion efficiency. 
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         II.4. Silicon nanoparaboloids 

Paraboloid-shaped nanostructures have been found to be superior to pillar-shaped and cone-shape 

nanostructures, minimizing the reflectivity for a much broader spectral range, due to a linear change 

of the effective refractive index from air to the substrate [53]. K. Shinotsuka et al. numerically 

simulated both convex and concave paraboloids and found that the surface reflectivity is drastically 

decreased when a step is introduced in the taper. The optimization of the step position (at 100 nm 

height for convex and 150 nm height for concave) and depth (7 nm for convex and 6 nm for concave) 

provided average reflectances of 0.098% (0.1939 % without step) for convex protrusions and 0.040% 

(0.2021% without step) for concave protrusions, respectively, in the visible range (380 – 780 nm) at 

various incident angles. 

A stepped concave paraboloid, fabricated on the whole surface of a 6 in. Si wafer (sufficient size for 

industrial utilization) by dry etching exhibited a measured reflectance of 0.077% on average in the 

visible range [54]. 

This mini-review shows that the design and optimization of silicon nanostructures with different 

shapes produce different results, mainly expressed in terms of reflection minimization and short-circuit 

current maximization. The next section deals with the simulation and optimization of the most relevant 

silicon nanostructures for solar cells.   

III. Simulation and optimization of silicon nanostructures 

In this work, the transfer matrix method [55] is used to calculate the front reflectance from a 

nanostructured silicon surface. The optical constants needed for this calculation are taken from [56] 

for crystalline silicon. The structures under consideration are shown in figure 1. They consist of arrays 

of periodic pillars (a), cones (b), truncated cones (c), and parabolas (d) designed on crystalline silicon 

substrate. For each structure, the geometrical parameters to optimize are principally the diameter, the 

height and the period. 

 

 

Figure 1: Schematic representations of nanostructures: (a) pillars, (b) cones, (c) 

truncated cones, and (d) parabolas. 

  

To model the structures, each of them is considered as forming a composite layer consisting of silicon 

and air (the refractive of air index is taken nair ≈ 1) with a thickness equal to the height of the silicon 

nanostructure. Therefore, the effective refractive of the layer index is calculated in the framework of 

the effective medium approximation. Finally, the complex reflection coefficient, r, of the layer is 

calculated from the elements of the transfer matrix and the reflectance, R, is obtained as │r│2. 
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To evaluate the performance of these AR structures, the weighted reflectance of the solar radiation 

(Rw) and the short-circuit current density (Jsc) that can be expected, are calculated using the following 

equations:  
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   is the incident photon flux where I() represents the solar radiation; 

IQE() is the internal quantum efficiency of the solar cells, R() refers to the reflectance given by the 

AR structure, A() is the absorption in the silicon active layer, q and  are the elementary charge and 

the incident wavelength, respectively. The main objective of the optimization is to reduce the weighted 

reflectance (Rw) and to maximize the short circuit current density over the widest wavelength range, 

incident angles and for the two types (s and p) of light polarization. 

Figures 2.a and 2.b show the variations of the average reflectance and the short-circuit current 

density, respectively, as function of the base diameter of the pillar, truncated cone and cone-shaped 

structures. As can be seen, low reflectance values and high short-circuit current densities are 

obtained with a base diameter around 100 nm. 

 

Figure 2: (a) Average reflectance and (b) short-circuit current density as a function 

of the structure base diameter. 

 

For the parabola-shaped structure, the semi-major and semi-minor axis are two important parameters. 

The influence of these two parameters on the reflectance is depicted in Figure 3. As can be seen, the 

optimal values for the semi-major and the semi-minor axis are around 35 nm and 25 nm, respectively. 

It is known that very small and very large structures give a dense an airy structure, respectively. Thus, 

short and long wavelengths will not be well trapped. 
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Figure 3: Average reflectance as a function of the ellipse parameters of the 

parabola-shaped structure. 

The period of the nanostructures plays an important role in the reduction of the reflectance. 

Practically, the period of the nanostructures can be determined by adjusting the diameter of the 

nanomask used during the fabrication. Therefore, it is necessary to optimize the period before the 

fabrication step. Figures 4.a and 4.b show the variation of the average reflectance and the short-

circuit current density, respectively, as function of the period. As can be seen, the optimal periods of 

the pillar, truncated cone, cone and parabola-shaped structures are around 750 nm, 500 nm, 400 nm 

and 350 nm, respectively. As could be expected, the optimal period depends on the structure shape. A 

small period is adequate for nanocone and nanoparabloid shapes because their peaks are sharp. 

With these optimal periods, the AR structures act as an effective medium for the longer wavelengths, 

as a photonic crystal for wavelengths comparable to the period and as a grating diffraction for the 

smaller wavelengths.  

 

Figure 4: (a) Average reflectance and (b) short-circuit current density as a function 

of the period of nanostructures. 

 

The height is another important parameters for antireflective nanostructures. Figure 5 shows that by 

increasing the height of the nanostructures, the reflectance decreases abruptly at first, then increase 

slightly and decrease at last. In fact, the long structures make it possible to obtain multiple rebounds 

of the incident light inside the antireflective structure and therefore to increase the probability of light 
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transmission. Since the height of nanostructures increase with the etching time, long nanostructures 

lead to a high production cost. Therefore, a trade-off is to be found between the more performing long 

nanostructures and the high production cost.   

 

Figure 5: Average reflectance as a function of the height of the nanostructures. 

 

Figure 6.a compares the reflectance of the four types of antireflective structures optimized in this 

study. The performance of a quarter-wavelength SiNx layer is also shown as reference. It can be seen 

that the antireflective structures perform better than the planar SiNx over the wavelength range 300-

1100nm.  Particularly, the conical and parabolic shapes give the best antireflective performance. This 

might be due to a better graded refractive index (GRIN). Indeed, a best GRIN is obtained when the 

volume fraction (f) is nearly one at the bottom of the nanostructures and zero at the top of them.      

 

Figure 6: (a) Reflectance as function of the wavelength for the AR nanostructures 

and a SiNx layer used as reference; (b) Dependence of the reflection on the 

incident angles. 

 

The performances of the AR structures studied in this work are summarized in Table 3. These 

performances are obtained under normal incidence and in the wavelength range 300-1100 nm. 
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Table 4: Summary of the performance of the antireflective structures 

AR structures Rw [%] Jsc [mA/cm²] 

Pillars 3.0792 41.1799 

Cones 2.7507 41.3114 

Truncated cones               2.0067                  41.6274 

Parabolas 1.2222 41.9607 

 

The effect of incident angle on the antireflective performances given by these AR structures is also 

considered. Figure 6.b shows that the reflectance is only sensitive to angles greater than 60°. The 

conical and parabolic shape give the best antireflective performances. But, in practice, a conical 

nanostructure is easier to fabricate than a parabolic one. As their antireflective performances are 

almost the same, the conical nanostructure can be considered as the optimal shape. The fabrication 

of this structure is described in the next section. 

 

IV. Fabrication of silicon nanocones by MACE method 

Dry etching with nanoscale mask patterns is the commonly used method to fabricate subwavelength-

scale silicon nanostructures [57]. However, this method is complex, expensive, and unsuitable for 

mass production. Metal assisted chemical etching (MACE), based on the strong catalytic activity of 

metal in an aqueous solution, is an alternative to produce silicon nanostructures for electronic and 

optoelectronic devices. It is a simple, fast, cost-effective, and high throughput method for fabricating 

various silicon nanostructures without any sophisticated equipment.  

In this work, silicon nanocones (SNCs) were fabricated via silicon nanowires (SNWs). Silicon samples 

were first cleaned using acetone, ethanol and deionized water in the ultrasonic bath during 15 

minutes. After this cleaning, the samples were immersed in a piranha solution (H2SO4/H2O2) during 10 

minutes to eliminate any organic trace. The last steps of the cleaning process were the removing of 

the native oxide (SiO2) using diluted HF solution and the rinse of the samples with deionized water.  

After cleaning, the samples were immersed in the HF/AgNO3 (4.8M/0.02M) solution during 5 minutes. 

This solution allows to deposit Ag nanoparticles on the silicon surface. Then, the samples were 

directly immersed in HF/H2O2 (4.8M/1.176.10-3M) mixture. In order to remove the Ag waste, a diluted 

HNO3 solution was used. Finally, vertical SNWs were obtained on the crystalline silicon substrate. A 

SEM image of the sample is shown in Figure 7.  
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Figure 7: SEM image of silicon nanowires fabricated by MACE method on a c-Si substrate. 

Once the SNWs were obtained, they were treated with a mixture of HF/AgNO3/H2O2 in order to 

fabricate SNCs. Indeed, this mixture has a dual function: it leads to the selective deposition of Ag 

clusters at the SNW tips and at the same time performs the etching of the silicon surface. The Ag 

cluster deposition and removal processes were then repeated several times under well-controlled 

chemical conditions in order to yield silicon nanowires with different morphology, focusing on the 

ultimate goal to produce silicon nanocones. Finally, a HNO3 solution was used to remove the residual 

silver. 

Reflectance spectra from the fabricated silicon nanocones were measured using a UV-VIS-NIR 

spectrophotometer and the results were compared with the calculated one. It can be seen in Figure 8 

that the experimental results confirm the theoretical ones. However, the measured reflectance is 

slightly higher than the calculated one because a metallic grid was deposited on the SNCs arrays as 

surface contact. 



B. Dieng, M. Beye, M. Toure, D. Diouf , D. Kobor, A. S. Maiga, Design and optimization of silicon nanostructures 

 

OAJ Materials and Devices, Vol 4 #1, 0129 (2019) – DOI: 10.23647/ca.md20190129 

p12 

 

Figure 8: Reflectance spectra from fabricated SNCs: calculated (blue) and 

measured (red). 

 

 

IV. Conclusion 

We have reviewed recent advances in various silicon nanostructures used for 

antireflection and light trapping in crystalline silicon solar cells, such as 

nanopyramids, nanopillars, nanocones, and nanoparaboloids, with particular 

focus on the fabrication techniques, the structural parameters and the 

resulting performance. Using the transfer matrix method, we have simulated 

and optimized three silicon nanostructure shapes and found that nanocones 

and nanoparaboloids outperform nanopillars. They exhibit nearly the same 

antireflective performance, reducing the average reflectance of the crystalline 

silicon surface below 2% in the wavelength range 300-1100 nm and under 

normal incidence. Our simulation and optimization results showed that with 

these two silicon nanostructure shapes short-circuit current densities of 41.62 

and 41.96 mA/cm² can be expected, respectively. Therefore, this is a 

confirmation of the great potential of these nanostructures to enhance the 

power conversion efficiency of crystalline silicon solar cells. We have 

fabricated a conical AR nanostructure by MACE method and measured its 

average reflectance. We have noticed a small deviation in the average 

reflectance between the measured (2.96%) and the calculated one (1.98%).     
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