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ABSTRACT Hierarchical silicon structures consisting of micropyramids and nanowire arrays are fabricated 

by two-step chemical etching processes aimed at achieving cost and time effectiveness constraints without 

using any expensive vacuum system or complicated lithography process. The hierarchical structures can 

suppress the average reflectance to as low as 4.3% from 300 to 1100 nm without causing poor minority 

carrier lifetimes, exhibiting excellent broadband light-harvesting abilities with minimal recombination 

losses, which is the key point to design high performance nanostructured solar cells. By utilizing 

hierarchical structures in practical solar cells application, the short-circuit current density (JSC) shows a 

significant enhancement from 21.5 to 28.7 mA/cm2, and the conversion efficiency is enhanced by a factor 

of 35%. Such a significant enhancement is attributed not only to the superior light harvesting achieved by 

hierarchical structures but also to the benefit of small electrical losses in the solar cells. Thus, the concept 

and technique presented in this study open avenues for developing high-performance structure solar 

devices. 

 

INDEX TERMS: Hierarchical structures, Micropyramids, Light-harvesting, Power conversion efficiency, 

Surface recombination.

I. INTRODUCTION 

Solar power has been esteemed to be an inexhaustible, 

renewable, and environmentally-friendly energy. In order to 

make a transition from non-renewable fossil fuels towards 

renewable solar energy sources, significant advances in 

energy conversion technologies are urgently needed. Many 

kinds of photovoltaics have been developed to efficiently 

convert solar energy into electricity such as crystalline Si 

solar cells, thin-film solar cells, Ⅲ-Ⅴ solar cells, dye-

sensitized solar cells, and organic solar cells [1-4]. No 

matter what kinds of photovoltaics, the success of high-

performance solar devices arguably rests on two factors: 

photon absorption and photocarrier extraction [5-9]. 
Surface texturing plays a critical role in enhancing the 

photon absorption in Si solar cells due to the high optical 

losses causing from light reflection from the high-

refractive-index Si surface. The typical light-harvesting 

texture in Si photovoltaic market is micropyramidal 

structures [10]. However, there is still up to 20% reflection 

loss over the broadband wavelengths and angles of incident 

by using micropyramidal structures, which severely limits 

the photovoltaic performance [11]. Subwavelength 

structures have been considered as a promising alternative 

candidate to eliminate the reflection over broadband 

wavelength regions [12-15]. Their light-harvesting 

properties have been extensively studied by optimizing the 

morphologies of nanostructures [12,15,16]. In addition, 

since the feature sizes of nanostructures are in the same 

range as the diffusion length of minority photocarriers, 

structural designs such as a radial junction can minimize the 

carrier recombination due to short transport distances and 

then facilitate photocarrier collection, resulting in increased 

short-circuit current density (JSC) and open-circuit voltage 

(VOC) [17].  

Such tremendous benefits offered by nanostructures 

should be directly expressed as a significant increase in 

photocurrent, and then the overall performance of solar 

devices. However, it is found that the nanostructure with 

better light-harvesting abilities does not always bring an 

enhancement of the solar energy conversion efficiency, but 

usually comes with more serious electrical losses in solar 

devices due to an enlarged surface area (e.g., long 

nanowires (NWs)). Incorporation of high aspect-ratio 

nanostructures into solar cells leads to an excessive 

junction, high surface recombination, and unconformal 
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deposition of the antireflective (AR) layers, passivation 

layers, or metal electrodes over the surfaces of 

nanostructures. The gain in solar energy conversion 

efficiency via improved light harvesting is counterbalanced 

by poor electrical properties of solar devices, yielding an 

unsatisfactory performance of solar cells [18,19]. 

Consequently, there are challenges toward finding a 

balance between light harvesting and charge recombination. 

Since the incorporation of nanostructures causes an 

unavoidable increase in surface area, designing the 

structures with superior light-harvesting properties with 

minimal recombination loss plays an important role to 

achieve high performance of nanostructured solar cells. The 

hierarchical architectures that combine materials of 

different classes, electrical/optical properties and scales 

provide synergistic and tailorable performance in light 

harvesting [20-22]. Note that they demonstrate superior AR 

abilities than that consist of purely high-aspect ratio 

nanostructures, realizing great light-harvesting properties 

with minimal surfaces (i.e., surface recombination) [8]. 

Here, we proposed a controllable hierarchical structure 

consisting of micropyramids and NWs by mask-free 

chemical etching processes. Combining metal-assisted 

chemical etching with alkaline anisotropic chemical 

etching, large-area hierarchical structures can be obtained 

by cost- and time-effective manufacturing technology 

without using any expensive vacuum system or complicated 

lithography processes. 

In this study, different morphologies of the Si 

hierarchical structures were demonstrated. To 

simultaneously probe both optical and electrical properties 

of hierarchical structures, experimental and simulated AR 

properties and minority carrier lifetimes of Si with different 

surfaces are thoroughly studied. The hierarchical structures 

with 1.5 μm NWs exhibit the average total reflectance 

(Rtotal) as low as 4.3% from 300 to 1100 nm (as compared to 

polished Si (38.5%) and micropyramidal structures 

(20.6%)). Moreover, the light-scattering behavior increases 

with the incorporation of NWs on micropyramids, 

contributing to an increase in light-matter interactions and 

effective optical thickness. The carrier lifetimes of 

hierarchical structures exhibit the similar values compared 

with those of micropyramidal structures and planar Si, 

indicating our hierarchical structures have the ability to 

increase photon absorption without compromising 

photocarrier extraction. To verify their optoelectrical 

properties into practice, Si homojunction solar cells are 

fabricated on cost-effective CZ p-type Si wafers with 

different surfaces. Compared to the solar cells with a planar 

surface, the JSC increases from 21.58 to 28.70 mA/cm2 by 

utilizing the Si hierarchical structures with only 0.5 μm 

NWs, exhibiting the excellent light trapping and sufficient 

carrier collection efficiency. The solar cell with optimized 

hierarchical structure exhibits the efficiency of 10.47% 

without any passivation or AR layers. Such hierarchical 

structures achieve effective light harvesting and carrier 

collection, offering an attractive solution for next-

generation solar devices. 

II. EXPERIMENTAL SECTION 

In this work, the fabrication of solar cells follows 

standard procedures. Single crystalline p-type Si (001) 

wafers with ρ=5-10 Ω-cm were cleaned in acetone, 

followed by an HF dip to remove the native oxide from the 

surfaces. The cleaned substrates were etched by a 

potassium hydroxide solution (KOH: IPA: H2O = 1:1:17) 

at 85°C for 20 min for micropyramid-textured etching. 

Subsequently, the textured substrates were immersed into 

an aqueous HF and AgNO3 mixture solution and treated at 

room temperature. The concentrations of HF and AgNO3 

were 4.6 M and 30 mM, respectively. Various length of Si 

NWAs on the micropyramid-textured substrates was 

obtained by different etching times varying from 5 to 30 

min. For device fabrication, the source of phosphorus 

doping using P2O5 solution at p-type substrate was formed 

as an n-emitter layer. The P2O5 solution was spin-coated on 

the samples and then annealed at 950°C for 20 min at 

atmosphere. After removal of the surface thermal oxides 

generated from the annealing process by HF, the front grid 

electrode (Ti/Ag) and the back electrode (Al) were 

deposited by e-gun evaporation. Other solar cells with 

different surfaces of polished and micropyramid-textured 

were fabricated under the identical condition for 

comparison. Morphological studies of the micropyramid-

textured and hierarchical structures with NWAs were 

performed with JEOL JSM-6500 field emission SEM. The 

reflectance measurements were carried out by a standard 

UV-vis spectrometer (JASCO ARN-733) with an 

integrating sphere. The reflected light was collected by the 

integrating sphere during the measurement of Rtotal. For the 

specular reflection spectra, the coherent reflection of a 

collimated incident light beam was determined by 

collecting the specularly reflected cone of light within an 

acceptance angle of 5º. 

The photovoltaic J–V characteristics measurement was 

carried out with a Keithley 2400 source meter under the 

illumination of AM 1.5G solar simulator (100 mW/cm2). 

The effective lifetime after chemical passivation by an 

iodine ethanol (I/E) solution of wafers was investigated by 

QSSPC method. The external quantum efficiency (EQE) 

was measured by coupling the Halogen lamp to a 

monochromator. The theoretical calculations based on 

FDTD were employed for the simulation of the |Ez| 

distribution of the different Si structures. The Raman 

spectroscopy was obtained by a micro-Raman Jobin Yvon 

T64000 system equipped with a coherent VerdiV10 532 nm 

laser as the excitation source, and the signals were detected 

with the back illuminated UV enhanced CCD detector. 

 

 

 



2169-3536 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2018.2885169, IEEE Access

 

VOLUME XX, 2017 9 

III. RESULTS AND DISCUSSION 

Fig. 1a-1c illustrate the flowchart of the process 

schematic of the Si hierarchical structure fabrication. First, 

the Si micropyramids were fabricated on p-type 

monocrystalline (100) Si substrates via an anisotropic 

etching process using a solution of KOH and IPA at 85 °C. 

After 20 min treatment, micropyramids were formed with a 

width of 5-8 μm on the surfaces of Si substrates. 

Subsequently, hierarchical NWs were constructed from the 

surface of the micropyramids by means of a silver-assisted 

chemical etching process in a solution of HF and AgNO3 at 

room temperature followed by the removal of Ag by HNO3. 

Fig. 1d-1g are scanning electron microscopy (SEM) images 

of the Si hierarchical structures with different silver-

assisted chemical etching durations of 5, 10, 20, and 30 

min, respectively. The morphologies of hierarchical 

structures are determined by the duration of silver-assisted 

chemical etching. Briefly, in the first 5 min, the surface of 

micropyramids becomes rough and porous. With the longer 

etching time, the etched pits form NW arrays (NWAs), and 

the lengths of NWs from 0.5 to 1.5 µm correspond to the 

etching time of 10, 20, and 30 min. The linear dependence 

of the length of NWs and etching time indicates the etching 

rate is constant [23]. The NWAs are vertical on the facet of 

the micropyramids, revealing that the silver-assisted 

electroless chemical etching process is performed by 

selectively etching along the direction perpendicular to each 

face of the tetrahedron [24]. By using the two-step chemical 

etching, the hierarchical structures uniformly distributed on 

the entire wafer surface, demonstrating the feasibility of 

wafer-scale processing in solar cell applications. 

 

 

 
Fig. 1: (a)-(c) illustrate the flowchart of the experimental process 

for fabricating Si hierarchical NWAs/micropyramid structure. The 

45°-tilted SEM images of Si NWAs/micropyramid structures with 

various lengths of Si NWAs which fabricated with the etching 

time of (d) 5 min, (e) 10 min, (f) 20 min, and (g) 30 min. 

 

To investigate the light-harvesting ability of 

hierarchical structures, the wavelength-dependent total 

reflectance Rtotal, specular reflectance (Rspec), diffuse 

reflectance (Rdiff), and haze ratio of different Si surfaces: 

planar surfaces, micropyramidal surfaces, and hierarchical 

surfaces with different lengths of NWs were measured over 

a spectrum ranging from 300 to 1100 nm (Fig. 2 and Fig. 

S1 in the Supporting Information). The Rtotal of the surface 

with hierarchical structures shows a significant reduction as 

compared with that of the planar and micropyramidal 

surface over broadband ranges. Once the hierarchical 

structures are introduced, the average Rtotal reduced from 

38.5% to 8.2%, 7.6% and 4.3% for the hierarchical 

structures with 0.5, 1.0, and 1.5 µm NWs, which is also 

much lower than that of the traditional micropyramidal 

surface (20.6%), exhibiting the superior AR abilities of 

hierarchical structures. The light-harvesting ability of 

hierarchical structures was also investigated by Raman 

measurement (Fig. S2 in Supporting Information).  

The significant elimination in reflectance for the   

hierarchical structures can be explained by several effects. 

First, the subwavelength features of the NWAs on the 

micropyramidal surfaces behave like an effective medium 

with an effective refractive index (neff) gradually decreasing 

from Si substrates to the air. Incident light strikes on the 

subwavelength structures as if it comes across a thin AR 

layer with an intermediate neff between refractive index 

indices of air and Si, increasing the amount of light entering 

the structures. Hierarchical structures with long NWs 

provide a smoother neff transition from air to Si 

micropyramids compared with that with short NWs, aiding 

more incident photon entering to the substrates, which 

lowers reflectance losses and therefore enhances 

absorptance [7,12,25]. Second, when incident light 

encounters the micropyramids, these microscaled structures 

lead to effective multiple scattering, increasing the 

probability of light absorption and prolonging the optical 

path in the solar devices. The scattering behavior can be 

determined by haze ratio (Fig. 2b). Since light rays scatter 

in many different directions, optical scattering can be 

separated into the specular part and diffuse part. The haze 

ratio is defined as the ratio of diffuse reflection to total 

reflection to evaluate the light scattering properties of 

textured surfaces [26]. It is noted that the after NWs formed 

on micropyramids, the light scattering behavior of the 

micropyramidal surface can be further enhanced (i.e., 

increased haze ratio in Fig. 2b), which is beneficial to light 

absorption within solar devices. Since the haze ratio is 

exponentially increased with the roughness, the enhanced 

light scattering might be attributed to an increased surface 

roughness for hierarchical structures [27,28].  
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Fig. 2: (a) Total reflectance and (b) haze ratio of planar Si, 

micropyramid-textured Si, and Si NWAs/micropyramid binary 

structure with various lengths of Si NWAs. 

 

   
Fig. 3: Time-averaged and normalized TE electric field 

distribution, |Ez|, simulated by FDTD analysis. (a)-(c) is simulated 

with the incident wavelength of 500 nm on the structures: (a) the 

polished surface, (b) the micropyramid-textured surface, and (c) 

the 0.5 μm Si NWAs on micropyramid-textured surface. (d) and 

(e) present the normalized optical power: (d) detected at 0.5 μm 

above excitation source, and (e) detected at 1 μm below the 

surface of Si, as a function of time. The insets in (a)-(c) are the 

enlarged images at the top Si surface. 

 

To gain insight into the light propagation across 

different surfaces, we simulated light propagation with the 

selected wavelength of 500 nm using FDTD analysis. Fig. 

3a-3c show the time-averaged TE-polarized electric field 

intensity (|Ez|) distributions of a planar surface, a 

micropyramidal surface, and a surface with hierarchical 

structures with 0.5 μm NWAs, and the insets show the high 

magnification images in the interface region of air and Si to 

highlight the light-trapping effect. The absorption behavior 

can be described in terms of the field distribution inside 

NWAs and micropyramids. As compared with the results of 

Si with planar and micropyramidal surfaces, the field 

intensities of hierarchical structures have a great 

enhancement within the NWs and the micropyramids (as 

shown using arrow mark). To further investigate the AR 

ability and the absorption over the p-n junction, where the 

photocarriers can be efficiently separated, the optical 

powers detected at 0.5 μm above the excitation source (i.e., 

reflection) and at 1 μm below the surfaces (i.e., absorption) 

were performed in Fig. 3d and 3e. The steady-state power 

values of reflection for the three structures are 0.39 (polish), 

0.21 (micropyramids), and 0.10 (hierarchical structures), 

which agree with the experimental results of reflection 

measurement at 500 nm (Fig. 2a). The steady-state 

absorption values for the three structures are 0.20 (polish), 

0.34 (micropyramids), and 0.39 (hierarchical structures), 

demonstrating the number of the photons reaching the 

active region can be dramatically increased by introducing 

hierarchical structures. 

 
Fig. 4: Effective minority carrier lifetime of Si wafers with 

different surfaces 

In order to take the optical absorption and electrical 

carrier recombination into account simultaneously, the 

minority carrier lifetime measuring by the quasi-steady-

state photoconductance (QSSPC) technique is employed to 

evaluate the surface recombination after introducing those 

light-harvesting structures (Fig. 4). The lower minority 

carrier lifetimes of planar Si as compared with Si with 

micropyramidal surfaces might be attributed to the different 

ratio of (100) and (111) planes. The (100) plane exhibits 

two dangling bonds while the (111) plane has one, 

suggesting that the surface state density of (111) plane is 

lower than that of the (100) plane [29-32]. Pyramidal 

structures with a lot of (111) planes exposed due to the 

anisotropic etching nature exhibit the highest minority 

carrier lifetime. After NWs forming on the pyramidal 

surface, the minority carrier lifetime starts to decrease due 

to the increased surface area, increasing the surface 

recombination. To further increase the length of NWs, the 

carrier lifetime drops more and is below the value of planar 
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Si. Therefore, the most important thing in designing high 

efficiency textured solar devices is to find the balance 

between the optical gains and electrical losses caused by 

those light-harvesting structures. We then verified how the 

different structures influence the optoelectronic 

characteristics of solar devices. The J-V characteristics of 

solar cells with different structures were measured under 

the illumination of AM 1.5G solar simulator at room 

temperature as shown in Fig. 5a and 5b. It’s clear to see a 

significant enhancement of JSC from 21.5 (planar surface) to 

28.7 mA/cm2 (hierarchical structure with only 0.5 μm 

NWs) without any passivation and AR coatings. The 

enhancement of absorption caused from the great light 

harvesting of hierarchical structures contributes to the 

enhancement of the photocurrent, then resulting in a 35% 

enhancement in the efficiency of solar cells (from 7.75% to 

10.47%). 

 

 

 
Fig. 5: (a & b) J-V characteristics of the solar cell with different 

morphological features and (c) EQE of different solar cell devices. 

 

Although the hierarchical structures with longer NWs 

exhibit better AR abilities, the JSC shows an opposite trend 

to their AR abilities, indicating the improved optical 

performance is counterbalanced by the expense of electrical 

properties for high aspect-ratio structures. The poor carrier 

collection of structures with long NWs counteracts the gain 

of JSC coming from increased light absorption. Moreover, 

the decreases in JSC and fill factor with increased length of 

NWs can also be ascribed to nonconformal deposition of 

the metal electrodes over a relatively high aspect ratio of 

the long NWAs.  

In addition, the Voc of the cells with different 

hierarchical architexure shows almost invariant with no 

significant decrease as compared with planar device, 

indicating that no serious Voc loss is observed owing to the 

ameliorating effect of concurrently improved electrical and 

optical characteristics; making it possible to achieve high-

performance solar cell devices. Therefore, the optimized 

structure for solar cells is the hierarchical structure with 

short NWs, which presents excellent light-harvesting 

abilities with minimal recombination losses. 

In order to gain an insight into the JSC improvement 

with wavelengths, the EQE spectra are measured from 350 

to 1100 nm, as shown in Fig. 5c. As compared to the 

polished and micropyramid-textured Si, the hierarchical 

structured solar cell exhibits significant EQE enhancement 

in the broadband region of wavelengths. The EQEs of 

hierarchical structures decrease with the increasing length 

of the NWs, especially in the short-wavelength regions. 

Owing to the shallow corresponding absorption depths in 

short-wavelength regions, which is in the vicinity of the 

surface defects created by the metal-assisted chemical 

etching, the degeneration of EQE is more obvious [33]. The 

high recombination rate associated with samples with 

longer NWAs deteriorates the efficiency accordingly [34].  

 
IV. CONCLUSION 

In summary, the wafer-scale Si hierarchical structures 

are fabricated by cost- and time-effective two-step chemical 

etching processes. A significant improvement in light 

harvesting is investigated by experiments and simulations. 

The experimental average Rtotal can be as low as 4.7% over 

a broad spectrum from 300 to 1100 nm; the simulated 

absorption values within p-n junction can increase to almost 

2 times higher than the planar surface by introducing 

hierarchical structures. The superior light-harvesting 

performance of the Si hierarchical structures is attributed to 

the gradient refractive index effect of NWs combined with 

the light scattering effect of micropyramids. Their excellent 

light harvesting contributes to a significant enhancement in 

JSC from 21.5 to 28.7 mA/cm2, and the conversion 

efficiency is enhanced by a factor of 35%. Such a 

significant enhancement is attributed to not only the 

superior light harvesting by hierarchical structures but also 

negligible electrical losses in solar cells. The achievement 

of hierarchical structured solar cells demonstrated here 
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makes the hierarchy concept highly attractive for scalable 

and high-performance solar cells. 
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