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Abstract

Thanks to the silicon abundance, stability, non-toxicity and well known electronic prop-
erties, Si based solar cells have represented the leading actors in the photovoltaic market 
and future projections confirm this predominance. However, half of the module cost is 
due to the material consumption and processing. In order to decrease the costs, a cut in 
the Si consumption must be operated, with consequent decrement in the optical absorp-
tion, generated current and device efficiency. To keep the performance level, a proper Si 
surface design with the objective to trap the light, has been developed. One of the most 
popular approaches is to use silicon nanowires embedded in the solar cell emitter where 
they play the role of optically and electrically active layer, thanks to their excellent opti-
cal absorption properties. However, also another material has been the terminus of the 
light-trapping materials, the silicon nanoholes. Their mechanical robustness is superior, 
making their integration inside the cell easier and cost-effective. The review will bring 
about all of the most common methods to fabricate these two types of nanostructures 
when used for solar cells applications, their optical properties and some critical aspects 
related to their high surface to volume ratio which modify the recombination processes.

Keywords: silicon, nanowires, nanoholes, synthesis, solar cells

1. Introduction

Silicon nanowires (SiNWs) are very popular in the third-generation solar cells because of their 

outstanding electrooptical properties [1–4]. Once integrated within the cell active area, they: 
(i) increase the solar spectrum optical absorption, thanks to light-trapping mechanisms, thus 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



increasing the electron-hole generation and consequently, the device short circuit current 

[2, 5]; (ii) due to spatial confinement, improve the coupling with certain wavelengths [6, 7]; 

(iii) their radial symmetry allows for the formation of core-shell junctions, which decouple 

the light path from carrier path, improving independently the absorption and the electricity 

collection [8, 9]. Currently, another quasi-one-dimensional (1D) material is overlooking the 
panorama of the solar cells latest generation: nanoholes [10, 11]. These nanowire “mirror” 
structures offer all their advantages but are more robust and then easily integrable. The 
review aims to give an overview of all the synthesis methods and electrooptical properties 

of both structures, for the first time, presently proposed in the literature giving a space to the 
issues still open. The two complementary materials, SiNWs and silicon nanoholes (SiNHs), 
are first described in terms of the synthesis methods. As far as SiNWs are concerned, various 
techniques are present in the literature, mostly based on growth or etch, both assisted by 

metals. The vapor-liquid-solid (VLS) method [12, 13] is among the most popular methods 

to grow the nanowires (NWs). In this process, a liquid eutectic droplet is formed by a metal 
catalyst particle and the solid Si substrate brought at high temperature. A vapor Si precursor 
reacts with the liquid eutectic by dissociating the Si adatom, which then diffuses inside it to 
precipitate and form the 1D NWs. Many aspects dramatically controlling the NW morphol-
ogy like the precursor flow gas [14], the substrate type, and crystallographic orientation [8, 

12, 15]; the SiNWs growth direction [12] and substrate surface chemical conditions [16] will 

be reviewed and discussed. When SiNWs are deposited by using plasma enhanced chemi-
cal vapor deposition (CVD) systems, also the plasma power plays an important role in the 
formation of SiNWs [17]. The most common metal exploited as a catalyst is gold, thanks to 

its low eutectic temperature. A part of the literature recognizes the importance to remove the 
Au catalyst droplets, residual after the growth, because they create deep level traps in Si and 
increase carrier recombination [18, 19]. To avoid the electronic defects introduced by Au, also 
other catalysts will be discussed [20]. The review will also address the metal-assisted chemi-

cal etching (MAE), another very popular method to obtain SiNW arrays [6, 21–27]. MAE 
is based on a redox reaction in which a metal with a suitable reduction potential, e.g. Ag, 
catalyzes the Si oxidation through a highly oxidant agent, such as peroxide aqueous solu-

tion. The so-formed silicon oxide is thus removed by the etchant agent. Again the substrate 
properties such as the synthesis process conditions, the doping type, and concentration will 

be examined [22, 24]. Nanosphere lithography (NSL) is usually applied together with the 

MAE process to obtain the ordered SiNWs. It exploits the self-assembly of water-dispersed 
polystyrene (PS) nanoparticles onto a substrate, where they spontaneously arrange in a hex-

agonal pattern. A metal layer is then thermally evaporated, acting as a catalyst for successive 
MAE etch in the regions not protected by the PS particles, which leads to the formation of the 

nanostructures [26]. SiNWs are excellent platforms to build core-shell architectures, where 

the inner part of the 1D Si nanostructure is doped of one type, while the external shell is 
doped of the opposite type [8]. This geometry allows to separate the electrical carrier path, 
which proceeds along the NW radial direction, from the optical absorption, which takes 

place along the axial one. In this way, the carrier  collection distance is smaller or close to 
the minority carrier diffusion length. A few approaches presented in the literature propose 
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to add a layer of intrinsic Si between the inner and outer regions, forming a p-i-n coaxial 

junction [9], in order to increase the effect of the electric field of the depleted region during 
the charge separation process. Regarding the doping methods for the SiNWs, conventional 
routes, such as gas source-based techniques or ion implantation [18], will be described, as 

well as the new cost-effective approach called molecular monolayer doping (MD), consisting 
in immersing the Si to be doped inside a liquid solution with dopant chemical precursors 

[28]. The techniques of formation SiNHs will be then considered [10, 29]. Etching in this 
case is the only key process, typically assisted by metal nanoparticles or in a more standard 

approach through dry etch machines. The lithographic masks are used if ordered NHs are 
targeted. As for the NW formation, the metal-assisted etching is a very popular method 
to create NHs for its versatility and affordability. The size of the holes obtained is strictly 
related to the metal amount, substrate orientation, and etching duration [11, 21, 30]. The 

roughness left by the etching process is well recognized in the literature as an issue for 
the application of solar cells because of its impact on the carrier recombination, thus dif-

ferent surface passivation procedures are developed [11, 31]. UV lithography merged with 

the MAE etch is proposed in the literature as one of the most conventional strategies for the 
synthesis of an ordered nanoporous pattern [10]. As alternative strategies, many interest-
ing nonconventional lithographies proposed in the literature will be reviewed. Among the 
others, nanoimprinting lithography (NIL) is a high-throughput and low-cost technique and 
not limited by the effects of wave diffraction or scattering which instead occur in the pho-

tolithographic methods. For these reasons, this technique can be considered as a promising 
candidate for mass production [32, 33]. Block copolymer (BCP) lithography is another useful 
alternative, thanks to its simplicity, low cost, and suitability for the semiconductor industry 

[34]. The basic principle is the self-assembly of block-copolymers: when a BCP solution is 
spun onto a solid substrate, it can lead to the formation of a specific template over the whole 
sample area. The realized pattern can act as a soft mask for the successive pattern transfer 
to underlying substrates. A less known method to fabricate NHs will be also described, the 
focused ion beam (FIB) which lets to obtain diameters below few nm [33]. After the synthesis 
the SiNHs, optical properties [35–38] will be presented, highlighting for the first time the 
pros and cons of both structures.

2. Silicon nanowires

The VLS method is one of the predominant techniques to form SiNWs. In the VLS method, the 
Si precursor gas, typically silane, is introduced into a CVD or a physical vapor deposition 
chamber where liquid metal catalyst particles, forming an eutectic with the substrate, react 

with the Si precursor atoms. Inside the liquid metal droplet, the Si atoms undergo to super-

saturation and diffuse toward the crystalline Si growing interface. The nucleation of SiNWs 
depends on the deposition temperature and the partial pressure of the precursor gas. At low 
pressures, the chemical potential of the wire is higher than that of the vapor phase due to the 

high surface-to-volume ratio, and this prevents the wire nucleation in small eutectic droplets 

Silicon Quasi‐One‐Dimensional Nanostructures for Photovoltaic Applications
http://dx.doi.org/10.5772/67749

133



[39]. When the pressure increases, the steam chemical potential increases as well and the 
growth of small nanowires becomes possible [40, 41]. SiNWs grown by the VLS method can 

change dramatically their morphology by changing also the precursor gas flow [14]. SiNWs 
have been grown directly on a p-type <111> Si substrate. Gold catalysts were deposited by 
sputtering in Ar plasma. The size of Au nanoparticles was controlled by the sputtering condi-
tions and the thickness of Au film. After the metal deposition, SiNWs were grown using SiH

4
 

and N
2
 as a carrier gas and changing flow gas ratio (SiH

4
:N

2
) as in the following: 1:3.2, 1:6, and 

1:8. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) results showed that with 
the second dilution (1:6) the density obtained was the highest, the size of NWs more uniform 
and the crystalline structure more pronounced than in the other cases. With respect to thermal 
CVD, plasma-enhanced CVD systems present the advantage to decompose the precursor gas 
by using the plasma energy instead of the high temperature. Moreover, in an inductively cou-

pled plasma (ICP) CVD reactor, the high plasma density and the absence of acceleration of 
ions toward the substrate grant the absence of structural substrate damage. In reference [17], 

different plasma power values between 0 and 1000 W were explored to study its role on the Si 
NWs growth. Morphological results showed that three growth regimes can be identified: a 
low plasma region from 0 to 60 W, where only 1D SiNW structures were grown, an intermedi-
ate region from 60 to 100 W where both 1D and 2D films were obtained, and a third zone at 
high plasma power (from 100 to 1000 W) where SiNWs were absent and only continuous 

uncatalyzed Si layer was obtained. When deposited by VLS onto thermally oxidized Si sub-

strates [12], a percentage of 44% of SiNWs with radius smaller than 10 nm showed by high-

resolution Transmission Electron Microscopy (HRTEM) a diamond-like structure, while this 

characteristic was not present in those with larger diameters, which presented the wurtzite 
structure confirmed also by Raman measurements. In order to explain this result, a thermody-

namic analysis was carried out considering the difference in standard free energy between 
diamond and wurtzite structure in NWs and the contribution due to the surface energy and 
stress. They found that the final structure is produced by the large stress in the surface curva-

ture developed during the Si precipitation and nucleation with the catalyst. The surface pres-

sure during the successive growth is reduced by the development of facets. VLS is also used to 
fabricate hexagonally faceted SiNWs as large as 30 µm in diameter [13]. SiNWs were grown on 
Si <111> substrates by Au catalyzed VLS process by using SiCl

4
 as a precursor and H

2
 as a car-

rier gas. The metal catalyst was first deposited onto the substrate by thermal evaporation and 
then annealed. The SiNWs obtained by this process present hexagonal facets and have diam-

eters ranging between 30 nm and 30 µm, with lengths larger than 50 µm. After the deposition, 
they dispersed the SiNWs by sonication on an n-type Si wafer and doped the NW by p-type Al 
diffusion. Then deposited by lithography four metallic contacts to perform four-point-probe 
measurements on a single NW. They demonstrate ohmic n-type behavior and measure the 
contact resistance, the effective resistivity and the doping level. They found that bulk resistivi-
ties ranged from 0.02 to 0.08 Ω cm, corresponding to 1 × 1018 to 1 × 1017 cm−3 electrically active 

dopants. P- and n-type doped SiNWs have also been obtained by VLS growth in CVD with 
SiH

4
 [15]. The doping process took place during the growth by adding PH

3
 or B

2
H

6
 to the pro-

cess gas. B-doped Si <111> substrates or borosilicate glass substrates with a thin B-doped mul-
ticrystalline Si layer on top were used. The NWs were grown and doped under identical 
conditions for both substrate types. Morphological characterization showed no differences in 

Nanowires - New Insights134



the SiNWs despite the different substrates, with lengths of about 3–6 µm and diameters of 
about 20–100 nm with a 2-nm thick SiO

2
 shell. SiNWs can be grown by VLS also on stainless 

steel foil substrates [8]. In this case, the experiment started with a 5-nm thick Au film deposited 
as a catalyst layer over the stainless steel substrate. Then p-type SiNWs have been synthesized 
in a CVD chamber at 650°C by using silane, hydrogen, hydrochloric acid, and trimethylboron 
as the dopant precursor gas. The obtained SiNWs show diameters of about 100 nm and a 
length of about 16 µm. The array was first oxidized and then dipped in HF to remove the 
grown oxide, in order to expose a part of the SiNWs to the deposition of a thin n-type a-Si 

conformal layer by plasma enhanced CVD (PECVD) using PH
3
 as a doping gas. In such a way, 

a core-shell structure is formed. It presents the advantage to separate the electrical carrier path, 
which travels along the NW radius, from the optical absorption, which takes place along the 

NW length. The deposition of the amorphous Si layer is proposed by the authors as an effec-

tive strategy to passivate the NWs through the minimization of the nonradiative surface 
recombination. The introduction of an intrinsic layer in the p-i-n coaxial SiNWs array for fab-

rication of solar cells has also been suggested in the literature [9], with the advantage to 

increase the effect of the electric field in the depleted region during the charge separation 
process. The p-type core of SiNW was fabricated by the VLS method, while the intrinsic and 
n-type shells were produced by chemical vapor deposition using in the external shell phos-

phine as a precursor. The outer portions were grown at temperatures higher than the core to 
suppress the eutectic mediated growth and allow the deposition the NW surface. TEM analy-

sis showed that the p core of SiNW is monocrystalline, and the shells are polycrystalline. An 
average value of SiNW diameter was measured to be 300 nm. Then p-i-n coaxial SiNW solar 
cells were fabricated and characterized under air mass 1.5 global (AM 1.5G) illumination. I–V 
showed an open circuit voltage V

oc
 of 0.260 V, a short circuit current I

sc
 of 0.503 nA, a fill factor 

FF of 55.0%, and an efficiency of 3.4%. Much more complicated structures are proposed in 
reference [42]. In this chapter, the authors fabricated four different coaxial SiNW architectures, 
respectively, p/n, p/in, p/pn, and p/pin. The SiNWs core was grown by the Au-catalyzed VLS 
method, while the shell was grown by the vapor solid (VS) method using SiH

4
, B

2
H

6
, and PH

3
. 

The core diameters were 100 nm. High-resolution transmission electron microscopy (HRTEM) 
is used to understand a crystal orientation <112> of the core along the length of the NW. The 
external NW surfaces were instead assigned to two {111} planes, two {011} planes, and four 

{113} planes. Energy Dispersive X-Ray Spectroscopy (EDX) was used to characterize the phos-

phorous dopant and oxygen profiles in the p/pin sample. The O and P profiles and the spatial 
maps of the P X-ray counts exhibited signals at the edges of the outer n-shell, with the P peaks 
shifted by 10–15 nm inward with respect to the O ones, thus indicating that the phosphorus 
atoms are localized at the interface with the oxidized shell. The location of dopant active atoms 
in SiNWs fabricated by VLS was also studied after one or more steps of chemical oxidation and 

etching which reduced controllably the SiNWs diameter [43]. The n-type (p-type) SiNWs were 
synthesized using SiH

4
, PH

3
 (B

2
H

6
), and H

2
 (He and Ar). Subsequent cycles of chemical wet 

oxidation/etching were carried out in order to remove 3 nm of material for each cycle. The 
SiNWs were integrated inside a field effect transistor (FET) device and the electrical character-

ization showed that, after the removal of the surface layer in SiNWs with diameter smaller 
than 22 nm, the electrical characteristics strongly changed, revealing the segregation of the 

dopant atoms on the surface of the SiNWs. Conversely, for diameters larger than 22 nm, the 
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characterization showed that the core of the NWs instead contained dopant atoms. In relation 
to the ex‐situ methods to dope the SiNWs, reference [18] demonstrates how the doping of 

SiNWs is possible by ion implantation, and from this system, a possible functional device is 

fabricated. This study is realized on three different SiNWs: (1) n doped, (2) n doped at the top 
and p doped at the bottom, and (3) p doped at the top and n doped at the bottom. The SiNWs 
were grown by Au catalyzed VLS in an electron beam evaporation system. NWs were 250–500 
nm long and 150–400 nm in diameter. The implantation was performed by using B and P ions. 
The energy was chosen in order for the ion depth to match the NWs length. The NWs were 
tilted of a few degrees to avoid channeling effects. After ion implantation, a thermal process 
was necessary in order to remove the implantation damage. In reference [44], the authors pres-

ent an innovative approach to dope SiNWs in order to fabricate solar cells. SiNWs have been 
fabricated by the VLS method in an ICP-CVD chamber and showed lengths of about 500 nm 
and diameters between 2.5 and 70 nm. After the NWs synthesis, the native SiO

2
 was removed 

by HF and the sample immersed in aqua regia in order to etch away the gold agglomerates. 
Morphological characterization showed the successful elimination of the residual gold 
agglomerates. SiNWs were doped by molecular monolayer doping, an innovative method that 
consists in immersing the Si substrate to be doped inside a liquid solution composed of the 

chemical precursor of the dopant at high temperature [28]. This process leads to the formation 
of a monolayer of molecules containing the dopant atoms. The sample was then covered with 
a SiO

2
 layer and annealed to diffuse dopant atoms into the substrate. The cell was completed 

with front and back contacts realized with Ag paste and sputtered Al. I-V measurements in 
dark showed a rectifying behavior of the diodes but with a high value of the reverse saturation 

current. This was attributed to the presence of Au residuals, from the VLS process, inside the 
bulk of the wafer. The high temperature process used in a group of samples for the dopant 
diffusion let increase the leakage current, probably due to the structural damage induced by 
the high temperature on the SiNWs. Under solar simulator illumination, the cells showed a 
photovoltaic effect. I

sc
 presented higher values in the SiNW cells with respect to the planar 

reference cell, as expected thanks to the improved optical absorption of the nanostructures. 
However, the increment was also related to the better coupling between the nanostructured 
surface and the Ag paste than with the planar Si case. Another study is focused on the removal 
of gold catalyst [19]. In this chapter, SiNW arrays were fabricated by the VLS method from a 
<111> Si wafer  patterned by lithography to define the regions where the Au catalyst was depos-

ited. The SiNWs obtained under these conditions were vertically oriented and 50 µm long, 
with an average diameter of 2.6 µm. The SiNW array was HF etched and Au was then removed 
using a commercial etchant. Energy Dispersive X-Ray Spectroscopy (EDX) measurement was 

performed and Au was detected on the NWs tip and within the Si matrix. To remove these 
inclusions, multiple cycles of thermal oxidation and etching steps were performed. As it is 
clear that the literature underlines the importance of the residual Au removal, because it cre-

ates deep level traps in the Si band gap, producing phenomena of charge recombination and 

hopping  conductivity, thus deteriorating the carriers transport. Besides gold, other catalysts 
have also been explored. In or Sn has been used for the SiNWs synthesis on the glass substrate 
by the VLS method [20] using SiH

4
 plasma at 300–600°C. The morphology, density, and prop-

erties of the array during the growth were studied as a function of the growth parameters, 
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such as temperature and dilution of Si source in H
2
. Energy dispersive X-ray (EDX) analysis 

was also performed to investigate the residual metal catalyst concentration after the growth. 
The authors highlighted that the solubility of In is poor in Si, indeed the In content in the NWs 
was found to be below the EDX limit of detection, while on the top of the nanowire reaches 
concentrations of 5%. This behavior shows the advantages of these metal catalysts when com-

pared with gold. The role of the interface between In and the substrate was also investigated. 
In one case, In nanodots (NDs) were thermally evaporated over a Si <111> substrate and then 
transferred to the growth chamber, while in a second case, they were deposited by Radio fre-

quency (RF) magnetron sputtering and the NWs growth process followed without air break-

ing [16]. Morphological characterization of the catalyst particles revealed a spherical shape, in 
the first case, thus indicating a large contact angle with the substrate. The main reason was 
attributed to the presence of a thin oxide layer at the interface between the In catalyst particles 
and the Si substrate. This layer hampered the precipitation of Si atoms through the eutectic 
liquid, causing a low density of SiNWs.

In the second experiment, as a result of elimination of the air breaking, no oxide layer formed 
at the In/Si interface. This optimization produced a decrease of the In particles contact angle 
from 140 to 80°. As a result, the NWs density increased with respect to the first process. 
Figure 1(a) shows the results of this last experiment, where the contact angle is measured 

by SEM observation in tilted view of the In catalyst particles deposited over the Si substrate. 
Vertically aligned <111> oriented SiNWs were obtained (Figure 1b) with a uniform diameter 

of about 18 nm and a length of approximately 100 nm, as observed by TEM (Figure 1c). The 
diffraction analysis (Figure 1e and f) confirmed their epitaxial orientation with respect to the 

Figure 1. (a) SEM images of In NDs grown by In sputtering, (b) SEM image of Si NWs grown at TS = 600 1C for 60 min. 
The magnified image in the dotted rectangular area is shown in Figure 4b. (c) TEM micrograph of the vertically aligned 
Si NWs fabricated using In NDs, (d) HR-TEM micrograph of the as-grown (111) oriented Si NWs taken at point “B1” of 
(c), (e), and (f) shows the SAED patterns taken at points”B1” and “B3,” respectively, of (c) [16].
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substrate. One of the alternative methods proposed in the literature to synthesize SiNWs is 
the combination of VLS and laser ablation [45]. The authors compare the method to the one 
used for the synthesis of carbon nanotubes [46]: a vacuum furnace with a solid source of Si 
mixed with Fe and a cold finger were used for the SiNWs deposition. The target was kept at 
1200°C and the laser pulsed for tens of nanoseconds. The growth took place by evaporating 
the material from the target, which in vacuum combined to form the liquid catalyst-Si phase 

and then the supersaturated solid SiNWs. The nanostructures deposited as a net on the fur-

nace inner walls close to the cold finger. This approach then provides template-free SiNWs. 
TEM images showed that SiNWs were curved, with length of few hundreds of µm and exter-

nal diameters ranging from 3 to 43 nm with a peak distribution at 16 nm. A 5-nm amorphous 
shell over the crystalline core was also found. Raman spectra at 521 cm−1 of the nanowires 

showed a tail at lower wavelength numbers, attributed by the authors, to the presence of 
internal defects besides the SiNWs small size.

MAE is another widespread method to obtain SiNW array [6, 21–27]. A metal catalyst and an 
etchant solution of HF/H

2
O

2
 in various ratios are used. MAE has two evidence sources: the first 

one is that the chemical etching occurs only under the portion covered by the metal, and sec-

ond is that the “holes” dug into the substrate have the same diameter of the catalyst particles. 
Peng et al. [20] describe the MAE working principles as a “catalytic conversion of chemical 
free energy into propulsive mechanical power.” Indeed, they explain that the metal basically 
acts as not just a catalyst but also as a galvanic cell. When deposited onto a Si substrate, we 
can distinguish two interfaces: the first one is the Ag/etchant solution, which is constituted 
by the oxidant agent (H

2
O

2
) and the etchant, HF. This interface works as the cathode of the 

cell, thus promoting the reduction of the peroxide to water through the consumption of both 

protons and electrons. Vice versa, the second interface, Si substrate/Ag, works as the anode 
of the galvanic cell. Here, two reactions play: one is the oxidation of Si, which turns in SiO

2
, 

and the latter one is the etching of Si oxide by the HF, which forms the soluble H
2
SiF

6
 species. 

This process depends on both aqueous HF and H
2
O

2
 species: indeed the electrokinetic model 

proposed by the authors effectively works only in the presence of both chemicals, and etch-

ing rate increases with increasing the concentration of both species. Alternatively, a solution 
of silver nitrate, fluoridric acid, and water can be applied [6, 22–27]. The particularity of the 
MAE samples is that the SiNWs are epitaxial, i.e., show single crystal cores and the crystal-
lographic orientation is the same of the used wafer, and maintain the same type and doping 

level as the starting wafer. As a counterpart, the NW surface is usually very rough due to 
the fact that it is produced by a chemical etch. The following redox reaction: Si + 2H

2
O

2
 + 

6HF → H
2
SiF

6
 + 4H

2
O is explicitly indicated as the base of the NWs formation [22]. A system-

atic study on the dependence of the MAE SiNW formation process has been performed [22]. 
They explored six different substrates, p- and n-type, with several degrees of doping levels. 
A 0.4 M (0.15 M) solution of H

2
O

2
 for lightly and heavily doped wafers was used. The etching 

process was performed in dark and at room temperature. The samples were cleaned to dis-

solve the Ag catalyst and the grown oxide layer. The length and diameter of SiNWs demon-

strate a dependence on the doping level of the original substrate: the NWs in heavily doped 
wafer were smaller than the lightly doped ones and in both cases were several µm in length 

and 50–200 nm in diameter. The reason whereby heavily doped Si was more active than the 
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lightly doped one was ascribed to the high carrier concentration favoring the electrons transfer 

[22]. Oblique SiNWs can also be obtained by MAE [23]. A p-type Si <111> wafer previously 
cleaned was subjected to the evaporation of a net-like layer of 10–50 nm of silver nanoparticles. 
Successively, the sample was immersed in a solution of DI water, HF (4.6 M) and H

2
O

2
 (0.44 

M) from room temperature to 80°C and various times to modulate the NWs length. The final 
SiNWs present oblique orientations with two preferential directions, the <100> and <110>. The 
authors attribute this morphology to the anisotropic etching of silicon and to the competition 
existing during the catalytic etching along different directions. Besides oblique NWs, zigzag 
SiNWs can also be produced by immersing cleaned Si wafers in aqueous HF solution (4.6 M) 
with 0.01 or 0.04 M silver nitrate (AgNO

3
) solution for 40 min at different temperatures [24]. 

The array formation using the same solution 0.01 M AgNO
3
 at two different temperatures (25 

and at 55°C) was first focalized. Results showed that at lower temperatures, Ag dots created 
arrays of straight SiNWs, while at 55°C, the Ag dots produced curved SiNWs. Then a 0.04 M 
solution at 45–55°C was used and three types of curved SiNWs were obtained (Figure 2): I type 
with a turning angle of 150°, longitudinal orientations on <111> and <113>; II type with 125°, 
<100> and <111> orientation; III 90° and a longitudinal orientation that alternates between two 
orthogonal <100> directions (Figure 2c).

Two possible etching mechanisms were proposed to explain the results: (1) single-particle 
etching mechanism in which the Ag nanodots can move, as a result of perturbations, from 
the <111> direction to the <113> direction (I group). Since the last direction is not energetically 
favorite, the dots switch back to <111>; (2) a multiparticle etching mechanism in which the 

higher etching temperature/silver ion concentration enhances the etching activity, so the Ag 

Figure 2. The proposed growth or etching process of the zigzag Si nanowires [24].
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particles can move from the <111> direction to the three different <100> directions (groups II 
and III).

The MAE process can be coupled to a mask of anodic aluminum oxide (AAO) to obtain an 
ordered array of vertical aligned SiNWs [25]. From SEM characterization performed on AAO 
masks, the authors estimated the mask pore diameter, interpore distance, and pore density to 

be 20 nm, 60 nm and 2.9 × 1010 cm−2, respectively. SEM characterization was used also to study 
the array after silver removal, and in this case, it was evident that the SiNWs had a different 
diameter at the top and the bottom parts. This difference was assigned to the dissolution of 
metal during the etching or to the isotropic etching of Si in HF/H

2
O

2
 and the different exposure 

times of the NW parts. The evolution of the NWs diameter was also studied as a function of 
thickness of the metal film, and the results show that the trend is inversely proportional to 
the thickness. This behavior was explained by considering the decrease of the original pore 
diameter when the metal thickness increases, due to the conformality of the deposition. Nano 

sphere lithography (NSL) exploits the self-assembly of polymeric nanospheres in order to cre-

ate a soft mask for patterning the surface. When water-dispersed PS nanoparticles are spun 
onto a substrate, they spontaneously arrange in a hexagonal pattern in which they leave trian-

gular voids between each sphere. A successive dry etch leads to a shrinkage of the PS spheres, 
which thus exposes a major portion of the substrate surface. A metal layer is then thermally 
evaporated, covering the unprotected substrate, while the area under each PS particle remains 

metal-free. Therefore, the polymeric nanospheres are removed by dissolving them into a spe-

cific solvent or through a lift-off method thus leaving a metal layer with circular voids. This 
metallic film acts as a catalyst for successive processes such as the MAE etch, which leads to 
the formation of SiNWs. The final structure characteristics strictly depend on some geometrical 
parameters such as the “in solution”-diameter of the polymeric particles, the effective diam-

eter related to the polymer/substrate interaction and finally the space between two neighbor 
particles after the deposition. In reference [26], the NSL obtained by spreading a monodisperse 

suspension of PS microspheres onto the substrate was used. The size of the PS spheres was 
then reduced by reactive ion etching process (RIE). The samples were then subjected to the 
deposition of a gold thin film, thus producing an anti-dot pattern, and subsequently etched 
in HF/H

2
O

2
, which acted only on the regions of Si covered with Au. The sample was then 

immersed into toluene to dissolve the PS spheres, dried and characterized. The SiNWs have 
size similar to the ones of the reduced PS spheres, i.e., diameter of 400 nm and a length of 
about 1 µm. Among the others, they studied the influence of the substrate doping type and 
concentration. As for reference [22], it is found that the doping type influences the etching rate 
of Si: the substrate with the lower doping concentration showed deeper etching than highly 
doped one. Axial junctions can be also obtained if using properly doped substrates [6]. The 
synthesis of SiNWs started with three evaporation steps of amorphous Si layers on borosilicate 

glass, respectively, doped by: (1) boron (p+), (2) phosphorus (n), and (3) phosphorus highly 

doped (n+), followed by crystallization with a diode laser at different wavelengths (depending 
on the doping types). The recrystallized multilayers showed large Si grains (of the order of a 
few tens of micrometers). Successively, MAE wet etching was performed in order to obtain a 
SiNW array, presenting an axial junction p+/n/n+ along their length, with the different doping 
types as the original multilayers. Optical properties showed a reflectance less than 5% in the 
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wavelength between 300 and 1000 nm. The SiNWs were integrated inside a solar cell with the 
highest efficiency of 4.4%. In reference [27], the authors have synthesized SiNW arrays by using 
MAE with silver nitrate, fluoridric acid, and water of an n-type Si substrate. The Si oxide was 
removed by HF and the SiNWs were then covered with a shell of p-type amorphous Si depos-

ited by low pressure CVD and finally the amorphous layer was crystallized by rapid thermal 
annealing (RTA). SEM analysis showed vertically aligned core-shell SiNWs with a length of  
18 µm, total diameter of 350–400 nm, and a coverage of 50%. TEM results showed that the 
shell was constituted by nanocrystalline domains of about 5 nm. As recognized by the authors, 
the large surface roughness typical of the MAE etched SiNWs can lead to enhanced depletion 
region traps, causing strong carrier recombination effects. SiNWs obtained by MAE have been 
integrated in a solar cell [1]. The nanostructures have been etched by a p-type Si <100> sub-

strates. The n+ emitter was obtained by POCl
3
 diffusion at 930°C. Aluminum and silver films 

were evaporated on the rear contact of the cell, the first to remove the parasitic junction and 
the second to form the back electrode. The front contact was made by Ti/Pd/Ag grid by mask 
evaporation. The solar cell presented a V

oc
 of 548.5 mV, an I

sc
 of 26.06 mA, and a FF of 0.6512 

and a power conversion efficiency of 9.31%. The photovoltic (PV) conversion was not high if 
compared to other geometries such as the devices based on slantingly aligned SiNW arrays 

that have been demonstrated in reference [23]. The difference in efficiency was correlated to the 
low current collection yield or to enhanced surface electron-hole recombination velocity. VLS 
grown SiNWs was doped to obtain axial p-i-n junctions [2]. The solar cell was fabricated with 
a single SiNW and the intrinsic region length was varied from 0 to 4 µm. The I-V data for the 
intrinsic region of 0, 2, and 4 µm show V

oc
 and I

sc
 values of: 0.12 V and 3.5 pA, 0.24 V and 14.0 

pA, and 0.29 V and 31.1 pA, respectively.

The results show a systematic improvement in both V
oc

 and I
sc

 with increasing i-segment 

length, where the largest increase is observed in moving from the p-n to p-i-n structure. The 
best value of FF (51%) was shown in p-i-n device with i-region of 4 µm and it yielded a maxi-
mum power output per NW of 4.6 pW. The efficiency in the single axial NW cell is calculated 
by considering the projected active area and results 0.5% less than the coaxial geometry which 
produced 3.4% [9]. The authors also monitored I

sc
 and V

oc
 as a function of the temperature and 

found that V
oc

 showed a linear dependence while I
sc

 slightly increased. A tandem structure 
p-i-n+-p+-i-n (Figure 3A and B) was also fabricated in order to investigate the behavior of 

series of single-junction SiNW device. Tandem device was created under the same conditions 
of the single junction NWs. They finally compared the results of p-i-n axial NW to tandem 
NW device with the same intrinsic length of 2 µm, the values of V

oc
 and I

sc
 are 0.23 V and 

10.2 pA, and 0.39 V and 8.2 pA, respectively. These data showed an increment of 57% of V
oc

 

(Figure 3C) due to the presence of the tunnel junction n+/p+. However, the increment is not 
large as expected due to the parasitic series resistances at the tunnel interface [2]. A study on 
the current collection and generated photovoltage for several NW diameters and consequent 

junction areas with respect to the minority carrier diffusion length has been also pursued [13]. 
The p-n junction was formed by depositing and diffusing Al over the eutectic temperature on 
a single NW. The work results suggest that a trade-off between small NWs (enhancing current 
collection) and large ones (enhancing photovoltage) can be reached when the NW radius is 

comparable to the minority carrier diffusion length. One of the processing steps more critical 
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for the integration of SiNWs inside the solar cells is the passivation process. Indeed, the pres-

ence of surface states on the NWs, due to the high surface to volume ratio of these 1D nano-

structures, leads to copious carrier recombination events detrimental for the device efficiency. 
Conductance of SiNWs was investigated before and after a passivation treatment with organic 
molecules (4-nitrophenyl octadecanoato or tetraethylammonium bromide) [47]. The SiNWs 
were integrated inside a FET transistor and characterized in terms of the passivation process 
effects. The treatments with both molecules improved similarly the device on/off ratio, the 
transconductance and the mobility. The same results were obtained also by changing the first 
molecule chain lengths. The explanation was based on the fact that the molecules lead to a 
stable and relatively nonpolar Si-O-C bond, thus reducing the availability of the surface to 
water hydrolysis, and as a consequence the density of polar surface sites, such as SiO−.

3. Silicon nanoholes

SiNHs are emerging as promising materials for the fabrication of performing solar cells 
because of their interesting properties and easy integration in the device processing. Since 
their first proposal in the solar cells field [10], several examples have appeared in the literature, 

Figure 3. Tandem axial SiNW photovoltaic devices. (A) Schematic of two p-i-n diodes integrated in series on a single 
NW. (B) SEM images of a selectively etched tandem p-i-n+-p+-i-n SiNW; scale bar is 1 μm. (C) I‐V responses recorded on 

p-i (2 μm) -n (single) and p-i-n+-p+-i-n, i ) 2 μm (tandem) SiNW devices under AM 1.5G illumination. (D) Voc for p-i (2 

μm) -n (case A), p-i (4 μm) -n (case B), and p-i-n+-p+-i-n, i ) 2 μm (case C) axial SiNW devices. Error bars are ±1 standard 
deviation [2].
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referring to them as “pores,” or “black-Si,” “holey structures,” and “honeycomb” [48, 49]. 
Regarding their synthesis, NHs can be realized in Si through electrochemical anodization and 
oxidation carried in an aqueous electrolyte of HF and H

2
O

2
 [50]. The process is based on the 

localization of the electric field on specific substrate sites, due to the depletion layer formed on 
its surface. The experiments are run onto n-type Si and the surfaces are texturized by apply-

ing different electrolyte concentrations and current densities. The pore density can be tuned 
with the current and HF concentration, while it does not show any clear dependence on the 
H

2
O

2
 content. These data have been explained by assuming that the bottleneck process is the 

removal of the oxidized surfaces rather than their oxidation. The pore depth does not strongly 
depend on the peroxide concentration, while it increases with the HF. Depths as large as tens 
of microns can be reached. The oxidation/etching process exploited in the previous case is also 
employed in MAE, which as for the NW formation is very frequently used to create NHs. The 
size of the holes obtained is strictly related to both the duration of the metal deposition and 
etching steps [21]. If compared to the electrochemical anodization, MAE is assisted by a metal-
lic catalyst while the first one is boosted by an external current which supplies the carriers to 
the Si surface [50]. The fabrication of NHs by MAE is affected by different factors [30]. As seen 
in the last reference, the samples are immersed in AgNO

3
 aqueous solution and the amount 

of deposited Ag, in terms of dot density and size, increases with the immersion time. The Ag 
particle density will be higher onto more reactive surfaces (e.g., <111> Si than <100> Si), but for 
very long deposition times the area covered from metal seems to be independent of the sub-

strate orientation. Moreover, this parameter can have a strong effect on the NH morphology: 
for metal coverage lower than 70%, in the <100> Si substrate the etching path changes abruptly 

from the vertical to the horizontal direction along the (100) axis, thus showing a clear lateral 
etching component. While in the case of the <111> Si substrates, the etching process follows a 
much more irregular path. However, any lateral etching is suppressed for both Si <100> and 
Si <111> samples when the Ag coverage is higher than 70%. Indeed under these conditions, 
the nanoparticles sink all together at the bottom of holes and they all follow the equivalent 
<100> directions, thus forming long, vertical, and aligned structures in the <100> substrate, 

and oblique pores in the <111> ones [30]. Many interesting approaches found in the literature 
merge the MAE process with different lithographic techniques to realize ordered patterns. 
Among these, UV lithography is one of the most conventional strategies proposed [10]. The 
lithographic steps with the exposure to deep UV light are followed by silver evaporation onto 

a mask, which undergoes to a lift-off process, thus leaving Ag dots on the Si surface. A MAE 
wet etching is run by an aqueous oxidant mixture of H

2
O

2
 and HF, which molds the substrate. 

After that silver dots are removed with nitric acid from the holes bottom. The morphology 
shows a regular square-packed NHs array with precise features, such as diameter (800 nm), 
pitch (≈1 µm), edge-to-edge distance (≈200 nm), and depth (≈1.4 µm) (Figure 4). According 
to this synthetic approach, the lateral dimensions of NHs are strictly conditioned by the spe-

cific size of the shadow mask and by the wavelength of the light source used, which can give 
severe resolution limits when very small sizes are required. As a consequence, the smallest 
features achievable by the typical UV lithography are on the order of hundreds of nanometers. 
Differently, the third dimension of the structures can be easily controlled by calibrating the 
etching time.
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Nanoimprinting lithography (NIL) guarantees the realization of structures with vertical and 
smooth sidewalls [32, 33]. It consists in the pattern transfer from a hard mold to a resist 
through mechanical pressure. The replication is then run from the resist to an underlying 
substrate by successive treatments, such as dry etching. This approach can be exploited for 
the fabrication of a SiNHs array [51] by using a polydimethylsiloxane (PDMS) mold and 
poly(methyl methacrylate) (PMMA) resist in order to pattern the surface. The pores are finally 
realized by etching the Si substrate with SF

6
/O

2
 gaseous mixture. This approach leads to a 

regular NH array in which holes have 200 nm of diameter and the aspect ratio >1. BCP lithog-

raphy allows the formation of nanotemplates by exploiting self-assembling mechanisms. For 
the sake of simplicity, it will be now considered the behavior of a binary species, which means 

a linear di-block copolymer containing A and B as repeating units. If A and B blocks have a 
poor chemical affinity in their molten state, which can be estimated by the Flory-Huggins 
interaction parameter, an unfavorable excess in the mixing free energy takes place. The 
energy excess does not entropically support the mixing process between the blocks thus 

Figure 4. SEM images of silicon nanoholes produced in an 8–12 Ω cm p-Si(100) wafer. (a) Top-view SEM image of 
ordered, shallow, flat-bottomed pits in Si formed during the initial etching stage. Silver is seen at the bottom of these 
pits. Marker: 500 nm (b and c): top-view SEM images of ordered silicon nanoholes with large depths after prolonged 
immersion in HF and H

2
O

2
 solution. Marker: 10 and 2 µm figure (b) and (c), respectively, (d) cross-sectional view of 

silicon nanoholes; the hole channels are cylindrical and vertical with respect to the Si surface. Marker: 1 µm [10].
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 promoting a mesoscopic phase separation between A and B. The shape and size of the phases 
have a strong dependence on the relative fraction of each polymeric block in the chain and the 

global molecular weight of the polymer, respectively. An ordered pattern through the BCP 
self-assembly onto a SiO

2
/Si substrate can be realized. The di-block copolymer PS-b-PMMA 

with a 70:30 ratio, polydispersity 1.1, and molecular weight 67,000 gr/mol is typically used. 
Before proceeding with the deposition of the PS-b-PMMA, the SiO

2
 substrate surface with an 

analogous random polymer is neutralized. Then the PS-b-PMMA is spun from 1 w/w% tolu-

ene solution onto the random layer, and this sample is annealed in a range of 160–190°C for a 
couple of hours. The annealing promotes the separation of the two polymeric phases thus 
forming a template in which PMMA cylindrical microdomains are organized in a hexagonal 
array and embedded into a PS matrix. The exposition of the annealed film to the UV light lets 
cure the PS chains and thus allows the successive development of the PMMA portions in 
acetic acid. Therefore, this step leaves a regular porous PS film, which can be exploited by 
using the standard lithography concepts, taking into account the necessary technical 

measures. The literature results demonstrated that the thickness of the copolymer layer plays 
a major role in the self-assembling process [52]. Indeed, it is noted that too thick films lead to 
a quasi-lamellar morphology, while too thin layers do not reproduce the hexagonal pattern, 
thus losing the planar order. A suitable range of spin speed for the optimal self-assembly is 
then identified. Both the annealing temperature and its duration also have a strong role for 
determining the planar order of the film. Indeed, the annealing must be run over the glass 
transition temperature of both polymeric blocks in order to give the right mobility for allow-

ing the movements of the chains. However, there is small range of temperatures that can 
guarantee the lateral order of the domains, thus allowing the diffusion of the molecules and 
avoiding the order-to-disorder transition. Inside this range of temperature, the self-assem-

bling process can be tuned in order to obtain ordered hexagonal macrodomains as large as 

microns [53]. The template replication down to the SiO
2
 and then to the Si substrate to form 

NHs can be carried by a CHF
3
/Ar gas mixture followed by cycling SF

6
/O

2
 and CHF

3
/Ar 

according to the procedure of the Bosch process [54]. The choice about the gases mixture and 
the general approach for both the etching cycles is made in order to promote the anisotropic 

etching which removes material from the bottom of the structures realized while it protects 
the sidewall and preserves them from the etching. Indeed, the passivation layer realized by 
the CHF

3
 prevents the enlargement of the structures due to any isotropic etching effect, while 

SF
6
/O

2
 acts as a reagent for the etching of the Si substrate. This procedure leads to a hexagonal 

array of 30 nm-deep SiNHs and an aspect ratio ≈1. NSL is also used for the fabrication of 
SiNHs. Unlike the process used for the SiNWs formation, here the metallic film acts as a hard 
mask for successive processes such as the reactive ion etching (RIE) which leads to the forma-

tion of the Si holes. PS spheres are spun from a liquid solution on a Si substrates, realizing a 
monolayer of polymeric spheres with a high hexagonal packed array. The PS spheres diam-

eter is shrunk with a RIE etch which thus increases the separation between them. A metallic 
film is deposited through a thermal evaporation onto the PS layer while a successive lift-off in 
a sonication bath removes PS, thus leaving the porous metallic layer that works as a hard 

mask for the successive dry etching of the Si. Finally, the metallic layer is removed. The PS 
spheres have also been embedded inside a monomer matrix [55]. A suspension of silica par-

ticles in a solution of a specific monomer (ETPTA) is spun onto the Si substrate. After monomer 
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curing, the polymeric mask with silica particles embedded and positioned in hexagonal con-

figuration is obtained. The vertical pressures exerted by the spin coating and the polymeriza-

tion constrict the PS particles on the substrate to form a nonclose packed array. The polymeric 
mask is then removed by plasma oxygen, thus leaving a 2D film of silica nanoparticles. A 
metallic film is deposited onto the colloidal pattern via e-beam technique and it acts as a hard 
mask after the silica lift-off and during the successive RIE etching. Finally, the mask is 
removed via etching. SEM characterization shows that the diameter of the SiNHs is equal to 
the silica particles diameter, D ≈ 320 nm and it is correlated to the center-to-center distance, 
 d, since d = 1.4 D. In the work of Jiang et al., SiNHs are five times smaller with respect to those 
ones obtained by Hulteen et al. [56]. It is found that by using particles with D = 264 nm, the 
in-plane particle diameter, a, is ≈0.23 D, while the interparticles spacing, d ≈ 0.6 D, and it does 
not depend on the substrate [56]. SiNHs can also be realized by two other uncommon tech-

niques, the fast atoms bombardment (FAB) and FIB. In the first approach, SF
6
 beam is used to 

erode the Si surface [57]. This method first requires a partial protection of the Si surface with 
a mask, for example with the alumina AAO mask: the sample is soaked in an oxalic solution 
and electrically oxidized at a constant voltage to obtain an ordered porous array with a peri-
odicity of approximately 100 nm. FAB is thus performed using SF

6
 gas under an acceleration 

voltage of 2.0 kV, to transfer the porous texture from alumina to the underlying Si, keeping 
both the directionality and in-plane hexagonal array of the alumina mask. FIB is also exploited 
in order to manufacture NHs with diameters below 5 nm. The approach is also called the “ion 
beam sculpting technique” [32]. Nanopores of about 100 nm diameter are drilled by the 
focused beam of the FIB onto a low-stress SiN layer supported by a Si substrate. After multi-
ple beam scans on the pore and its surrounding areas, a strong reduction of the diameter of 

the NHs is observed, down to 5 nm. The authors speculate that the holes shrink because of a 
mass flow finalized to the minimization of the surface tension energy, when temperature and 
entropy are locally increased by the high-energy electron beam, although the explanation is 

not complete. If pore diameter smaller than 5 nm is desired, the above process becomes 
uncontrolled and the authors suggest to use a 200-keV beam of a TEM equipment, as a more 
controllable sculpting process. Using this second strategy, pores with less than 1 nm diameter 
can be fabricated. Despite the well-known behavior for which high-energy species usually 
tend to enlarge structures, surprisingly this does not occur in this case. It must be highlighted 
that this mechanism works as here described when the initial pore diameter is ≤50 nm. In fact, 
for pores which have ≥80 nm, different dynamics occur [58].

As for the SiNWs, the passivation process is a critical step and it has been addressed in the 
literature with several solutions. The SiNHs surface can be passivated with a defects removal 
etching (DRE) process, with the objective to remove the ion bombardment defects [31]. The 
DRE process is performed onto the sample using an oxidant aqueous solution of HF:HNO

3
 

which works through two different steps: (1) nitric acid oxides Si to SiO
2
 and (2) HF removes 

the oxide formed. DRE duration strongly influences the depth of the SiNHs since the lon-

ger the etching, the deeper the holes obtained. Oh et al. [11] also recognize the strategic 
importance of surface passivation and treat the NHs sample by immersing it into an aque-

ous solution of 1% of tetramethylammonium hydroxide (TMAH), to decrease the area of 
the realized texture and the structural defects due to the MAE wet etching [11]. Despite the 
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passivation issues not yet fully overcome, the electrooptical properties of the NH arrays are 
extremely interesting. Indeed as reported in the literature, a periodic array with subwave-

length dimensions, such as the SiNHs, manifests antireflecting behaviors. When an electro-

magnetic radiation passes from a lower refractive index medium (e.g., air) to another one 
that has a higher optical density (i.e., Si), an abrupt variation of the optical parameter occurs. 
In this case, the transmitted “power” of the incident light is partially lost through the reflec-

tions. Differently, when the refractive index changes gradually, the losses due to external 
reflections can be minimized since the incident light sees the surface as a continuous system 
in which the power is transferred from the air to the bulk “layer by layer.” This effect is more 
evident in deep surface textures, for which the reflectance reduction is also explained by the 
light-trapping effect, which means that multiple internal reflections increase the light path 
inside the structures and lead to the absorption enhancement. Koynov et al. investigate the 
optical response of a textured surface throughout the entire spectrum range of interest for 

photovoltaics from 350 to 1000 nm [35]. They find a very strong reduction of the reflectance 
that passes from 35 to 45% of the flat reference to very low values (5%) for the random tex-

tured sample. At the same time, the total transmittance, T, does not change within 350–1000 

nm. Since A + T + R = 1, where A is the absorption and R is the total reflectance, these results 
imply that the absorption of a textured Si surface must be higher than that of the untreated 

sample. R decreases with increasing the pore depth [36] and, for each value of depth, R is 

about constant into the spectral range from 250 to 1000 nm. After 1000 nm, the reflectance 
increases and this occurs for each structure and independently of the depth, also in accor-

dance with other experimental data [37]. From these results, the authors provide the univer-

sal law correlating the reflectance to the depth of nanostructures and to the wavelength of 
the incident light, R (d, λ). The universal scaling-law is an exponential decay:  R(d, λ ) =  R  

0
  (λ )  e   −C(  

d
 

__
 λ  )   

where R
0
(λ) is the wavelength depending-reflectance of the flat reference, d is the depth of 

the NHs, λ is the wavelength of the incident light, and C is a constant. Such subwavelength 
structures can be designed in order to increase the optical absorption of materials [38]. For 
instance, the indirect band gap of Si is the main cause of its low absorption in the IR region, 
which can be thus improved by the surface texturing. About this, geometrical features of the 
nanopattern employed can play a role in the reflectance reduction. For example, when the 
optical properties of SiNWs and SiNHs with the same dimensions are compared, it is pos-

sible to see that the latter ones show superior optical properties, thanks to a more efficient 
light-trapping capability. These results are deduced by the reflectance measurements of both 
SiNHs and SiNWs arrays (Figure 5).

The reflectance of a shallow NHs array can decrease until 5% within 300–1100 nm wavelength 
and it is always lower for NHs than for NWs of comparable size. The reflectance can be further 
reduced by increasing depth/length of the structures and it reaches the minimum value in the 

UV region while its maximum is always achieved in the IR range. Similar to SiNWs, SiNHs can 
represent the base for radial p-n junctions, with the carrier channel being placed in between 

the hole interspacing, rather than in the inner core of the nanostructure. The doping can be 
performed only by ex‐situ methods, by using the standard gas source [10] or by MD [29]. 
The last one allows the optimization of the doping step since it avoids the typical stochastic 
spatial distribution or the crystal damage, leading instead to a high conformality. Authors in  
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reference [29] investigate the doping profile by spreading resistance measurements for two 
different annealing temperatures. They find a boron concentration peak of 1019 cm−3 and a 

junction depth of about 20 nm for a diffusion process at 950°C, while, when the annealing 
temperature is 1050°C, the carrier peak concentration slightly decreases and a junction depth 
of 70 nm is obtained. In the case of small SiNHs, a smaller thermal budget could modulate the 
diffusion depth in order to properly design the carrier channel width.

4. Conclusions

In this work, various SiNWs synthesis methods have been reviewed, the most common based 
on the VLS catalyzed growth. The advantages are control of external impurities by use of 
vacuum instrumentation, low surface roughness, control over structural and morphological 

properties, crystallinity. When the growth takes place in a plasma-based CVD chamber, the 
additional benefits consist in the low temperatures and high growth rate. The substrate crys-

tallographic orientation determines the NW directions. Among the methods examined those 
based on the combination of the catalyzed growth and the laser induction do not allow the 
manufacture of the cell, as the NWs obtained are free-standing and have no contact with the 

substrate. The NWs have been exploited as building blocks for the formation of core-shell 
metallurgical junctions. A large variety of designs have been proposed, where the intrinsic 
layer plays the relevant role to improve the cell efficiency. One of the issues largely debated 
is about the efficient removal of the metallic catalyst from the SiNWs, because it is related to 

Figure 5. a) The optical reflectance of SiNW and SiNH arrays measured by the integrating sphere, including the 
reflectance average lengths of 50 nm. All the figures are show here with the reflectance of referenced polished n-type Si 
wafer [38].
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the electrical performance deterioration. Regarding the optical properties, light trapping by 
multiple reflections in the case of forest-like configuration, and increased absorption in the 
UV in the case of structures smaller than 5 nm have emerged. SiNHs are frequently fabri-
cated directly by MAE which leads to random nanostructures or by lithographic approaches 
and successive etching to obtain recurring patterns. A wide range of diameter sizes going 
from hundreds of nm, attainable by common lithographies, down to 30 nm, by BCP, can be 
achieved. Smaller SiNHs can be synthesized by FIB with drawbacks for the wafer scalability 
of the process. The most interesting SiNHs optical properties manifest drop in reflectance 
down to 5%, demonstrated for randomic structures with 50 nm of diameter. Even for these 
mirror structures, it is possible to build core-shell p-n layers and innovative ex‐situ techniques 

are proposed providing conformality and cost-effective solutions.
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