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colour curve) with the experimental reflectance spectrum of prepared 

SiNW with same height (1800 nm; sample obtained at 5 minute etching 

time (navy colour curve)). The black colour curve denotes the experimental 

reflectance spectrum with its reflectance value increased by 7. 80 

Figure 4.7 Schematic showing the congregation and tapering at the top region of 
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Figure 4.9 Solar-weighted reflectance ( Rsw) of planar Si wafer and SiNWs obtained 

at different etching time. The data at zero minute etching time corresponds 

to planar Si wafer. The inset shows the enlarged view of Rsw verses etching 
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Figure 4.16 a, b) Variation of luminescence peak energies EPL1 and EPL1 as a function 

of sample temperature, respectively. Solid curve in Fig. a) shows the best 

fit to the data points. 95 
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Chapter 6 

Conclusion and future prospects  

This chapter summarizes the important results and conclusive remarks of the present 

thesis work. In addition to this, a few future directions are also suggested. 

6.1. Conclusion 

The present thesis reports the successful fabrication of vertically aligned single 

crystalline Si nanowalls (SiNWs) atop the Si wafer by 2-step metal assisted chemical 

etching (MACE). The influence of etching parameters viz. etching time and H2O2 

concentration, on the morphology were investigated, which reveals that higher etching 

parameter leads to agglomeration of nanowalls. The lightly doped porous SiNWs were 

successfully fabricated by the modified MACE (i.e MACE combined with anodic 

polarization etching). The SiNWs fabricated with low etching time exhibits the dual 

behaviour of excellent antireflectivity and near-superhydrophobicty which can be utilized 

for enhancing the efficiency and life time of optoelectronic devices like Si solar cells. The 

lightly doped porous SiNWs shows visible photoluminescence which reveal that MACE 

combined with anodic polarization etching is capable of producing visible light emitting 

porous SiNWs. The H2 sensing performance was carried out on the pristine SiNWs and 

SiNWs functionalized with Pt and Pd by fluoride-free galvanic displacement deposition. 

Pt/Pd functionalized SiNWs exhibit enhanced sensing behaviour compared to pristine 

SiNWs, with Pt and Pd showing better performance at low and high temperature 

respectively. Since the fabrication and functionalization of SiNWs are achieved by a facile, 

low cost and CMOS compatible technique, the present study opens room for scaling-up the 

process to fabricate employable hydrogen sensors. The electrochemical performance of the 

fabricated SiNWs are also investigated in the electrolyte, tetraethylammonium 

tetrafluroborate (NEt4BF4) in propylene carbonate, where the cyclic voltammetry and 
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galvanostatic charge-discharge studies reveal that SiNWs exhibit redox peaks in low and 

high potential regions. The origin of the redox peaks is proposed. Although, the present 

fabricated SiNWs shows lower capacitance than VLS grown Si nanowires/nanotrees, the 

present study is the first report on the electrochemical studies of the MACE fabricated 

SiNWs in the present organic electrolyte. The reason behind the low capacitance behaviour 

and its improvement are suggested. Since, MACE is simple, low cost and CMOS 

compatible, the presents study suggests its direct utilization in existing established silicon 

microelectronic industry for the fabrication of silicon nanostructure based electrochemical 

capacitors. 

6.2. Future prospects 

Based on the study carried out in the present thesis, the scope for future can be 

summarized below, 

❑ Other low cost metals such as copper, nickel can be investigated to be used for 

MACE to further reduce the cost. 

❑ MACE technique can be tested for fabrication of polycrystalline Si nano-

architectures to further reduce the cost. 

❑ Optoelectronic devices like solar cells or photodetectors can be made, to test the 

performance of the fabricated SiNWs as an effective antireflection layer. 

❑ Other nano-architectures can be synthesized and studied to enhance the contact angle 

above 160º for better self-cleaning behaviour.  

❑ The FDTD simulation studies can be undertaken on agglomerated SiNWs to get the 

insight about its effect on the antireflection behaviour  

❑ The agglomeration occurring at higher etching time needs to investigated in detail 

and the process or remedy to avoid the agglomeration has to be found. 



Future prospects Chapter 6 

125 

❑ The modified MACE (combination of MACE and anodic polarization etching) can 

be studied in more details by varying other etching parameter such as HF 

concentration, current density and its influence on luminescence behaviour can be 

explored. 

❑ The fluoride-free galvanic displacement deposition can be studied in detail by 

varying the process parameters to produce well decorated metal particles to be used 

for sensor application. 

❑ The SiNWs has to be prepared with the suggested factors to enhance the 

electrochemical capacitor performance. 
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Abstract  

Silicon (Si) occupies the leading position in electronics and photovoltaics industries. 

However, its indirect band gap limits its application in the field of optoelectronics. A 

possible solution to this is nanostructuring of Si, where the phenomenon of quantum 

confinement leads to increase in emission and absorption. In addition, Si nanostructures 

exhibit extremely low reflectance and therefore is anticipated to be efficient towards 

applications in optoelectronics. The potential of Si nanostructures for a suitable application 

rely on its controllable fabrication. Among the various synthesis techniques, metal assisted 

chemical etching (MACE) has received much interest owing to its simplicity, cost-

effectiveness and versatility. Si nano-architectures prepared using MACE technique has 

shown excellent antireflection, surface hydrophobicity / superhydrophobicity and visible 

photoluminescence (PL). In addition, the nano-architectures find application in gas sensors 

and energy storage devices. However, studies on the synthesis of Si nano-architectures using 

MACE technique, their properties and applications are lacking, and needs to be investigated 

in details which forms the basis for the present study. 

Nonporous and porous Si nanowalls (SiNWs) were fabricated on lightly doped Si 

wafers by 2-step MACE and modified MACE processes respectively. In the first step, an 

interconnected Ag nano-cluster network with uniform separation is achieved using the cost 

effective galvanic displacement deposition technique and network formation mechanism 

behind the same is explored. The Si wafer covered with the interconnected Ag nano-cluster 

network is then etched in HF/H2O2 solution and the influence of the etching parameters 

(etching time and H2O2 concentration) on the morphology is investigated. The high 

resolution transmission electron microscopy (HRTEM) and grazing incidence X-ray 

diffraction (GIXRD) studies revealed that the Si nanowalls are single crystalline and (100) 

oriented. It was also confirmed from HRTEM studies that the nanowalls are of smooth 
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surface and covered with a thin amorphous layer. The attenuated total reflectance-Fourier 

transform infrared spectroscopy (ATR-FTIR) and Raman spectroscopic studies revealed 

that the amorphous layer consist mostly of Si-O-Si bonded structures. Porous SiNWs were 

fabricated by combing MACE with anodic polarization etching (i.e by applying a constant 

current to the Si wafer during etching). The scanning electron microscopy and transmission 

electron microscopy studies confirmed the formation of porous SiNWs. 

The microstructure of the MACE fabricated Si nano-architectures was correlated 

with its antireflection, wetting and PL properties. The nonporous Si nanowalls carved on 

the Si wafer exhibited remarkable reduction in reflectance compared to that of planar Si 

wafer, in the wide wavelength range (230-1200 nm). The low reflectance is explained using 

finite-difference time-domain (FDTD) simulation. A possible mechanism based on the 

agglomeration of SiNWs and slight tapering at the top region of SiNWs was suggested to 

explain the reflectance observed at high etching time. The wetting properties of SiNWs 

synthesized at different etching times were also studied. It is observed that the SiNWs etched 

for one minute exhibits a high water wetting contact angle (WCA) of 135º as compared to 

that of planar Si wafer (67º). As the etching time increases, the contact angle of the SiNWs 

increased to a maximum of 142º, for SiNWs obtained from 5 minutes etching, and then 

decreased to 61º for SiNWs obtained at 30 minutes of etching. The wetting behaviour was 

successfully explained by considering the observed vertical and agglomerated nature of Si 

nanowalls obtained at low and high etching times respectively. The PL studies carried out 

on both nonporous and porous SiNWs showed that porous SiNWs exhibit visible PL with 

peaks at 1.71 and 2.01 eV, whereas the nonporous nanowalls do not show visible PL. In 

order to find the origin of visible PL, other studies viz. temperature dependent PL, Raman 

scattering, ATR-FTIR and HRTEM were carried out. The studies confirm that the peaks at 

1.71 and 2.01 eV originates from Si quantum structures and Si-O-Si bonded amorphous 
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structures respectively. A qualitative correlation of quantum structure size with the 

photoluminescence peak energy is carried out. 

The MACE fabricated SiNWs were explored for gas sensor and energy storage 

device applications. On the hydrogen gas sensing front, virgin and Pt & Pd functionalized 

SiNWs are exploited. The functionalization was achieved by the novel fluoride-free 

galvanic displacement deposition technique. Both Pt and Pd loaded SiNWs exhibited 

enhanced sensor performance compared to pristine SiNWs. The temperature dependent 

sensing studies manifest that Pt functionalized Si nanowalls display superior sensing 

behaviour at low temperatures (50 - 100ºC) in comparison to Pd functionalized Si nanowalls 

and vice versa at high temperature (150 - 200ºC). A parallel resistance model bearing the 

effect of electronic and chemical sensitization was used to elucidate the observed sensing 

behaviour. For energy storage devices, the SiNWs are explored for possible application as 

electrochemical capacitor, using the organic electrolyte tetraethylammonium 

tetrafluoroborate (NEt4BF4) in propylene carbonate. The cyclic voltammetry and 

galvanostatic charge-discharge studies revealed that the SiNWs exhibit redox peaks in low 

and high potential regions. The origin of these peaks are attributed to the silver related deep 

level trap state in silicon in contact with adsorbed water and from the oxidation of silicon 

and its hydrides by the moisture present in the electrolyte, respectively.  
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Chapter 1 

Introduction  

The chapter provides a brief introduction on silicon (Si), summarizing its 

importance, structure, bandgap and limitations followed by remedy through 

nanostructuring of Si, for various applications. The subsequent section briefly discus the 

different techniques for the fabrication of Si nanostructures with a special attention to metal 

assisted chemical etching (MACE) owing to its merits over other techniques. Some exciting 

properties of the Si nanostructures fabricated by MACE are also described. Finally, selected 

applications of the MACE fabricated Si nanostructures are discussed, followed by a 

statement highlighting the objective of the present thesis. 

1.1. A brief introduction on silicon 

Silicon (Si), is the prime material in electronics and photovoltaics industries and has 

been the foundation of knowledge based civilization [1-4].The leading position of Si trails 

from its inimitable amalgamation of beneficial features viz. high natural abundance (second 

most abundant element on earth’s crust), high stability, non-toxicity, tunable electrical 

properties and availability of large single crystals. These features are at the origin of the 

electronic industry to follow Moore’s law for the past half a century and have made possible 

to establish the Si technology to its present maturity. In addition, its optimum bandgap (1.12 

eV) for capturing the solar spectrum, in case of a single-junction device, has enabled Si to 

be the ideal material of choice for photovoltaics with a share of around 90% of the solar 

panels, in the present day solar cell market. 

The structure and bandgap of Si are described below, 

1.1.1. Structures 

Silicon is a group IV element and has a diamond crystal structure. Unit cell of the 

diamond structure is described in Fig. 1.1 a) [5]. The diamond lattice can be understood by 
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considering the tetrahedral structure shown in Fig. 1.1 b). This structure is basically a body-

centered cubic with four of the corner atoms missing. Every atom in the tetrahedral structure 

has four nearest neighbors and it is the basic building block of the diamond lattice. Si atom 

possess fourteen electrons. In the ground state, they are arranged in the electron 

configuration [Ne]3s23p2. Of these, four are valance electrons, occupying the 3s orbital and 

two 3p orbitals. Hence, it can complete its octet to obtain the stable noble gas configuration 

of argon by forming tetrahedral sp3 hybrid orbitals. The hybrid sp3 orbitals of central Si 

atom share its electron with four other Si atoms. 

 

Figure 1.1 a) The diamond structure. b) The tetrahedral structure of closest 

neighbours in the diamond lattice [5]. 

1.1.2. Bandgap 

Silicon has bandgap of 1.12 eV. The bandgap is indirect in nature, which means that 

the energy minimum of conduction band and energy maximum of valance band do not fall 

at the same wave vector. This is described in Fig. 1.2. The energy band diagram of Si is 

compared with GaAs, a direct bandgap material for clear understanding [4]. 

In a steady state, electrons (blue circles) occupy the lowest energy states of the 

conduction band while holes (red circles) occupy the upper states of the valence band. When 

electron and hole recombine radiatively, emission of photon takes place. This means the 
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electron in the conduction band drops down to the empty states of a hole in the valance band. 

The process of recombination is given in equation 1.1.  

ℏ𝜔 = 𝐸𝐶 − 𝐸𝑉 ≅ 𝐸𝑔 (1.1) 

Where, ℏ𝜔 is the energy of photon, 𝐸𝐶 is the minimum energy of conduction band, 

𝐸𝑉 is the maximum energy of valance band and 𝐸𝑔 is the bandgap energy of the 

semiconductor. Besides energy, momentum is also conserved during the process. Notably,  

 

Figure 1.2 Energy-band diagrams for Si and GaAs. The dispersion curves are 

along the [100] direction (X-point) and the [111] direction (L-point). Conduction 

electrons (blue circles) occupy the band’s minimum and valence holes (red circles) 

occupy the band’s maximum with Δk being the wavevector's difference for Si. 

Photon emission is not allowed for Si [4]. 

 

the wavelength of photon (𝜆 = 2𝜋 𝑘⁄ ~1μm for Si) is about three orders of magnitude larger 

than the de-Broglie wavelength of the electrons (is of the order of the lattice constant in 
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semiconductors ~5Å). Therefore, the photon momentum can be neglected compared to that 

of electrons and holes. For direct bandgap semiconductors like GaAs, both the electrons and 

the holes possess the same momentum at the center of the Brillouin zone (Γ-point in Fig. 

1.2). Consequently, vertical radiative recombination can take place. However, in Si, the 

large momentum mismatch between electrons and holes does not allow direct radiative 

recombination. The recombination process in Si involves another entity; a phonon is 

required to satisfy the momentum conservation. 

1.1.3. Limitation of Si and remedy 

However, the application of Si has been significantly limited in the field of 

optoelectronics because of its indirect bandgap. As described above, the indirect transition 

requires the participation of phonons to satisfy momentum conservation. The additional 

participation hinders efficient emission and absorption of radiation [1, 4, 6-9]. Therefore, in 

order to extend the functionality of Si technology from microelectronics to optoelectronics, 

the poor optical properties of Si need to be addressed. One of the possible solutions to 

improve this physical inability is to reduce the size of Si to nanometer regime, where the 

phenomenon of quantum confinement becomes prominent. In the domain of quantum 

confinement, the carriers are localized in the small nanometer volume which causes increase 

in uncertainty of carrier momentum, according to Heisenberg uncertainty principle [10], 

∆𝑥 ∆𝑝𝑥 ≥
ℏ

2
 (1.2) 

Where, ∆𝑥, ∆𝑝𝑥 and ℏ denote the uncertainty in position, uncertainty in momentum 

and Planck constant divided by 2π, respectively. According to equation (1.2), if the 

uncertainty in position is low (as carrier confined in a quantum structure) then the 

uncertainty in momentum is high. So, the probability of fulfilling the momentum 

conservation condition is much higher. Moreover, following Fermi’s golden rule for 

transition probability, when electron-hole pairs are localized spatially in small nanometer 
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volume, their wave functions overlap more in position space, and that leads to enhancement 

in oscillator strength for more recombination. In addition, the Si nanostructure array shows 

extremely low reflectance in contrast to the high natural reflectance (>35%) of Si in the 

wide wavelength range [11, 12]. This can increase the absorption and hence the efficiency 

of optoelectronic devices like solar cells and photo-detectors. These prospects suggest that 

Si nanostructures can address the aforementioned issues of bulk Si and open up opportunity 

for Si to be an efficient material in the field of optoelectronics. Moreover, as the dimension 

is reduced to the nanoscale regime, the surface to volume ratio is greatly increased. As a 

result, Si nanostructures exhibit superior selected physical and chemical properties 

compared to its bulk counterpart [13]. Therefore, Si nanostructures in its various forms like 

nanopyramids, nanowires, nanotubes, nanowalls, nanostructured thin films, nanopores etc., 

have been explored for potential applications in diverse fields, such as nanoscale electronics 

[14], thermoelectric [15], field emission [16], terahertz emission [17], energy conversion 

[18-20], energy storage [21-24], as well as chemical and bio-sensors [25-30].  

1.2. Different techniques for fabrication of Si nanostructures 

The potential of Si nano-architectures for a suitable application rely on its 

controllable fabrication. Numerous techniques utilizing the bottom-up approach such as 

vapor-liquid-solid (VLS) growth, molecular beam epitaxy, laser ablation etc. and the top-

down approach such as reactive ion etching, laser-induced etching, electrochemical etching 

(or anodic polarization etching), metal assisted chemical etching (MACE) etc. [17, 29] have 

been developed with the aim to control different synthesis parameters for the fabrication of 

desirable Si nanostructures. Some of the techniques are briefly described below. 

1.2.1. Vapor-liquid-solid (VLS) growth 

Vapor-liquid-solid (VLS) technique is a one dimensional nanostructure growth 

technique. It can be used to produce nanostructures like nanowires, whiskers, nanorods. 
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Wagner and Ellis were the first to describe the VLS technique for growing wires [31]. The 

VLS method for growing Si nanowires is illustrated schematically in Fig. 1.3. In this growth 

process, Si gas precursors such as SiH4, and SiHCl3 are collected at the metal catalyst. This 

assists in lowering the dissociation energy of gaseous molecules. Gold (Au) is the commonly 

used catalyst. According to the phase diagram, in presence of sufficient Si, the Au-Si alloy 

becomes liquid above the eutectic point of 363ºC. During the continuous flow of precursor 

gas, additional Si atoms are collected into the Au-Si liquid alloy. At a certain point the metal 

alloy becomes supersaturated, then Si will precipitate at the interface between the particle 

and the substrate, leading to the growth of solid Si wires [32].  Substrate versatility is one 

of the advantages of VLS method. But it has a limitation, owing to the poor control on 

nanowire orientations. Generally, the direction of growth in this technique and hence the 

axis of the wires, is along either <111> or <110> direction [33]. Moreover, VLS being a 

high temperature process, there can be metal contamination in Si nanowires which creates 

issue related to its complementary metal-oxide-semiconductor (CMOS) compatibility.  

 

 

Figure 1.3 Schematic diagram depicting Si wire growth through the Vapor-

Liquid-Solid (VLS) method. a) Initial formation of a liquid alloy droplet from a solid 

Au particle on the substrate. b) Growth of wire with the liquid droplet at the tip. 
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1.2.2. Reactive ion etching (RIE) 

Reactive ion etching (RIE) of Si utilizing halogen radicals is used for Si 

micromachining [19]. Highly anisotropic etching is accomplished by mixing some 

components to the etching gas which creates a passivation layer over Si.  Jansen et al. [34] 

were the first to investigate the anisotropic RIE using a mixture of SF6 and O2  gas . In the 

plasma, the two molecule species are broken along with the production of F*- and O*-

radicals, respectively as shown in Fig.1.4 [19]. The F* will attack the Si surface and form 

volatile SiF4. On the other hand, the O* reacts with SiF4 forming silicon-oxyfluoride 

(SiOxFy) at cryogenic temperature. SiOxFy works as passivation layer serving as an etch stop 

for F*. The passivation layer is etched on horizontal faces because of ion bombardment from 

plasma. But the removal of the passivation layer in vertical faces is lesser because of the 

directionality of the plasma ions. So the sidewalls are escaped from the etching by F*. 

Therefore, the overall process becomes anisotropic.  In this regime precipitates from the gas 

phase can result to form random nanostructures. Micro-masking by those particles results 

in the formation of silicon needles [34]. Moreover, the random formation of micromask 

occurs during the plasma process, which some researchers have used to prepare tailored 

micromask using silica [35] or silicon-oxybromide [36] nanoparticle. However, dry etching 

has limitation in producing high aspect ratio nanostructures with smooth surface. In addition 

to it, it is a cost intensive and complex process. It is also time consuming where one wafer 

at a time can be etched [32]. 

 

Figure 1.4 Depicts the inductive coupled plasma reactive ion etching (RIE) 

process in an atmosphere of SF6 and O2. 
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1.2.3. Electrochemical (anodic polarization) etching 

This method is generally used for the preparation of porous Si. In this process, the 

etching of Si in HF solution is carried out through anodization via external power supply. 

Fig. 1.5 shows the schematic of the two electrode electrochemical etching process. In this 

process Si is used as working electrode (anode) and platinum is generally used as counter 

electrode (cathode). The two half-cell reaction of the electrochemical cell are summarized 

as below [37], 

  At cathode: 2H++2e-→H2 

 

(1.3) 

 

     At anode: Si + 6F-+2H+→SiF6
2-+H2+2- (1.4) 

 

 

 

Figure 1.5 Schematic illustration of a two - electrode electrochemical cell for 

fabrication porous Si. 

1.2.4. Metal assisted chemical etching (MACE) 

Metal assisted chemical etching (MACE) is a novel technique to fabricate various 

Si nanostructures. Since the technique has been used in the present study it is explained in 

detail. MACE was first discovered in 1997 by Dimova-Malinovska et al. [38], when they 

produced porous Si by etching aluminum (Al) deposited Si substrate in a solution composed 

of HF, HNO3 and H2O. They reported no “incubation period” to the onset of etching. MACE 

was further investigated in detail by Li and Bohn [39]. The research group found that a thin 
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layer of noble metal (e.g., Au, Pt, or Au/Pd alloy) sputtered on the surface of Si substrate 

catalyzed the etching process in a mixed solution containing HF, H2O2 and ethanol. This 

systematic etching resulted in straight pores or columnar structures. Peng et al. [40] further 

developed MACE for producing Si nanowires. Generally, in MACE procedure, the Si 

substrate partly covered with a noble metal is exposed to an etchant comprising HF and an 

oxidizing agent. The Si underneath the noble metal is etched much faster than the Si surface 

without noble metal coverage. As a consequence, the noble metal sinks into the Si substrate, 

creating pores and or wires. The geometry of the produced Si structures depends on the 

original morphology of the noble metal coverage [41]. 

MACE is distinct and promising owing to the following benefits [32, 41-43]: 

❖ MACE is simple, cost-effective and versatile. Also it has the ability to produce 

different kinds of nanostructures such as nanopores, nanowires, nanowalls and 

porous nanowires. 

❖ MACE has the potential to control different parameters like cross-sectional shape, 

diameter, length, orientation and doping. 

❖ MACE is a room temperature method which is CMOS compatible. This means it 

can be easily integrated into the standard chip manufacturing process. 

 

MACE generally comprises of two successive processes viz. surface nucleation of 

metal catalysts and anisotropic etching. Depending on the occurrence of these two 

processes, it is categorized into two types: one-step MACE and two-step MACE [44]. In 

one-step MACE, the two successive processes occur in the etching solution comprising HF 

and suitable metal salt (e.g. AgNO3, KAuCl4 etc.) as shown in Fig. 1.6 a) [44-46]. Whereas, 

in two-step MACE, first step is the deposition of metal catalyst and the second step is etching 

in the solution consisting of HF and a suitable oxidizing agent (H2O2, Fe(NO3)3, aerated O2 
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etc.), as depicted  in Fig. 1.6 b) [47-50]. Since, metal catalysts are deposited separately in 

two-step MACE, it has an advantage, over one-step MACE, in terms of independent control 

over metal morphology, thereby deciding the shape of the Si nanostructures to be prepared. 

For example, ordered arrays of nanowires, nanofins and nanopores have been fabricated 

using two-step MACE with the proper patterning of the catalytic metal on Si substrate [50-

55]. However, patterning of these metals were achieved by using various lithography 

techniques like colloidal (or nanosphere) lithography, soft lithography, laser interference 

lithography, substrate conformal imprint lithography and deep ultraviolet lithography, 

which are complex and cost intensive. The alternative way for metal catalyst deposition is 

done by using vacuum techniques (thermal evaporation, electron beam evaporation and 

sputtering) which are energy and cost intensive. The electroless metal deposition techniques, 

though patterning of metal morphology is difficult [56], possesses the benefits such as being 

simple, versatile, cost effective and allows the whole process to be carried out in the 

chemical lab. Therefore, several researchers have utilized electroless deposition of catalytic 

metals (mostly Ag and Au) as the first step of MACE towards the synthesis of Si 

nanostructures. Using this technique they have fabricated different nanostructures and 

studied various properties and related applications of the fabricated nanostructures [6, 57, 

58]. However, studies on the effect of deposition parameters over the morphology of metal 

catalyst and its formation mechanism that helps in producing desired Si nanostructures are 

still lacking. In two-step MACE, the variation of etching parameters like etching time, HF 

concentration and oxidant concentration (mostly H2O2 is used) have been carried out in 

order to understand the underlying etching mechanism. However, to fully comprehend the 

influence of etching parameters on the morphology of Si nanostructures [6, 59-71], several 

studies are still required. 
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Figure 1.6 Schematic of a) one-step and b) two-step MACE . 

The porous Si nanostructures (like porous nanowires / nanowalls) are new kind of 

nano-architectures which combine both the physical features of nanowires / nanowalls and 

porous characteristics. The unique combination is expected to open novel avenues for Si-

based optoelectronic and photo-electrochemical devices [6, 60]. As mentioned previously, 

MACE is capable of producing porous Si nanostructures. The porous Si nanostructures 

exhibit visible photoluminescence [6, 72, 73]. But, Si nanostructures with high porosity can 

only be fabricated from highly doped Si wafer using MACE [60, 73, 74]. However, high 

doping concentration can cause spectral red shift and reduction in quantum yield of visible 

luminescence. Also, heavy doping can cause serious carrier recombination that leads to 

reduction in the solar cell efficiency [75]. Therefore, it is exciting to fabricate lightly doped 

porous Si nano-architectures using MACE for its wide range of potential application. 
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1.3. Some exciting properties of MACE fabricated Si nanostructures 

Beside the ease in fabrication, the MACE fabricated Si nanostructures have shown 

the following exciting properties: 

1. Excellent antireflection 

2. Surface hydrophobicity/superhydrophobicity 

3. Visible photoluminescence 

1.3.1. Excellent antireflection 

Several research on Si nanostructures prepared by MACE [12, 76-80] display 

excellent antireflection behaviour. Srivastava et al.[76], performed a detailed study on the 

antireflection behaviour of Si nanowires prepared by MACE.  They have investigated the 

effect of etching time (or wire length: since wire length linearly varies with etching time) 

on the antireflection behaviour. The reflectance (reflectivity) spectra of Si nanowires as well 

as polished Si wafer (0 min etching time) as a function of wavelength (λ) are shown in Fig. 

1.7 [76]. They observed a decrease in reflectivity with an increase in etching time (i.e. with 

increasing wire length). Moreover, reflectivity shows a minimum of ~1.5% in the 300–600 

nm range and <4% in the spectral range 600–1000 nm in the samples etched for 15 min or 

more. The optical photographs of the Si nanowire arrays fabricated for 45 min and polished 

Si wafer are shown in the inset of Fig. 1.7, where the appearance of black colour reveals the 

antireflection behaviour. They also observed that there is no significant reduction in 

reflectance in case of samples selected for more than 25 min, as depicted in Fig. 1.8, where 

the reflectivity at 600 nm wavelengths is plotted against etching time. 
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Figure 1.7 Reflectivity as function of wavelength (λ). The spectra denoted as 1, 2, 

3, 4, 5, 6 and 7 represent samples obtained for etching time of 0, 1, 1.5, 2, 5, 15 and 

45 min, respectively. The sample obtained for 0 minute etching time denotes the 

polished Si wafer. Inset displays the optical photograph of Si nanowires obtained 

for etching time of 45 min and polished Si wafer [76]. 

 

 

Figure 1.8 Reflectivity of Si nanowires at 600 nm wavelength with increasing 

etching time [76] . 
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1.3.2. Surface hydrophobicity/superhydrophobicity 

Several studies have shown that Si nanostructure fabricated by MACE exhibit 

surface hydrophobicity/superhydrophobicity [81-84]. Lee et al. [81], fabricated rough 

silicon surfaces with micro and nanostructures by copper (Cu)-assisted chemical etching 

process. The report indicates that the as-prepared hierarchically rough silicon surfaces 

exhibit hydrophobic behaviour with a contact angle value ranging from 93° to 149° 

depending on the size of Cu nanoparticle. Moreover, they modified the hierarchically rough 

silicon surfaces by spin-coating a thin layer of Teflon film and achieved superhydrophobic 

behaviour with extremely high contact angle of ~ 180°. Figure 1.9 a) and b) and their insets 

display respectively the SEM micrographs and water contact angle of as-prepared 

hierarchical rough Si surface generated with Cu nanoparticles of 30 nm size and 

hierarchically surface generated with Cu nanoparticles of 30 nm size modified by 3 wt% 

Teflon precursor solutions. 

 

Figure 1.9 a) SEM micrographs of MACE generated hierarchically rough Si 

surfaces with Cu nanoparticles of 30 nm. b) SEM micrograph of MACE generated 

hierarchically rough Si surfaces with Cu nanoparticles of 30 nm modified by Teflon 

precursor solutions of 3wt%. Inset images display the respective cross-sectional 

SEM micrographs and water contact angles [81]. 

However, the reports showing the combined behaviour of excellent antireflection 

and hydrophobicity, which is beneficial for enhancing the efficiency as well as life time (due 
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to self-cleaning nature of hydrophobicity /superhydrophobicity) of optoelectronic devices 

like solar cell and photodetectors are very rare. Table 1.1 depicts some list of articles on the 

antireflection and hydrophobic behaviour of Si nanostructure fabricated by metal (silver) 

assisted chemical etching. 

Table 1.1 Antireflection and hydrophobic behaviour of Si nanostructure synthesized by 

metal (silver) assisted chemical etching. Note: contact angle refers to water contact angle, 

GD refers to galvanic displacement deposition process, R refers to reflectance, Rλ refers 

to average reflectance and Rsw refers to solar-weighted reflectance over the wavelength 

range indicated in the bracket.  

 

Morphology 
Ag Deposition 

method 

Etching 

solution 

Reflectance 

(Wavelength 

range) 

Contact 

Angle 
Ref. 

Micro- and 

nanopores 

Sputtering 

followed by 

annealing at 

600oC 

HF/H2O2  
Rλ~4.7%  

( 200-1100 nm) 

 

- [85] 

Porous micro-

cavity 

HF/AgNO3 

(GD) 

HF/H2O2 

acid vapors 

Rλ~6%  

(300-1100 nm) 
- [86] 

Nanostructures 

Spin coating 

followed by 

sintering at 

170°C 

HF/HNO3 
RSW ~1.96%  

(300-1100 nm) 
~102o [87] 

Nano-pores 
HF/AgNO3 

(GD) 
HF/H2O2 

Rλ< 4%  

(400-1000 nm) 
- [12] 

 

Nanoscale 

texture 

Chemical 

reduction 

method with 

PEI as 

stabilizer. 

HF/H2O2 
Rλ~2.8%  

(200-1000 nm) 
- [88] 

Nanowires 
HF/AgNO3 

(GD) 
HF/H2O2 

Rλ∼5.6%  

(250-800 nm) 
- [89] 

 

 

Nanocones 

 

 

HF/AgNO3 

(GD) 

HF/H2O2 

etching. 

Then 

ambient 
oxidation 

and etching 
by HF 

 
 

R < 3%  
(400- 800 nm) 

 

 

117o 

 

 

[84] 

Nanowires 
Electron beam 

evaporation 
HF/H2O2 

R ~2-4%  
(< 1107) 

- [90] 

Graded 

nanostructure 

HF/AgNO3 

(GD). Then 

soaked in % 

HF/H2O2 
Rλ~1.6% 

(300–900 nm) 
- [79] 
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 HNO3 for 

partial Ag 

removal 

Nanowires 
HF/AgNO3 

(GD) 
HF/H2O2 

Rλ∼1%  

(300–1000 nm) 
- [91] 

Nanowires 
HF/AgNO3 

(GD) 
HF/H2O2 

R <1%  

(300–1000 nm) 
- [80] 

Tapered 

nanowires 

HF/AgNO3 

(GD) 

HF/H2O2 

etching. 

Then KOH 

etching 

Rλ<1%  

(300–1000 nm) 
- [92] 

Nanowires HF/AgNO3 (1-step) 

Rλ~1.5%   

(300-600 nm) 

and < 4%  

(600-1000 nm) 

- [76] 

Nanopore HF/H2O2/AgNO3 (1-step) 
Relative effective 

R ~ 0.17%  
(300–1000 nm) 

- [77] 

Porous film HF/AgNO3/IPA (1-step) 
Rλ~0.5%  

(300-800 nm) 
- [93] 

Nanowires HF/AgNO3 (1-step) 
R ≲1.4%  

(300–600 nm) 
- [94] 

Nanowires HF/AgNO3 (1-step) 
Rλ~1.49%  

(200–850 nm) 
- [95] 

 

1.3.3. Visible photoluminescence (PL) 

Numerous studies have exhibited visible photoluminescence (PL) of porous Si 

nanostructures prepared by MACE [6, 8, 44, 72, 73]. For instance, Qu et al. [72] fabricated 

vertical Si nanowire array through a two-step MACE of highly doped n-type Si (100) 

wafers. The PL studies of the fabricated Si nanowires are summarized in Fig.1.10. Figure 

1.10 a) depict the PL spectrum of porous Si nanowires which shows clearly a broad visible 

emission centered around 650 nm. Fig. 1.10 b) presents the optical image of a selected single 

porous Si nanowire. The corresponding confocal PL image is shown in Fig. 1.10 c) which 

overlaps with the optical microscopy image. This confirms that the PL is indeed originated 

from the porous Si nanowire. 
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Figure 1.10 a) Photoluminescence spectrum of porous Si nanowires obtained by 

MACE. b) Optical image of a single porous silicon nanowire. c) Confocal 

photoluminescence image of the same single porous silicon nanowire. The scale bar 

in b) and c) is 3 μm [72]. 

However, as aforementioned, highly porous Si nanostructures are achieved from 

highly doped base Si wafer. The visible luminescence properties are mostly studied in highly 

doped porous Si nanostructures where high doping concentration can cause spectral red shift 

and reduction in quantum yield of visible luminescence. To the best of our knowledge there 

are no reports on study of visible PL properties of lightly doped porous Si nanostructures 

prepared by combining MACE with anodic polarization etching. Moreover, the studies 

correlating the microstructures of the fabricated Si nano-architectures with these properties, 

which are crucial in view of their favorable applications, are quiet less and needs to be 

investigated in detail.  

1.4. Some applications of MACE fabricated Si nanostructures 

Owing to the compatibility of MACE with established CMOS technology, Si 

nanostructures synthesized by MACE have been studied for the following applications 

1. Gas sensors  

2. Energy storage devices 

1.4.1. Gas sensors 

On gas sensing front, the sensing behaviour of MACE fabricated Si nanostructures 

towards hydrogen (H2) gas is analyzed owing to its importance in nuclear industry. For H2 

sensing both pristine and functionalized (platinum (Pt) & palladium (Pd)) Si nanostructures 
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have been investigated. Functionalized Si sensors are favorable due to their selectivity for a 

particular gas against other chemical species [25]. For instance, Gao et al. [25] fabricated a 

H2 gas sensor based on a Si nanomesh structure decorated with Pd nanoparticles via 

polystyrene nanosphere lithography and top-down fabrication processes. The gas sensor 

shows dramatically improved H2 gas sensitivity compared to Si thin film sensor without 

nanopatterns. Furthermore, a buffered oxide etchant (BOE) treatment of the Si nanomesh 

structure resulted in an additional performance improvement. Fig. 1.11 shows the real time 

response of the sensor, with BOE treated suspended Si nanomesh channel, to H2 with 

concentrations of 50 ppm-0.8%. In general, the functionalization of Si nanostructures with 

these metals have mostly been achieved by techniques like electron beam evaporation, 

magnetron sputtering, pulsed laser deposition etc. [23] which are energy and cost intensive. 

Notably, there are only a few reports on the cost effective galvanic displacement deposition 

technique [96] to functionalize Si nanostructures for hydrogen sensing. However, the use of 

HF along with the metal salt solution in this method can alter the initial morphology of the 

fabricated Si nanostructures. Therefore, it is required to modify the technique, to 

functionalize the Si nanostructures without disturbing its initial morphology.  

 

Figure 1.11 Real time response of the sensor with BOE treated suspended Si 

nanomesh channel to H2 with concentrations of 50 ppm-0.8% [25]. 
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1.4.2. Energy storage devices 

Among the different energy storage devices, electrochemical capacitor has been 

considered as a prominent energy storage device because of its fast charge / discharge rate, 

high power density, long cycle-life and safety in operation [97]. For electrochemical 

capacitor application, the MACE fabricated Si nanostructures are usually coated with other 

materials, such as silicon carbide, ultrathin carbon sheath, graphene and nickel oxide [22, 

98-100], due to the reactivity of Si with the commonly used aqueous electrolytes. But, use 

of these coated materials can cause compatibility issues with the established CMOS 

fabrication technology, as well as increase the production cost. Recently, the research group 

led by S. Sadki have studied silicon nanowires and nanotrees, grown by the vapour-liquid-

solid (VLS) technique without any additional coating, for electrochemical capacitor 

application using different organic and ionic liquid electrolytes [21, 101, 102]. For instance, 

the growth of Si nanotrees and its electrochemical behaviour studied by the research group 

led by S. Sadki [102] is shown in Fig 2.1. Fig. 2.1 a) shows the Si nanotrees growth by 

chemical vapour deposition (CVD) via gold catalysis in a three-steps process: growth of 

trunks and branches are separated by a new gold catalyst deposition. Fig. 2.1 b) shows the 

SEM micrograph of Si nanowires, i.e. the trunks, with 20-500 nm diameter and 52 μm 

lengths. Fig. 2.1 c) shows the SEM micrographs of Si nanotrees with 20-500 nm wide and 

52 μm long trunks and 1 nm gold thin film as second gold catalyst deposition. As depicted 

in Fig. 2.1 d), both Si nanowires and Si nanotrees exhibit capacitive behaviour and have 

higher capacitance than that of bulk. The Si nanotrees shows more capacitance than that of 

Si nanowires. For Si nanotrees, the electrode capacitance is enhanced up to 900 μF.cm-2, i.e. 

150 fold higher than of bulk Si. However, high cost and issues related to the high 

temperature VLS growth method limit its application. Therefore, it is exciting to investigate 

the electrochemical behaviour of the MACE fabricated Si nanostructures in these 

electrolytes for its application towards electrochemical capacitor.  
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Figure 1.12 Schematic depicting the growth process of Si nanotrees via chemical 

vapour deposition. a) The process involves three steps: Step 1: Growth of Trunk, 

Step 2: Deposition of second gold catalyst, Step 3: Growth of branches. b) SEM 

micrograph of Si nanowires, i.e. the trunks, with 20-500 nm diameter and 52 μm 

lengths. (c) SEM micrographs of Si nanotrees; 20-500 nm width and 52 μm long 

trunks and 1 nm gold thin film as second gold catalyst deposition. d) Cyclic 

voltammetry curves in 1 M tetraethylammonium tetrafluoroborate (NEt4BF4) in 

propylene carbonate at 50 mV.s-1 of bulk silicon, 50 μm long Si nanowires, Si 

nanotrees with 50 μm long trunks and 1 nm gold thin film as second gold catalyst 

source. 

1.5. Objective of the thesis 

The key objectives of the thesis are summarized below, 

❖ Synthesis of silicon nano-architectures using two step MACE with cost effective 

galvanic displacement deposition method for metal (Ag) deposition, optimization of 
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process parameters, understanding the effect of etching parameters in fine tuning the 

morphology and delineating the mechanism behind the formation of nanostructures.  

❖ Fabrication of lightly doped porous silicon nanowalls / nanowires using modified 

MACE. 

❖ Investigation of the exciting properties of MACE fabricated Si nanowalls (like 

antireflection, wetting and photoluminescence) and correlation of its microstructure 

with these properties. 

❖ The investigation of pristine Si nano-architectures and Si nano-architectures 

functionalized with Pt and Pd by fluoride-free galvanic displacement technique for 

hydrogen sensing application. Electrochemical behavior of silicon nano-

architectures in the electrolyte, tetraethylammonium tetrafluoroborate (NEt4BF4) in 

propylene carbonate, for electrochemical capacitor application. 
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Chapter 2 

Experimental techniques  

The present chapter includes a brief report on the experimental techniques used for 

the synthesis of smooth and porous Si nanowalls (SiNWs) and their characterizations to 

investigate the electrochemical, morphological, crystallographic, structural, elemental, and 

optical properties. Following the electrochemical techniques, the basic principles of 

electron microscopic techniques (scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM)) used for the morphological characterization of the fabricated 

samples are discussed. This is followed by discussion of the techniques used for structural 

characterization (X-ray diffraction (XRD), Raman spectroscopy, attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy). The basic principles of 

photoluminescence (PL), reflectance spectroscopy and finite-difference time-domain 

(FDTD) simulation method, used for studying optical behavior of prepared sample are 

summarized. Details of the contact angle measurements for understanding the wetting 

behaviour of the samples are also described. Further, the details of gas sensing facility and 

its applications are outlined. 

2.1. Fabrication techniques 

2.1.1. Metal assisted chemical etching (MACE) 

The two-step metal assisted chemical etching (two-step MACE) technique was used 

for preparation of smooth SiNWs. After standard cleaning procedure, the Si wafer is housed 

into a home made Teflon electrochemical cell, depicted Fig. 2.1. It is worth to note that only 

one side of the Si-wafer (polished Si surface) is exposed to the solution using screw 

tightened Viton O-ring assembly. In the first-step, the deposition of metal (silver) is carried 

out using galvanic displacement deposition (electroless deposition) method in a solution 

mixture of HF and AgNO3, followed by subsequent washing with 18.2 MΩ.cm grade water. 
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In the second-step, the etching of Ag deposited Si wafer was carried out in solution mixture 

of HF and H2O2. For both the steps, the same home made Teflon electrochemical cell was 

used. 

 

 

Figure 2.1 Description of home made Teflon electrochemical cell in a) 

Photographic view and b) Schematic view. The use of screw tightened Viton O-ring 

assembly ensures the corrosion and leak free deposition on one side of Si wafer. 

 

2.1.2. Modified metal assisted chemical etching 

Modified MACE was used for preapation of porous SiNWs. In the modified MACE, 

the first step is same as that of simple MACE (i.e the silver depostion on Si wafer by galvanic 

displacement depostion).  However in the second step, an external constant current was 

applied to Ag deposited Si wafer (i.e modified MACE is combination of metal assisted 

chemical etching and anodic polarization etching) as shown schemtically in Fig. 2.2. In this 

configuaration, the other side (Ag free side of Si wafer) was in contact with a copper plate. 

Indium-Gallium eutectic alloy (99.99% purity, Sigma-Aldrich) was used between Si wafer 

and copper plate to ensure ohmic electrical contact. A constant current was applied between 

the Ag deposited Si wafer and graphitic carbon during etching. 
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Figure 2.2 Schematic illustration of the electrochemical cell used for preparation 

of porous SiNWs. It is the same cell used for MACE, but this time a constant current 

was applied between the Ag deposited Si wafer and graphitic carbon. 

2.2. Electrochemical characterization methods 

2.2.1. Cyclic voltammetry 

Cyclic voltammetry (CV) belongs to the group of potential sweep techniques and 

can be employed to study electron transfer kinetics and transport properties of electrolysis 

reactions [103]. The current is measured as a function of the linear potential applied. As 

species react at different potentials and with different intensity, the CV enables multiple 

detections in one measurement (qualitative), and estimation of their concentration in 

solution (quantitative). The current resulting from the potential application is due to the 

occurrence of redox reactions in the solution (Faradic current) and to the double layer 

charging (capacitive current). The current response is plotted as a function of voltage. Figure 

2.3 depicts the CV of a reversible reaction using a macroelectrode. There are many possible 

techniques available for potentiometric experiments, but cyclic voltammetry is often the 

preferred technique due to its ease of experimental set-up and quantitative results. 
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Figure 2.3 Cyclic voltammogram of a reversible reaction using a 

macroelectrode. Epc and Epa are the peak potentials at the cathode and at the anode, 

respectively. Ipc and Ipa are the peak current at the cathode and at the anode, 

respectively. 

2.2.2. Charging/discharging 

For galvanostatic cycling, the measured voltage at the electrode vs. time is recorded 

at a fixed current. An ideal capacitor can be charged and discharged for infinite cycles, thus 

cycle life is one of the important parameters for the electrochemical performance of material 

[103, 104]. Figure 2.4 shows the typical potential evolution under galvanostatic cycling 

where the curve A (red curve) and curve B (black curve) shows electric double-layer 

capacitive (EDLC) and pseudocapacitive behaviour of the electrode respectively. The 

potential evolution for EDLCs is symmetric during charging and discharging and nearly 

linear. On the other hand, the potential evolution for pseudocapacitive electrodes is 

asymmetric during charging and discharging and non-linear. 
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Figure 2.4 Illustrative comparison of the galvanostatic charging and discharging 

plots of a conventional supercapacitor (Electric double-layer capacitor: plot A, 

linear), and a supercapacitor containing a redox electrolyte (Pseudocapacitor: plot 

B, non-linear) [103]. 

The cyclic voltammetry and charging/discharging studies of the fabricated sample 

were conducted using the commercial potentiostat (Metrohm Autolab, model PGSTAT 

302N) at room temperature. The sample was assembled into a home-built 3 electrodes 

electrochemical cell as shown in Fig. 2.5. In the cell, only the surface of Si wafer with 

SiNWs is exposed to the electrolyte. This is achieved by the use of an O-ring with screw 

tightening arrangement. The other side of the Si wafer was in perfect contact with a copper 

plate, where ohmic contact was ensured with the use of Indium-Gallium eutectic alloy 

(99.99% purity, Sigma-Aldrich). The SiNWs sample, platinum and Ag/AgCl couple were 

used as working, counter and reference electrodes respectively. A solution of 

tetraethylammonium tetrafluoroborate (NEt4BF4) in propylene carbonate (PC) was used as 

the electrolyte. All the electrochemical studies were performed in moisture free closed 

environment. 
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Figure 2.5 Schematic demonstrating the electrochemical cell set-up for 

electrochemical characterizations.  

 

2.3. Structural and morphological characterization 

2.3.1. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS or EDX) 

In scanning electron microscopy, an electron beam is focused onto sample surface, 

kept in vacuum, by electro-magnetic lenses [105]. The beam is then scanned over the surface 

of the sample. The scattered electrons from the sample are then fed to the detector and then 

to a cathode ray tube through an amplifier, where the images are formed. This gives the 

information of the sample. The signals that derived from electron sample interactions reveal 

information about the sample including external morphology (texture), chemical 

composition, and crystalline structure and orientation. The field emission gun (FEG) is  

electron source. The FEG source has a number of advantages compared to the conventional 
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thermionic emitter. It has high brightness, low evaporation of cathode material and low 

thermal drift during operation. These aspects enhance the resolution limits of a field 

emission SEM (FESEM). The FEG generates electrons and accelerates them to energy in 

the range 0.1-30 keV towards the sample. A series of lenses focus the electron beam on to 

the sample where it interacts with the sample to a depth of approximately ~1μm. Accelerated 

electron beam in a SEM carry significant amount of kinetic energy, and this energy is 

dissipated as a variety of signals produced by electron-sample interactions when the incident 

electrons are decelerated in the solid sample. These signals include secondary electrons (that 

produce SEM images), backscattered electrons (BSE), diffracted backscattered electrons 

(EBSD) that are used to determine crystal structures and orientations of minerals, 

characteristic X-rays that are used for elemental analysis and continuum X-rays, visible light 

and heat. Secondary electrons and backscattered electrons are most commonly used for 

imaging. Secondary electrons are most valuable for showing morphology and topography 

of samples and backscattered electrons are most valuable for illustrating contrasts in a 

composition of multiphase samples.  

X-rays are produced when an electron moves from the outer to the inner shell of an 

atom, and they can be detected by the energy dispersive X-ray spectroscopy (EDS) which 

is coupled with the SEM. Each element has a different specific energy level of X-rays. The 

chemical composition is analyzed by a 2 µm wide beam or the average of a selected area. 

Abundance of elements present in the sample is given either as a spectrum, or as a map of 

the elements of interest. The EDS is equipped with a software, which aids identifying the 

elements in the spectrum, based on standard values. In this study, energy dispersive X-ray 

spectrometer equipped with FESEM (Model Zeiss SUPRA 55) with 30 kV source from a 

tungsten field emission tip was used to examine the morphology and structure of the 

prepared samples.  
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2.3.2. Transmission electron microscopy (TEM) 

Transmission electron microscopy is a versatile and indispensable tool in the study 

of materials due to its high spatial resolution [106]. In this technique, a beam of high-energy 

electrons (typically 100-400 keV) is collimated by magnetic lenses and allowed to pass 

through a specimen, under high vacuum. The transmitted beam and a number of diffracted 

beams can form a resultant diffraction pattern, which is imaged on a fluorescent screen kept 

below the specimen. The diffraction pattern gives information regarding lattice spacing and 

symmetry of the structure under consideration. Alternatively, either the transmitted beam or 

the diffracted beams can be made to form a magnified image of the sample on the viewing 

screen as bright-and dark field imaging modes respectively. This gives information about 

the size and shape of the microstructural constituents of the material. High-resolution image 

contains information about the atomic structure of the material. This can be obtained by 

recombining the transmitted beam and diffracted beams together. All the diffracted electrons 

follow the Bragg's law 2dsin = n, where d being the atomic spacing,  being the angle 

between incident electron and atomic planes of the specimen,  being the wavelength of 

incident electrons and n is an integer. By selecting the diffracted beam from a selected area 

on the specimen, selected area electron diffraction (SAED) pattern can be obtained. The 

SAED pattern is equivalent to an X-ray diffraction pattern. A single crystal leads to a well 

arranged spot pattern on the screen; a poly-crystal constitutes a ring pattern. Whereas, a 

glass or amorphous material produces a series of diffuse halos. The major components of 

the TEM can be categorized into the illumination system, the objective lens/stage, and the 

imaging system. By adjusting these three components of TEM and selecting the appropriate 

scattered electron beams from the specimen, several types of TEM images can be obtained. 

General analysis of the samples can be carried out by the different modes of the TEM, such 

as the bright field and dark field images, SEAD patterns, high resolution TEM (HRTEM) 
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and fast Fourier transform (FFT) images. In the present thesis, the morphological and 

structural investigation of the prepared samples were carried out using HRTEM (LIBRA 

200FE Zeiss) with 200 kV FE electron source. The schematic (Fig. 2.6) explains the 

function of the system. 

 

 

Figure 2.6 A ray diagram of TEM showing the diffraction mode operation (left 

side) and standard imaging mode operation (right side) with major components of 

the system. 

2.3.3. X-ray diffraction (XRD) 

When an electromagnetic radiation of wavelength λ is incident on a crystalline 

material having periodic structures in the length scale of λ; diffraction event takes place 

[107]. Since X-rays have wavelength comparable to interatomic spacing in a crystal, it can 
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interact with the solid and scatter to produce a diffraction pattern. This happens when the 

interaction satisfies the Bragg’s diffraction criterion given by, nλ=2dsinθ, where, n is an 

integer representing the order of diffraction, λ is the wavelength of the electromagnetic 

radiation, d is the inter-planar spacing for the family of diffracting planes and θ is angle 

between incident X-ray and atomic planes. The wavelength of the X-ray used is normally 

1.54056Å (Cu Kα). Each peak in the diffraction pattern can be correlated to a set of planes 

in a crystal lattice. Different set of planes have different inter-planar spacing and according 

to Bragg‘s condition θ must vary with d variation. A schematic view of the X-ray Diffraction 

(XRD) process is shown in Fig. 2.7. 

 

 

Figure 2.7 Schematic view of the X-ray diffraction (XRD) process 

 

In the present study, grazing incidence X-ray diffraction (GI-XRD) (STOE / Inel, 

Equinox 2000) was used to reveal the structural information of fabricated samples. 

2.3.4. Raman spectroscopy 

In Raman spectroscopy, the material is excited with the laser beam of frequency 𝜈0  

in the UV-Visible-IR region and the scattered light is analyzed. The scattered light consists 

of elastically scattered Rayleigh signal and inelastically scattered Raman signal as shown in 
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Fig. 2.8. Rayleigh signal comes with high intensity and frequency same as of the incident 

beam 𝜈0 . However, the Raman scattering is very weak (~ 10-5 of the incident beam) and has 

frequencies 𝜈0 ± 𝜈𝑚, where  𝜈𝑚 is the vibrational frequency of the system. 𝜈0- 𝜈𝑚 is called 

as Stokes line, and 𝜈0 + 𝜈𝑚 is the anti-Stokes line [108]. Therefore, in the Raman 

spectroscopy, the vibrational frequency 𝜈𝑚 is measured as shift from the incident photon 

frequency 𝜈0. According to Maxwell-Boltzmann distribution law, the population of phonons 

in a solid at ground state is higher than the excited state. Therefore, the stokes lines are 

stronger than the anti-stoke lines. Since both Stokes and anti-Stokes lines provide the same 

information, in general practice the Stoke lines are measured experimentally because of its 

higher intensity than that of the anti-Stoke lines. 

 

 

Figure 2.8 Schematic view of the elastic and inelastic processes in a material with 

incidence of light. 

 

In the present thesis, the Raman spectra are recorded using Renishaw micro-Raman 

spectrometer (Model-INVIA). Figure 2.9. shows the schematic block diagram of facility. 

The major component and their working principle are briefly discussed below. 
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Figure 2.9 Schematic block diagram of the Raman setup with major parts, used 

for the present studies. 

(i) Laser: An Ar+ laser of wavelength of 514.5 nm was used as the light source for the 

Raman scattering measurement.  

(ii) Optical unit: The laser entering the optical unit was first aligned by the mirror B 

followed by convergence to ~10 m pinhole with the help of convergence lens C. 

Another objective lens D was used to make a well collimated parallel beam. The 

collimated parallel laser beam was reflected to the holographic filter with the help 

of mirrors E and F. The angle of the holographic filter was adjusted so that the laser 

beam can pass into the optical path of the microscope, located out of the spectrometer 

unit. 

(iii) Microscope unit: The microscope unit helped in positioning and focusing the 

sample for the measurement. The microscope in the micro Raman system was 

facilitated with objective lenses of 5X, 20X, 50X and 100X for visible light. 

Monochromator: In the Raman spectrometer the back scattered photons are dispersed 

through the single monochromator with gratings. The spectral resolution of the 

measurement is decided by the number of groves in the grating.   
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Detector: The dispersed light from the monochromator was focused on a charged coupled 

device (CCD), which served as a detector for spectra acquisition of the scattered photons. 

2.3.5. Attenuated total reflectance - Fourier transform infrared (ATR-FTIR) 

spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is one of the vibrational 

spectroscopic tools, where infra-red (IR) spectra are measured. It relies on the principle of 

transmission of light [109]. When an infrared radiation is incident on the sample, molecules 

of sample selectively absorb radiation of specific wavelengths which cause the change in 

dipole moment of sample molecules. Consequently, the vibrational energy levels of sample 

molecules transfer from ground state to excited state. The frequency of absorption band, in 

the range of 4000-10 cm-1, is proportional to the energy difference between the vibrational 

ground state and excited states. The number of absorption peaks depends on the number of 

vibrational degrees of freedom of the molecule. The intensity of absorption peaks depends 

on the possibility of transition of energy levels and change in dipole moment. FTIR 

spectroscopy is used to identify the functional groups like for instance C=O, C-H or N-H 

and for identifying the structure in the materials.  

The attenuated total reflectance (ATR) crystal consists of an IR transparent material 

with a high refractive index and has polished surface (Fig. 2.10) [110]. As shown in the 

image, the infrared beam enters the ATR crystal at an angle of typically 45° (relative to the 

crystal surface) and is totally reflected at the crystal to sample interface. Due to its wave like 

properties, the light is not reflected directly on the boundary surface but by a virtual layer 

within the optically less dense sample (Goos-Hänchen effect [110]). The fraction of the light 

wave that reaches into the sample is called the evanescent wave. Its penetration depth 

depends on the wavelength, the refractive indices of ATR crystal and sample, and the angle 

of the entering light beam. Typically, it amounts to a few microns (ca.0.5-3µm). In those 

spectral regions where the sample absorbs energy, the evanescent wave will be attenuated. 
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After one or several internal reflections, the IR beam exits the ATR crystal and is directed 

to the IR-detector. To achieve a high quality spectrum some requirements must be fulfilled; 

Good contact between sample and ATR crystal has to be ensured as the evanescent wave 

penetrates only up to some microns into the sample. The refractive index of the crystal must 

be considerably higher than that of the sample. 

 

 

 

Figure 2.10 Schematic of the ATR-FTIR sampling mode (n, refractive index; θ, 

angle of incidence) 

In the present studies, surface chemical bonding of prepared samples was 

investigated using ATR-FTIR spectrometer (Bruker Tensor II) in the spectral range of 700-

4000 cm-1 using sixteen scans at 4 cm-1 resolutions. 

2.4. Optical characterization 

2.4.1. Photoluminescence (PL) spectroscopy 

When an electromagnetic radiation is incident on a semiconductor material, a 

fraction of the incident photons get reflected at the surface and the rest transmit through the 

medium [111]. Inside the medium some of the photons may absorb or scatter while the 

remainder passes through the sample. Some of the absorbed photons may dissipate as heat 

or reemit at a different frequency. The latter process is known as photoluminescence. This 

is a radiative recombination process among excited carriers, such as, electrons/holes or 
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excitons in semiconductor during external optical excitation process. When the photons of 

energy higher than that of the bandgap (Eg) of the semiconductor is incident on the material, 

the electrons get excited from the valence band to the conduction band via absorption of 

photons. After relaxation (non-radiative), the excited electrons return to the valence band 

by emitting photons of energy lower than the exciting photons as shown in Fig. 2.11 [111, 

112]. The momentum conservation of the radiative recombination process of electrons and 

holes demands ke − kh ~ 0. Therefore, the luminescence efficiency of direct band gap 

semiconductors is significantly higher as compared to that of indirect band gap materials. 

The luminescence property of a material is also strongly affected by the presence of native 

defects, impurity, dopants and absorbed molecular species. 

 

Figure 2.11 Schematic view of the PL process in a direct bandgap semiconductor 

The PL study, reported in this thesis were carried out using the same setup used for 

the micro-Raman measurements (inVia, Renishaw) (Fig. 2.9). Low temperature PL 

measurements were recorded by cooling the samples in a liquid N2 cooling stage.  

2.4.2. Reflection spectroscopy 

Reflection spectroscopy is used to measure the total amount of light that reflected 

off a diffusing material. The diffusing material is generally shaped into a slab of finite 

thickness. The instrumental apparatus for the measurement is a grating spectrometer 
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equipped with an integrating sphere [113]. The integrating sphere is basically a hollow 

sphere. The internal surface of the integrating sphere is coated with a material having a very 

high reflectivity (generally ˃ 99 %) across the entire infrared (IR), visible (Vis) and ultra-

violet (UV) spectral range. The schematic of the reflection spectroscopy with the integrating 

sphere arrangement is shown in Fig. 2.12. The light enters through the entrance hole and get 

reflected form the sample placed at the exit hole. The reflected light undergoes multiple 

reflections on the inner surface of integrating sphere till it reaches the detector window. Fig. 

2.13 a) show the measurement of only diffused reflection (or diffuse reflectance) where the 

specular component leaves the integrating sphere through the entrance hole. On the other 

hand, Fig. 2.13 b) shows the measurement of total reflection where the sample is tilted at 

some angle (Ө) at the exit hole. If we denote specular, diffused and total reflection as Tspec, 

Tdiff, and Ttot, then Ttot is given by, 

                                                Ttot = Tspec + Tdiff (2.1) 

 

Figure 2.12 Schematic description of reflection spectroscopy with integrating 

sphere arrangement for a) diffuse reflection measurement and b) total reflection 

measurement. 

The surface reflectance measurements of the prepared sample were carried out using 

a commercial UV-Vis-NIR spectrometer (Hitachi UH4150) with an integrating sphere 

arrangement. 
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2.4.3. Finite-difference time-domain (FDTD) method 

Finite-difference time-domain (FDTD), a time domain method, is a numerical 

technique for solving Maxwell’s equations in both time and space. This was first proposed 

by Yee [114]. The electric and magnetic field distribution for complex geometry can be 

obtained in this method. This method needs a Fourier transfer step to obtain frequency-

resolved response. 

The FDTD method involves the solving of time-dependent Maxwell’s equation 

using a time-stepping algorithm in cubic lattice [114, 115]. A central approximation 

technique is used to discretize the Maxwell’s equations. This produces a set of finite 

difference equations. The electric and magnetic components are calculated at different 

points about a unit lattice cell, and at alternating half-time steps (leapfrog steps). The 

formulation permits modelling of any arbitrary surfaces and shapes of metals and dielectric 

materials without needing any special modifications to satisfy boundary conditions at 

interfaces. This is because they are implicitly satisfied by Maxwell's equations. 

For solving three dimensional structures, the FDTD method is computationally 

rigorous. This needs high resolution and multi-processor computers to run. The appropriate 

implementation of boundary conditions and the setting discretizing mesh with sufficient 

resolution in regions of interest decides the accuracy of the result. 

In case of nanostructures, high resolution is essential in order to investigate its 

interaction with the incident radiation. Therefore, simulations were performed for either a 

single particle on a substrate or for a periodic array. It is important to optimize the set-up to 

have both accuracy and reduction of computational time. 

In the present thesis, Lumerical FDTD Solutions 2013 software was used for the 

simulation.  
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2.5. Contact angle measurement 

The contact angle (CA) is defined as the angle between the liquid-solid and liquid-

vapor interface. Geometrically it is measured as the angle between the tangent to the 

liquid/air interface and the tangent to the solid/air interface [116]. This is schematically 

described in Fig. 2.13 a). The measurement can be used for investigating the surface 

wettability of the material of interest by a specific liquid. When the drop completely wets 

the surface, it indicates high surface energy. Depending on the value of contact angle, the 

wetting nature of the surface is further classified into four categories: hydrophilic, 

superhydrophilic, hydrophobic and superhydrophobic (Fig. 2.13 b)). The term is referred as 

superhydrophilicity, i.e.; the CA is ~ 0º (or < 10º). There exist surfaces, in which the CA 

will be more than 10° but less than 90º. This condition is known as hydrophilicity. When 

the CA will be ~ 180º (or ˃ 150º) then the state is called superhydrophobic. When the CA 

ranges between 90º to 150º, the state is referred to hydrophobic. 

 

Figure 2.13 a) Schematic of contact angles (CA) formed by sessile liquid drops on 

smooth homogeneous solid surface, b) Table of CA with wetting property and c)  

Image of KRÜSS-DSA100M contact angle measurement setup . 

In the present study, contact angle experiments of the samples were carried out in 

ambient environment using a contact angle meter (DSA100M, M/s. KRÜSS, Germany) 
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provided with a CCD camera ( Fig. 2.13 c)). The sessile drop method was used for the 

contact angle measurements. The surface energy and contact angle of the prepared sample 

were obtained using two liquids (water and diiodomethane). CCD camera was used to get 

the droplet image. The KRÜSS ADVANCE 1.6.2.0 software was used for data analysis. 

2.6. Exposure facility for gas sensor (EFGS) testing system 

The gas sensing properties of fabricated sample were studied using a custom-built 

exposure testing system whose schematic is shown in Fig. 2.14. The important components 

of the system include double walled stainless steel chamber, heater stage (also acting as 

sample holder), scroll pumps, flow controllers, pressure gauges, readout system, gas 

delivery lines and pneumatically actuated valves. The vacuum is maintained by using dry 

scroll pumps. Gas flow and temperature are controlled by mass flow controller (MFC) and 

PID controller respectively. The entire operation of the exposure facility system can be 

controlled externally using supervisory control and data acquisition (SCADA) software.  

For electrical biasing and measurements on the sample, Agilent source 

measurements units were utilized. The sensor response, upon exposure to gases, manifests 

as a change in resistance of the sample. This resistance or other electrical output can be 

recorded on a PC via GPIB interface which is configured to acquire data at user-defined 

intervals. The variable parameters are vacuum inside the chamber, operation temperature 

and gas mass flow ratios to generate different concentrations of gas atmospheres. The gas 

sensing measurements were carried out using EFGS system in the dynamic condition. In 

dynamic sensing, the gas was flown at a constant flow rate over the sensor device while 

maintaining a fixed pressure in the sensing chamber under constant pumping using a dry 

pump. 
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Figure 2.14 Schematic of the custom built gas exposure system for gas sensing 

measurement. 

2.7. Summary 

This chapter summarizes briefly the synthesis and characterization techniques 

utilized for conducting research on SiNWs and porous SiNWs. The basic principle of the 

microscopic imaging and spectroscopic characterization tools employed in the present study 

are described. The experimental techniques employed for studying the properties and 

applications of the fabricated samples are also summarized. 
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Chapter 3 

Fabrication and characterization of Si nano-architectures by 

metal assisted chemical etching  

Smooth and porous Si nanowall architectures were carved out on lightly doped Si 

wafers by 2-step metal assisted chemical etching (MACE) and modified MACE processes 

respectively. In the first step, silver metal was deposited in the form of interconnected Ag 

nano-cluster network with almost uniform separation by using the cost effective galvanic 

displacement deposition technique, in a home-made Teflon cell assembly. Optimization of 

process parameters to obtain the morphology was done and mechanism behind the same 

was delineated. In the second step, the Si wafer covered with the interconnected Ag nano-

cluster networks is etched out to fabricate Si nanowall architectures and the etching 

parameters were varied to investigate their effect on morphology. The scanning electron 

microscopic studies of the fabricated Si nanostructures reveal that the synthesized 

structures are smooth and mostly wall like, bearing a linear dependence of its height with 

etching time and H2O2 concentration. The HRTEM and GIXRD studies confirm that the Si 

nanowalls are single crystalline and (100) oriented, like the base Si wafer. The HRTEM 

studies further reveals that the surface of the nanowalls is smooth and covered with a thin 

amorphous layer. The amorphous layer was confirmed to comprise mostly of Si-O-Si 

bonded structures by ATR-FTIR and Raman spectroscopy. Porous Si nanowall 

architectures were fabricated by applying a constant current to the Si wafer during etching. 

The formation of porous Si nanowalls was confirmed by SEM and TEM studies. 

3.1. Introduction 

The potential of Si nano-architectures is the ability of the Si nano-architecture based 

device’s compatibility with established CMOS technology, which can lead to direct on chip 

integration. The suitability of their application relies on the ability of the fabrication 
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technique to control the morphological and structural parameters.  Numerous techniques 

utilizing the bottom-up and top-down approaches [19, 117] have been developed with 

controllable synthesis parameters for the fabrication of desirable Si nanostructures. Among 

the various techniques, the bottom-up techniques viz. electrochemical (anodic polarization) 

etching and metal assisted chemical etching (MACE) are chosen by various research groups 

because of simplicity and cost effectiveness. MACE is preferred over electrochemical 

etching as it does not require sophisticated electrical power sources with high resolution and 

fine tuning ability. So owing to the simple, cost-effective and versatile nature of MACE 

along with the ability to produce different kind of nanostructures such as nanopores, 

nanowires, nanowalls, porous nanowires etc., with the potential to control parameters like 

cross-sectional shape, diameter, length, orientation etc. [41-43], it has been the focus of 

extensive scientific and technological attention in the recent past. Generally, MACE 

comprises of two successive processes viz. surface nucleation of metal catalysts and 

anisotropic etching. Depending on the occurrence of these two processes, it is categorized 

into: one-step MACE and two-step MACE [44]. In one-step MACE, the two successive 

processes occur in the etching solution containing HF and suitable metal salt (e.g. AgNO3, 

KAuCl4 etc.) [44, 45]. Whereas, in two-step MACE, metal catalyst deposition is followed 

by etching in the solution mixture of HF and a suitable oxidizing agent (H2O2, Fe(NO3)3, 

aerated O2 etc.) [47-49]. Since, metal catalysts are deposited separately in two-step MACE, 

it has the advantage, over one-step MACE, in terms of independent control over metal 

morphology which decides the morphology of the synthesized Si nanostructures. For 

example, ordered arrays of nanowires, nanofins and nanoholes have been fabricated using 

two-step MACE with the proper patterning of the catalytic metal [50-55]. However, 

patterning of these metal over the substrate was achieved by using various lithography 

techniques like colloidal (or nanosphere) lithography, soft lithography, laser interference 
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lithography, substrate conformal imprint lithography and deep ultraviolet lithography 

(UVL), which are complex and cost intensive. The alternative way of metal catalyst 

deposition is done by using vacuum techniques (thermal evaporation, e-beam evaporation, 

sputtering, laser ablation etc.) which are energy and cost intensive. The electroless metal 

deposition techniques, though patterning of metal morphology is difficult [56], possess the 

benefit that it is simple, versatile, cost effective and allow the whole process to be carried 

out in the chemical lab. Therefore, several researchers have utilized electroless deposition 

of catalytic metal (mostly Ag and Au) as the first step of MACE towards the synthesis of Si 

nanostructures and have studied the various properties and related applications of the 

fabricated nanostructures [6, 57, 58]. However, the study on effect of deposition parameters 

on the morphology of metal catalyst and its formation mechanism, which can help in 

producing desired Si nanostructures, is still lacking. Moreover, in two-step MACE, although 

the variation of etching parameters like etching time, HF concentration and oxidant 

concentration (mostly H2O2 is used) have been carried out in order to understand the 

underlying etching mechanism and their influence on Si nanostructures morphology [6, 59-

71], more studies are still required to have a better understanding.  

Synthesis of silicon nano-architectures using two step MACE with cost effective 

galvanic displacement deposition method for metal (Ag) deposition, optimization of process 

parameters, understanding the effect of the etching parameters in fine tuning the 

morphology and delineating the mechanism behind the formation of nanostructures are 

some of the highlights of the chapter. 

The porous Si nanostructures (like porous nanowires/nanowalls) are new kind of 

nano-architectures which combine both the physical feature of nanowires/nanowalls and 

porous characteristics. The unique combination is expected to open novel avenues for Si-

based optoelectronic and photoelectrochemical devices [6, 60]. As mentioned previously, 
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MACE is capable of producing porous Si nanostructures. The porous Si nanostructure 

exhibit visible photoluminescence [5, 60, 61]. But, Si nanostructures with high porosity can 

only be fabricated on highly doped base Si wafer using MACE [60, 73, 74]. However, high 

doping concentration can cause spectral red shift and reduction in quantum yield of visible 

luminescence. Also, heavy doping can cause serious carrier recombination that leads to 

reduction in efficiencies of devices like solar cells [75]. Therefore, it is exciting to fabricate 

lightly doped porous Si nano-architectures using MACE for its wide range of potential 

application on industrial scale.  

Fabrication of lightly doped porous silicon nanowalls/nanowires using modified 

MACE is a salient feature of the chapter. 

3.2. Experimental 

3.2.1. Synthesis of pore free Si nanowalls (SiNWs) 

Single crystalline, (100) oriented, p-type (boron doped) Si wafers with resistivity 1-

10 Ω.cm were used as the starting material for the present study. At the beginning, these 

wafers were ultrasonically cleaned by Milli-Q water (18.2 MΩ.cm), acetone and ethanol 

followed by copious rinsing in Milli-Q water trice after each step. The ultrasonically cleaned 

Si wafers were then cleaned with freshly prepared piranha solution (3:1 ratio of 98% H2SO4 

and 30% H2O2) for 15 min in order to remove the residual organic contaminants. The 

cleaned wafers were subsequently washed thoroughly in Milli-Q water and dried by purging 

with 6 N purity nitrogen gas. The dried wafers were then treated with dilute HF solution to 

remove the surface oxide layer and housed into a home made Teflon electrochemical cell as 

depicted in Fig. 2.1 (Chapter 2). Silver deposition was carried out by galvanic displacement 

deposition (electroless deposition), in a solution mixture of HF and AgNO3 (5% HF + 0.02 

M AgNO3) for different time durations viz. 15, 30, 45 and 60 seconds and subsequently 

washed thoroughly with 18.2 MΩ.cm grade water. Etching of Ag deposited Si wafer was 

carried out in solution mixture of HF and H2O2. First batch of sample were prepared at fixed 
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solution concentration of 4.8 M HF and 0.4 M H2O2 for different etching time viz. 1, 2, 5, 

15 and 30 minutes. Similarly, another batch of samples were prepared at fixed etching time 

of 10 minutes in solutions of 4.8 M HF and 0.2, 0.4, 0.6, 0.8 and 1 M concentrations of 

H2O2.    

3.2.2. Synthesis of porous Si nanowalls (porous SiNWs) 

For the preparation of porous Si nanowalls, modified MACE was used. After all the 

cleaning procedure (same as that in MACE for preapartion of SiNWs), the wafers were 

housed into the home made Teflon electrochemical cell used for modifed MACE, shown in 

Fig. 2.2 (Chapter 2). The etching was carried out in a solution mixture of HF/H2O2 with 

constant current of 5 mA. 

It should be noted that the whole etching process in both MACE and modified 

MACE were carried out in dark to avoid the influence of light. 

3.2.3. Characterization 

Scanning electron microscope (SEM; Zeiss-Supra 55), high resolution transmission 

electron microscope (HRTEM; LIBRA 200FE Zeiss) and STOE grazing incidence X-ray 

diffractometer (GIXRD) are used to study the sample morphology and structure. The surface 

chemical bonding of the prepared samples was investigated using Bruker Tensor II FTIR 

spectrometer operating in attenuated total reflection (ATR) mode. The details about these 

techniques are discussed in Chapter 2. 

3.3. Results and discussions 

3.3.1. Electroless deposition (galvanic displacement deposition) of silver metal: First 

step of MACE 

3.3.1.1. Electron microscopy & structural analyses 

Figure 3.1 summaries the scanning electron microscopy and the X-ray 

crystallographic studies of the deposited Ag on Si wafer. The typical SEM morphologies of 

the Si exposed to 5% HF + 0.02 M AgNO3 solution for 15, 30, 45 and 60 s are displayed in 

Fig. 3.1 a-d) respectively. It is observed from Fig. 3.1 a) that at low deposition time (15 s) 
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isolated Ag nanoparticles are formed on the Si wafer. As depicted in Fig. 3.1 b, c), when the 

deposition time increases to 30 and 45 s respectively, the Ag nanoparticles gradually grow 

into clusters and some of the clusters join together forming interconnected clusters with an 

overall reduction in their inter-separation. Interestingly, it is manifested from Fig. 3.1 d) that 

for the deposition time of 60 s, all Ag clusters are interconnected with almost uniform inter-

cluster separation. This indicates that 60 s time duration is the optimum deposition time and 

is a pre-requisite to fabricate stable Si nanowalls with uniform wall thickness. Figure 3.1 e) 

shows the grazing incidence X-ray diffraction pattern of Ag deposited for 60 s. The peaks 

arising at 38º, 44º, 64º, 78º and 82º are assigned to (111), (200), (220), (311) and (222) 

crystallographic planes of Ag lattice [International Centre for Diffraction data, File No. : 

00-004-0783]. This manifests the polycrystalline nature of the deposited silver. 

 

Figure 3.1 a-d) Scanning electron micrographs of Ag deposited on Si wafer 

for 15, 30, 45 and 60 s respectively. e) Grazing incidence X-ray diffraction 

pattern of 60 s Ag deposited Si wafer. 



Results and discussions Chapter 3 

49 

3.3.1.2. Synthesis mechanism 

Before discussing the underlying growth mechanism of uniform interspaced Ag 

nanoclusters on Si wafer, it is worth to note that the growth of Ag has been achieved on Si 

in HF/AgNO3 solution mixtures without using any external stimuli. Such a growth process 

is basically a galvanic displacement deposition (electroless deposition) where Ag+ ions are 

reduced by the surface Si atoms. This can be understood by considering the energy level of 

Ag+/Ag system and energy bands of Si. The potential energy of the redox pair Ag+/Ag (0.79 

V vs. SHE) being more than the valance band (VB) energy of Si (0.62 V vs. SHE) [48, 118], 

the reduction of Ag+ is energetically favourable and also not limited by the minority carrier 

concentration in Si. Therefore, there is formation of micro-electrochemical galvanic cells 

on Si surface exposed to fluoride ion containing Ag+ ion solution where both the cathodic 

and anodic process occur simultaneously. The cathodic process comprises the reduction of 

Ag+ ions into Ag on Si surface and the anodic process involves the oxidation of Si 

underneath the reduced Ag. The redox reactions can be outlined as, 

At cathode: Ag+(aq) + e− → Ag0 (s) (3.1) 

                  At anode: Si (s) + 2H2O → SiO2 + 4H+ + 4e− (3.2 a) 

                                  SiO2 (s) + 6HF → H2SiF6 + 2H2O (3.2 b) 

Although these redox reactions describe the overall growth of Ag on Si, the actual 

steps involved in the formation of interconnected Ag clusters is depicted in Fig. 3.2. At the 

beginning (Fig. 3.2 a)), the Ag+ ions nearby Si surface capture electrons from the VB of Si 

and get deposited on Si as metallic Ag. The Ag nuclei on Si surface being more 

electronegative than Si strongly attract electrons from Si and become negatively charged. 

These negatively charged Ag nuclei now act as a catalyst and provide electrons for further 

reduction of upcoming Ag+ ion in its vicinity. The continuous movement of Ag+ ions into 

Ag nuclei and their deposition on Si leads to the growth of Ag nuclei into larger Ag particles. 

The simultaneous supply of electrons by Si beneath the Ag nanoparticles leads to local 
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oxidation of Si and formation of SiO2 underneath the Ag nanoparticles. These are shown 

schematically in Fig. 3.2 b). Subsequently, SiO2 is etched out by HF forming shallow pits 

on Si surface and the Ag nanoparticles are trapped in these pits as shown in Fig. 3.2 c). As 

the process continues with time, the Ag nanoparticles grow into clusters, join together and 

finally an interconnected nanocluster of Ag assembly is formed with almost uniform inter-

separation as displayed schematically in Fig. 3.2 d) and in tilted view in Fig. 3.2 e). 

 

Figure 3.2 Schematic illustration of the formation of interconnected Ag 

nanocluster assembly on Si wafer. a) Nucleation of Ag particle. b) Ag particle 

growth with local oxidation of Si to SiO2. c) Ag particles trapped into the pits. d) 

Growth of Ag nanoparticles into interconnected nanocluster assembly. e) 

Interconnected Ag nanocluster assembly on Si wafer displayed in tilted view. 

3.3.2. Etching of Ag deposited Si wafer: Second step of MACE 

3.3.2.1. Fabrication of nanowalls (Electron microscopy & structural analyses) 

The 60 s Ag deposited Si wafer was preferred for etching in the solution mixture of 

HF and H2O2. The morphology and structure of the sample fabricated by 0.2 M H2O2 and 

4.8 M HF etching solution mixture for 10 minute are given in Fig. 3.3. Figure 3.3 a) and b) 

display the top view SEM micrographs at low and high magnification respectively. The  
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Figure 3.3 Electron microscopy, GIXRD and FTIR-ATR results. a, b) Low and 

high magnification SEM micrographs respectively. c) Cross-sectional SEM images. 

The inset in c) displays the cross-section view in larger area. d, e) A small portion 

of Fig. c) taken at its top and bottom represented in high magnification cross-section 

view respectively. f) TEM image of a nanowall. g) TEM micrograph of nanowall in 

high magnification. Inset in Fig. g) displays the inverse FFT pattern obtained from 

a selected region. The black arrows in Fig. g) indicate that the wall surface is 

covered with a thin amorphous layer. The angle between (111) plane (indicated by 

black line) and normal to the Si wall axis (indicated by red line) is portrayed in Fig. 

g). h) Depicts grazing incidence X-ray diffraction (GIXRD) pattern. i) Shows the 

ATR-FTIR spectrum. 

cross-section views of the sample at different magnification are depicted respectively in Fig. 

3.3 c-e). The top and bottom portion of Fig. 3.3 c) are shown in high magnification in Figs. 
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3.3 d) and e) respectively. Figures 3.3 a-e) indicate that the fabricated structures are mostly 

wall like. It is evident from Fig. 3.3 c-e) that the evolved walls are smooth, vertically aligned 

and uniformly formed over the whole etched region. The TEM image of a nanowall depicted 

in Fig. 3.3 f) reveals that surface is extremely smooth. This observation is in close agreement 

with the SEM results (Fig. 3.3 c-e)). Fig. 3.3 g) displays the high resolution TEM image of 

the wall structure which confirm the single crystalline nature of the evolved structure. The 

inset in Fig. 3.3 g) shows the inverse fast Fourier transform (FFT) pattern of small selected 

area. An inter-planar spacing of 3.2 ± 0.1 Å can be discerned from the analysis of the inverse 

FFT pattern, which corresponds to the (111) crystallographic plane of Si [International 

Centre for Diffraction data, File No. : 00-005-0565].  It is worth to note that the evolved Si 

nanowalls are produced from the (100) oriented base Si wafer. As illustrated in Fig. 3.3 g), 

the angle between the (111) crystallographic planes (indicated by black line) and the normal 

to the Si wall axis (indicated by red line) is ∼55º. This angle corresponds to the angle 

between (111) and (100) crystallographic planes of Si which suggests that the evolved 

SiNWs possess the same (100) crystallographic orientation as that of the base Si wafer. This 

is further confirmed from the analysis of the GIXRD pattern, displayed in Fig. 3.3 h). It is 

observed from Fig. 3.3 h) that only a single high intense diffraction peak appeared at 56.1º 

over the whole 2θ scattering angle measured from 20º to 80º. This sharp intense peak is 

ascribed to diffraction from the set of (311) planes of single crystalline SiNWs because in 

GIXRD configuration with Cu Kα as incident X-ray, the (311) oriented crystallographic 

plane which is 25.3º tilted from the (100) (or (400)) crystallographic plane, is the optimal 

plane that satisfies the Bragg diffraction condition [119]. This is schematically described in 

the inset of Fig. 3.3 h). Moreover, as indicated by the black arrow in Fig. 3.3 g), the surface 

of the nanowall is covered with a thin amorphous type layer. The EDX studies shows the 

presence of Si and oxygen (O). The Raman spectra show a high intense peak at 520 cm-1 
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without any peaks in the range 460 to 490 cm-1 indicating the absence of amorphous Si. In 

order to identify the exact chemical and structural information of the amorphous layer, the 

FTIR spectroscopy in attenuated total reflection (ATR) mode, which is a well-known 

technique for surface characterization of materials, was conducted and the spectrum is 

depicted in Fig. 3.3 i). The ATR-FTIR spectrum exhibits a strong absorption band at 1050 

cm-1 along with a shoulder at 1200 cm-1, a band at 800 cm-1, and two other bands at 873 and 

610 cm-1. The dominating bands at 1050, 1200 and 800 cm-1 corresponds to the 

antisymmetric stretching (a-stretch), symmetric stretching (s-stretch) and bending (bend) 

vibrational modes of Si-O-Si respectively [37, 120]. The other bands at 873 and 610 cm-1 

are ascribed to the OnSiHx deformation (deform) mode and Si-Si stretching (stretch) mode 

respectively [37, 121]. This reveals that the amorphous structure observed in the surface of 

evolved nanowall consists of Si-O-Si bonded structures. It is revealed from the TEM and 

GIXRD studies that the metal assisted chemical etching has neither destroyed the 

crystallinity nor changed the crystallographic orientation in the prepared SiNWs with 

respect to that of base Si wafer. 

3.3.2.2. Effect of etching time 

In order to the investigate the influence of etching time, etching was carried out for 

different time viz. 1, 2, 5, 15 and 30 minutes in etching solution of fixed concentration of 

4.8 M HF and 0.4 M H2O2. The scanning electron microscopy images of the prepared 

samples are summarized in Fig. 3.4. The topology and cross-section of the sample obtained 

by etching at 1, 2, 5, 15 and 30 minutes are depicted in Fig. 3.4 a, f), b, g), c, h), d, i) and e, 

j) respectively. It is observed that the nanowall obtained at low etching time are isolated 

from each other, whereas that obtained at high etching time (15 and 30 minute etching time, 

Fig. 3.4 d) and e)) are agglomerated at their top. The dimension of the agglomerated bundles 

is several micrometers. These agglomerated bundles are uniformly distributed on the whole 
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surface. Fig. 3.4 k) display the height variation of nanowalls as a function of etching time. 

It shows that the height of nanowall exhibit a linear dependence on etching time. The etching 

rate was found to be 301 nm/min. Such linear dependence has been reported in literature but 

the etching rate values are different [69, 122, 123].  

 

Figure 3.4 Scanning electron micrographs of the prepared sample at 

etching solution mixture of 4.8 M HF and 0.4 M H2O2 for different etching 

time. Top and cross-section images are respectively displayed in a, f) 1 

minute, b, g) 2 minute, c, h) 5 minute, d, i) 15 minute and e, j) 30 minute 

etching time. k) Plot depicting height vs. etching time of fabricated sample. 
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3.3.2.3. Effect of H2O2 concentration 

The influence of the etching parameter, H2O2 concentration, was also studied by 

preparing the sample at a fixed etching time of 10 minute in the etching solution mixture of 

4.8 M HF and varying H2O2 concentration as shown in Fig. 3.5. The top and cross-sectional 

 

 

Figure 3.5 Scanning electron micrographs of the prepared sample at etching time 

of 10 minute for etching solution mixture of 4.8 M HF and various H2O2 

concentration. Top and cross-section SEM images are respectively shown in a, f) 

0.2 M, b, g) 0.4 M, c, h) 0.6 M, d, i) 0.8 M and e, j) 1 M H2O2 concentration. k) Plot 

displaying height vs. H2O2 concentration of fabricated sample. 
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SEM images of nanowall obtained at 0.2, 0.4, 0.6, 0.8 and 1 M H2O2 concentration are 

depicted in Fig. 3.5 a, f), b, g), c, h), d, i) and e, j) respectively. The morphology variation 

of nanowalls with H2O2 concentration was observed to be similar to that with etching time 

variation. It is evident that as the H2O2 concentration increases, the nanowalls start bunching 

at their top, which is clearly observed in the case of samples obtained at 0.8 and 1 M H2O2 

concentration (Fig. 3.5 d) and e)). The effect of variation of H2O2 concentration on the 

morphology of Si nanowires was also studied by Liu et al. [59] where they have reported 

that the variation in H2O2 concentration from low to high leads to change in the morphology 

from nanowires to chaotic porous structures. The height variation of nanowall as a function 

of H2O2 variation is displayed in Fig. 3.5 k). This shows that the nanowall height varies 

linearly with H2O2 concentration with an etching rate of 5697 nm/M. The height variation 

with H2O2 concentration was reported by Moumni et al. [69], where they have observed a 

nonlinear height dependence on H2O2 concentration with the attenuation of height at high 

concentration.  

Moreover, it is also observed from the SEM micrographs of fabricated samples (Fig. 

3.4 and 3.5), that nanowalls prepared as a function of etching time and H2O2 concentration 

are smooth and free of pores. In order to get a better insight about the surface features, the 

high magnification SEM and TEM micrographs of the extreme sample (prepared at 30 

minute etching time) are analysed as illustrated in Fig. 3.6.  The cross-section view of top, 

middle and bottom portion of the nanowall obtained at 30 minute etching time are depicted 

in Fig 3.6 a-c) respectively. This reveals that the nanowalls are smooth and free of pore from 

its top to bottom. The broken region in the micrographs, indicated by red allows in Fig. 3.6 

b, c) (which are formed while cleaving the sample for SEM cross-section studies) further 

support that the evolved structures are wall-like. The TEM micrograph of nanowall 

displayed in Fig. 3.6 d) also confirms that the wall structure is smooth and free of pores. 
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Figure 3.6 e) shows the high resolution TEM image of the wall structure which reveals that 

the wall is single crystalline and the surface is covered with a thin amorphous layer. The 

inter-planar spacing obtained from inverse fast Fourier transform (FFT) pattern of the 

selected portion of the wall structure is 3.2 ± 0.1 Å and matches with that of Si (111). This 

is similar to the results in Fig. 3.3 g). 

 

Figure 3.6 Electron micrographs of the sample prepared at 30 minute etching 

time. The high magnification SEM images of top, middle and bottom portions of the 

sample are respectively shown in a-c). The red arrows indicate the wall-like 

structure. d) TEM micrograph of a nanowall. e) HRTEM image of selected region. 

The inverse fast Fourier transform (FFT) pattern of a selected area is displayed in 

the inset. 

3.3.2.4. Formation mechanism 

Now it is worth to discuss the mechanism behind the formation of SiNWs, by etching 

the Ag deposited Si wafer in HF/H2O2 solution mixture. This can be realized by considering 

the potential energy of the redox pair H2O2/H2O (1.78 V vs. SHE) and valance band (VB) 
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energy of Si (0.62 V vs. SHE) [118] . Since the potential of redox pair H2O2/H2O is much 

more positive than the VB energy of Si, it can extract a bonding electron from VB (or 

equivalently can inject hole into VB) of Si which is the fundamental requirement for Si 

etching. But, it has been found that the etching rate of bare Si in HF and H2O2 solution is 

extremely low (lower than 10 nm per hour) [41]. This infers that the fast etching of Si in HF 

and H2O2 solution mixture obtained in the present study is due to the presence of the noble 

metal Ag. In fact, the extraction of electrons from the VB (or equivalently the injection of 

holes into VB) of Si by the oxidant H2O2 leads to the cathodic process. The current density 

of the cathodic process can be described by the expression [48], 

𝑗𝑐 = −𝑧𝑒𝑘𝑐𝑛𝑠𝑐𝑜𝑥exp (−
𝐸𝑎

𝑘𝑏𝑇
)        (3.3) 

Where 𝑗𝑐 is the current density of cathodic process, 𝑧 is the number of electrons 

transferred during the reaction, 𝑒 is the electronic charge, 𝑘𝑐 is the reaction rate constant, 𝑛𝑠 

is the density of electron at Si/HF/H2O2 solution interface, 𝑐𝑜𝑥 is the oxidant concentration 

at the interface, 𝐸𝑎 is the activation energy for cathodic reaction, 𝑘𝑏 is the Boltzmann 

constant and 𝑇 is the absolute temperature. The expression suggests that the reduction in 

activation energy, 𝐸𝑎 can enhance the current density and hence the reaction. The catalytic 

activity of the metal species (Ag) can be considered as a reduction in the activation energy, 

𝐸𝑎 for the cathodic reaction. So for the current electrochemical system of Ag nanocluster 

deposited Si wafer in HF/H2O2 solution, the etching of Si will take place preferentially in 

the vicinity of Ag nanocluster with the surface of nanocluster facing the HF/H2O2 solution 

acting as cathode and the surface of nanocluster facing the Si acting as anode. The cathodic 

half reaction involves the catalytic reduction of H2O2 atop the Ag nanocluster, consuming 

protons (H+ ion) and electrons, whereas the anodic half reaction involves the oxidation of 

silicon beneath the Ag nanocluster, generating the H+ ion and electrons and its subsequent 
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dissolution by HF. The two half-cell reactions along with its overall reaction can be outlined 

as;    

    At cathode:  H2O2 + 2H+ + 2e- → 2H2O    (E0 =1.78 V vs. SHE) (3.4) 

       At anode:  Si + 2H2O → SiO2 + 4H+ + 4e- (3.5 a) 

                         SiO2 + 6HF → H2SiF6 + 2H2O (3.5 b) 

Overall at anode:  Si + 6HF → H2SiF6 + 4H+ + 4e-   (E0=1.2 V vs. SHE) (3.5 c) 

Overall redox reaction:  Si + 2H2O2 + 6HF → H2SiF6 + 4H2O (3.6) 

The motility of Ag nanocluster into the Si wafer can be described by referring to the 

self-electrophoresis model proposed by Peng et al. [124] in the above electrokinetic process 

of charge transportation. Since, the potential of the cathodic site (EH2O2 =1.78 V vs. SHE) is 

greater than that of anodic site (ESi=1.2 V vs. SHE), there will be a flow of local corrosion 

current from cathodic site to anodic site with Ag particle serving as short-circuit galvanic 

cell. The flow of electron in the short-circuit galvanic cell (i.e through the Ag particle) is 

coupled to the transportation of H+ ion in the etching solution surrounding the Ag particles 

as depicted in Fig. 3.7 a). The H+
 gradient across the Ag particle would build-up an electric 

field. This will drive the Ag particle (being negative charge) towards anodic site (i.e. in the 

downward vertical direction inside the Si wafer as shown in Fig. 3.7 b). So for the 

interconnected Ag nanocluster-network assembly in HF/H2O2 solution, the continuation of 

the above process leads to the un-etched part of Si to be protruded as vertical Si nanowall 

atop the Si wafer as illustrated in Fig. 3.7 c). The removal Ag nanocluster assembly by 

treating with conc. HNO3 results the Ag free vertically aligned SiNWs. The linear increase 

of nanowall height with etching time can be attributed to the fact that, under the prepared 

etching solution composition, the solution possesses adequate amount of both oxidizing 

agent (H2O2) and etchant (HF), as a result the redox reaction proceeds retaining the etching 

process with time. In order to understand, the effect of etching parameter H2O2 
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concentration, the potential for the total reaction (equation 3.6) which characterizes the 

etching process can be expressed as [6, 72],  

∆𝐸 = ∆𝐸0 −
0.059

4
{𝑙𝑜𝑔

[𝑆𝑖𝐹6
2−]

[𝐻2𝑂2]2[𝐻+]4[𝐹−]6
} 

             (3.7) 

 

Figure 3.7 Schematic representation of electro-kinetic process involved in the 

movement of Ag nanocluster assembly in Si in HF/H2O2 solution. a) Generation of 

electric field across the Ag nanocluster assembly. b) Motion of Ag nanocluster in 

the presence of electric field. c) Collective movement of interconnected Ag 

nanocluster assembly in a direction normal to Si wafer, leading to the formation of 

vertical aligned nanowalls. 

It is evident from the expression that with increase in H2O2 concentration the 

potential for the etching process increases. This shows that, thermodynamically the reaction 
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for etching is more favourable and the etching can be enhanced. So the height of the 

nanowall also depend on oxidant concentration (H2O2). However, the oxidant concentration 

cannot be increased infinitely. For example, as discussed before, Liu et al. [59] have 

observed that the variation of H2O2 concentration to very high values leads to change in the 

morphology from nanowires to chaotic porous structures. Similarly, the variation of H2O2 

to very high concentration can affect the etching rate (discussed before) as studied by 

Moumni et al. [69], where they have reported a nonlinear height dependence on H2O2 

concentration with the attenuation of height at high concentration. This can be ascribed to 

the fact that, although the increase of H2O2 concentration to high value increases the rate of 

oxidation of Si, but the etching solution may not have enough HF to dissolve the formed 

SiO2 at the corresponding rate to follow the same etching rate. Therefore, it is preferable to 

select proper range of etchant concentration to get good quality nanowalls. This indicates 

that in the present study, nanowalls are fabricated at the appropriate range of etchant 

concentration, where the variation of etching parameter has only changed the height of 

nanowalls without destroying it.  

The bunching of SiNWs at higher etching time and H2O2 concentrations can be 

understood by considering the complex equilibrium among the various forces that act on the 

nanowalls. These forces are mainly: surface tension force of liquid-vapour interface that 

acts when the liquid level falls below the tip of nanowalls, van der Walls force that arises 

due to mutual electric interaction among the SiNWs and the elastic deformation force due 

to the stiffness of nanowalls [125]. The van der Walls force being very weak, the surface 

tension force of liquid-vapour interface is the driving force for the bunching of nanowalls. 

However, the van der Walls force becomes strong, as the separation between nanowalls 

decreases, and significant for very low separation. At high etching, the SiNWs being long, 

the surface tension force of liquid-vapour interface overcomes the elastic deformation force 
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of SiNWs and bend the SiNWs. Due to the bending, the separation between the SiNWs 

reduces, which increases the van der Walls force of attraction making it favourable for 

bunching. This results in the aggregation of nanowalls at higher etching time and H2O2 

concentration. 

3.3.3. Fabrication of lightly doped porous silicon nanowalls/nanowires using modified 

MACE 

3.3.3.1. Electron microscopy & structural analyses 

The porous SiNWs synthesized using the modified MACE method were 

characterised for its morphology and structure. The electron microscopy and structural 

results of the porous SiNWs are summarized in Fig. 3.8. For comparison, the electron 

microscopic results of smooth SiNWs prepared under the same condition without the 

application of constant current are also summarized. Figure 3.8 a) and d) depict the top SEM 

images of porous and smooth walled nanowalls respectively. The inset in Fig. 3.8 a, b) 

shows their respective cross-section. The SEM micrographs illustrate that the Si wall 

structure is homogeneous in both the cases. Figures 3.8 b, e) show the TEM image of porous 

and solid nanowall respectively, the porous morphology of the SiNWs from that of smooth 

surface of solid nanowalls can easily be discerned. The HRTEM images of porous and 

smooth nanowalls are depicted in Fig. 3.8 c) and f) respectively. The analysis of these 

HRTEM images reveals the single crystalline nature of both porous and smooth nanowalls. 

Typical inverse fast Fourier transform (FFT) patterns obtained from the respective selected 

area in Fig. 3.8 c and f) are displayed in the inset. The analysis of these inverse FFT patterns 

yield inter-planar spacing of 3.2 ± 0.1 Å, which corresponds to Si (111) [International Centre 

for Diffraction data, File No.: 00-005-0565]. A thin amorphous type layer has been observed 

on the surface of the porous nanowall (indicated by white colour arrows in Fig. 3.8 c)) 

similar to that in smooth nanowalls shown in Fig. 3.8 f). The SEM micrographs obtained 

under different magnifications are also displayed in Fig. g-k), which reveals large density 
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Figure 3.8 Electron microscopy and structural results of porous and solid SiNWs. 

a, d) Top view SEM images of porous and solid nanowalls, respectively. The insets 

in Fig. a) and d) show their respective cross-section view. b, e) TEM images of 

porous and solid nanowalls respectively. g, h) HRTEM images of the selected area 

in figures b) and e), respectively. The white arrow shows the thin amorphous layer 

covering the wall surfaces. The inverse fast Fourier transform (FFT) patterns of 

selected areas in Fig. c) and f) display a typical Si (111) arrangement. g-k) SEM 

images of porous Si nanowall shown in different magnification. l) Display the pore 

size distribution histogram which yields an average pore diameter, Sd = 4.9 ± 0.1 

nm. m) ATR-FTIR spectra of both porous and solid nanowalls.  
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of pores. The diameter of the pores measured in 250 regions was used to obtain the pore size 

distribution histogram. The pore size distribution histogram as depicted in the inset of Fig. 

3.8 l) yields an average pore diameter of 4.9 ± 0.1 nm. It is seen that the porous structure 

formed in the SiNWs fairly resembles the porous silicon nanostructures obtained by the 

anodic polarization etching [126, 127].  In order to get further insight about the thin 

amorphous type layer the ATR-FTIR studies have been performed, as depicted in Fig. 3.8 

m), from 700 to 1800 cm−1 where the features corresponding to the surface bonding appear. 

It is observed that both porous and smooth nanowalls exhibit similar vibrational properties 

where ATR-FTIR spectra exhibits a strong absorption band at 1050 cm-1 along with a 

shoulder band at 1200 cm-1, a band at 800 cm-1 and 873 cm-1. As discussed previously, the 

dominating bands at 1050, 1200 and 800 cm-1 corresponds to the antisymmetric stretching 

(a-stretch), symmetric stretching (s-stretch) and bending (bend) vibrational modes of Si-O-

Si respectively [37, 120]. The other bands at 873 cm-1 is ascribed to the OnSiHx deformation 

(deform) mode [121]. So the evolution of amorphous structure in the surfaces of SiNWs, as 

observed from the HRTEM images (Fig. 3.8 c, f)), is due to the existence of Si-O-Si 

structures. This suggests that the modified MACE has neither destroyed the crystallinity nor 

changed the crystallographic orientation of the as synthesized porous SiNWs similar to the 

smooth nanowalls obtained using simple MACE technique.  

3.3.3.2. Synthesis mechanism 

Now, it is worth discussing the formation mechanism of porous SiNWs. As indicated 

earlier, the modified MACE used to prepare porous SiNWs is a combined process of MACE 

and anodic polarization etchings. The process is schematically described in Fig. 3.9. As 

illustrated in the figure, there is formation of two electrochemical cells: i) galvanic cell 

formed at the Ag nanocluster with surface facing the etching solution acting as cathode and 

its surface in contact with Si acting as anode, similar to that in MACE, ii) the electrolytic 
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cell with Si acting as anode and graphitic carbon acting as cathode. In galvanic cell, redox 

reaction occurs between the oxidant H2O2 and Si beneath the Ag cluster deposits and in the 

electrolytic cell, the external current drives charge transfer redox reaction between graphitic 

carbon and Si wafer. The electrolytic and galvanic charge transfer reactions that occur 

during etching process can be outlined as [64, 128, 129], 

At galvanic cell; 

            At cathode:  H2O2 + 2H+ + 2e- → 2H2O (3.8) 

              At anode:  Si + 2H2O → SiO2 + 4H+ + 4e- (3.9 a) 

                                SiO2 + 6HF → H2SiF6 + 2H2O (3.9 b) 

At electrolytic cell; 

           At cathode:  2H+ + 2e- → H2   (3.10) 

              At anode:  Si + 4 HF2- → SiF6
2- + 2HF + H2 + 2e-   (3.11) 

These reactions create distinct current paths I1 and I2. The current I1 generated from 

the electrolytic process flows from the graphitic carbon to the Si wafer and the current I2 

produced from the galvanic process flows from the surface of Ag clusters exposed to the 

etching solution to the Si beneath the Ag clusters. The arrows in Fig. 3.9 indicate the 

direction of current flow which is opposite to their respective electron flow direction. It 

should be noted that the fundamental requirement for etching of Si is the removal of bonding 

electrons from its valance band (or equivalently injecting holes into its valance band). This 

requirement can be achieved, in the macroscopic electrolytic cell by means of the external 

current source and in the microscopic galvanic chemical cell, by oxidant H2O2. The 

dissolution of Si that occurs at the microscopic galvanic interface contributes to the etching 

of Si underneath the Ag clusters, whereas the anodic reaction that happens at the electrolytic 

interface is the basis for the formation of pores in the Si walls. The occurrence of the 
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repeated site selective Si etching underneath the Ag deposits leads to the vertical intrusion 

of Ag clusters deep into the Si wafers and the formation of vertically aligned porous SiNWs. 

 

Figure 3.9 Schematic illustration of charge transports during the formation of 

porous SiNWs. The diagram demonstrates two current paths: I1 flows from 

graphitic carbon to Si wafer by electrolytic charge transfer reaction and I2 flows 

from Ag clusters exposing to the etching solution to the Si underneath the Ag 

deposits by a galvanic charge transfer reaction. 

3.4. Summary 

The results and inferences of the study are summarized as: 

 The facile, low cost galvanic displacement deposition technique was used to 

prepare uniform interconnected Ag nano-network assembly atop the Si 

wafer. 

 Single crystalline, vertically aligned SiNWs atop the Si were successfully 

fabricated without destroying the crystallinity and orientation of base Si 
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wafer. The influence of etching parameter: etching time and H2O2 

concentration on morphology was investigated. The study reveals that both 

parameters have almost same effect on morphology and the variation of 

etching parameters within the range do not destroy the nanowall 

morphology, but results in the agglomeration of nanowalls at high etching 

parameters. 

 The lightly doped porous SiNWs were successfully fabricated by modified 

MACE, where a constant current was applied to the Si wafer through the 

graphitic carbon. The comparison of porous nanowalls with smooth 

nanowalls shows that in modified MACE, crystallinity and orientation are 

retained as in the case of simple MACE.  
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Chapter 4 

Microstructure - property correlations of the fabricated Si 

nano-architectures  

The chapter correlates the microstructure of the MACE fabricated Si nano-

architectures with some of its exciting properties such as antireflection, wetting and 

photoluminescence. The reflectance studies on the solid Si nanowalls (SiNWs), atop the Si 

wafer, show tremendous reduction in reflectance compared to that of planar Si wafer, in the 

wide wavelength range (230-1200 nm). The spectral dependence of reflectance, observed 

in SiNWs obtained at different etching times, exhibit a peculiar behaviour, where reflectance 

in the long wavelength range (750-1200 nm) decreases and that in short wavelength range 

(300-750 nm) increases (with a broaden peak like shape), with increase in etching time. 

Finite-difference time-domain (FDTD) simulation was carried out to explain the observed 

low reflectance behaviour. The reflectance spectra obtained from FDTD simulation 

qualitatively matches with the experimental reflectance spectra for low etching time (5 

minute etching time) explaining the wavelength dependence of reflectance at low etching 

time. However, the peculiar behaviour of reflectance at high etching time could not be 

correlated, which is supposed to be due to the agglomeration of SiNWs. A possible 

mechanism based on the agglomeration of SiNWs and slight tapering at the top region of 

SiNWs was suggested to explain the same. 

The wetting properties of SiNWs synthesized at different etching times were also 

studied. It is observed that the SiNWs etched for one minute exhibits a high water contact 

angle (WCA) of 135º as compared to that of planar Si wafer (67º). As the etching time 

increases, the contact angle of the SiNWs increased to a maximum of 142º, for SiNWs 

obtained from 5 minutes etching, and then decreases to a value of 61º for SiNWs obtained 

at 30 minutes of etching. This reveals that planar Si wafers, when patterned with SiNWs 
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atop its surface by MACE, exhibit transition from hydrophilicity to near super-

hydrophobicity and again back to hydrophilicity, with etching time. The wetting behaviour 

was successfully explained by considering the observed vertical and agglomerated nature 

with slight tapering of SiNWs, obtained at low and high etching times respectively.  

The photoluminescence (PL) studies were carried out on both solid and porous 

SiNWs. It was found that the porous SiNWs exhibit visible PL with peaks at 1.71 and 2.01 

eV, whereas the solid nanowalls did not show any visible PL. In order to find the origin of 

visible PL, other studies viz. temperature dependent PL, Raman scattering, ATR-FTIR and 

HRTEM were carried out. The studies confirm that the peaks at 1.71 and 2.01 eV originates 

from Si quantum structures and Si-O-Si bonded amorphous structures respectively. A 

qualitative correlation of quantum structure size with the PL peak energy is also carried 

out. 

4.1. Introduction 

Several research articles have shown exciting properties of MACE prepared Si 

nanostructures, such as excellent antireflection, surface hydrophobicity / 

superhydrophobicity and visible photoluminescence [12, 72, 81]. However, reports showing 

the combined behaviour of excellent antireflection and hydrophobicity, which is beneficial 

for enhancing the efficiency as well as life time (due to self-cleaning nature of 

hydrophobicity / superhydrophobicity) of optoelectronic devices like solar cell and 

photodetectors are very rare. Since highly porous Si nanostructures are achieved from highly 

doped base Si wafer, the visible luminescence properties are mostly studied in highly doped 

porous Si nanostructures, and to the best of our knowledge there are no reports on study of 

visible PL properties of lightly doped porous Si nanostructures prepared by combining 

MACE with anodic polarization etching. Moreover, the studies correlating the 

microstructure of the fabricated Si nano-architectures with these properties, which are 
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crucial in view of their favourable applications, are less and needs to be investigated in 

detail.  

Microstructure - antireflection, wetting and photoluminescence property 

correlations of silicon nanowalls (SiNWs) is another feature of the present study. 

4.2. Experimental 

The SiNWs and porous SiNWs for the present studies are fabricated by MACE and 

modified MACE respectively as described in chapter 3. 

The microstructure of the prepared SiNWs were studied by LIBRA 200FE Zeiss 

high resolution transmission electron microscope (HRTEM). A commercial UV-Vis-NIR 

spectrophotometer (Hitachi UH4150) was used for the surface reflectance study. The 

contact angle meter (DSA100M, M/s. KRÜSS, Germany) was used for studying the wetting 

behaviour. The photoluminescence and Raman experiments were carried out using a micro-

Raman spectrometer (Renishaw inVia) with an excitation light source of wavelength 514 

nm using Ar+ ion laser with a 10 s data acquisition time. The Raman scattered light and 

luminescence radiation signals were collected in a backscattering geometry using CCD 

detector. The laser power was kept at 0.02 mW during the measurements. The temperature 

dependent PL measurement were carried out on the porous SiNWs in the temperature range 

80-375 K using the liquid N2 cooled low temperature stage (Linkam T95, UK). Resistive 

heating filament housed underneath the sample in the cryostat was used to maintain the 

sample temperature during the data collection. Temperature stability during the 

measurement was typically ±1 K. 

4.3. Results and discussions 

4.3.1. Antireflection and Raman study of fabricated SiNWs 

As shown in the inset of Fig. 4.1 a), the etched portion of Si wafer where nanowall 

has been formed has a complete black appearance in comparison to that of unetched part. 

This suggests that the prepared SiNWs exhibit good antireflection behaviour. Therefore, the 
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antireflection behaviour of the fabricated SiNWs were studied. Figure 4.1 a) compares the 

spectral reflectance of SiNWs, atop the Si wafer etched for different durations, in the 

wavelength range of 220-1200 nm, with that of planar Si wafer. The reflectance spectrum 

of planar Si wafer exhibits two maxima at 270 and 370 nm followed by a gradual decrease 

of reflectance towards higher wavelength up to 1100 nm, after which there is an increase in 

the reflectance signal. The above wavelength dependence of reflectance agrees well with 

theoretically calculated reflectance spectrum of Si where the appearance of the two 

reflection maxima at 370 and 270 nm are ascribed to direct inter-band transitions, E1 and E2 

[130]. The increase in reflectance from 1100 nm is due to the incorporation of back reflected 

signal originating from the rear side of Si wafer owing to the band gap of Si at 1107 nm. 

Importantly, the reflectance spectra of SiNWs atop the Si wafer show a remarkable 

reduction of reflectance in comparison, to planar Si wafer. Moreover, the spectral 

dependence of reflectance of SiNWs is quite different from that of planar Si wafer and also 

differs for SiNWs obtained at different etching times as shown in Figs. 4.1 b, c) for different 

wavelength ranges. Fig 4.1 b, c) depicts that the reflectance observed in SiNWs decreases 

with increase in etching time at long wavelength range (750-1200 nm) with a slight increase 

for 30 minutes etched SiNWs. Whereas at short wavelength range (300-750 nm), the 

reflectance increases with a broaden peak like shape especially for samples obtained with 

15 and 30 minutes of etching. The reduction in reflectance are generally explained based on 

the following factors [11, 131-133]; (i) graded-index coating model whose mechanism 

resembles to that of the multilayer anti-reflection coating model, (ii) multiple light scattering 

within the nanostructure network, which substantially increase the path length of incident 

light to several orders of magnitude higher than the thickness of the nanostructures, and 

hence leads to complete light trapping (iii) high-index nanostructures placed on 

semiconductor surfaces reduce the reflectivity by capitalizing on optical Mie resonances . 
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The morphological studies of the SiNWs, by using SEM (Fig. 3.4, chapter 3), reveal that 

the wall thickness of SiNWs, as well as the interspacing between the nearest neighbour 

nanowalls, are smaller than the wavelength of incident radiation (220-1200 nm). Also, it is 

confirmed from both SEM and TEM analysis (Fig. 3.4 and 3.6, chapter 3) that the SiNWs 

are free of pores and have nearly uniform thickness throughout its height. Therefore, 

according to the effective medium theory [134], such a system of SiNWs atop the Si wafer 

will be characterized by a constant intermediate refractive index (n) between that of air and 

Si in the vertical direction as illustrated in Fig. 4.2. Such a constant intermediate refractive 

index can reduce the reflectance only up to certain extent for some specific wavelengths. 

This reveals that the graded-index coating model is not the appropriate to explain the 

observed broadband low reflectance in SiNWs. 

 

Figure 4.1 a) Spectral reflectance of planar Si wafer and SiNWs atop the Si wafer 

obtained at different etching times. b, c) Enlarged view of the reflectance spectra of 

SiNWs depicted in figure 1 a), at short wavelength (300-750 nm) and long 

wavelength (750-1200 nm) range respectively. The reflectance spectra represented 

in different colours in figures b, c) corresponds to the reflectance spectra of Si 

nanowalls obtained at different etching time. 
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Figure 4.2 Schematic illustrating that SiNWs are characterized by a constant 

intermediate refractive index (n) between that of air and Si, in the vertical direction.  

Owing to the size region of the fabricated SiNWs systems as discussed above, it is 

required to solve the Maxwell’s equations to explain the light trapping behaviour of the 

present system. Therefore, we tried to carry out FDTD simulation which is a time-domain 

numerical method that solves the Maxwell’s equations with appropriate boundary 

conditions. Before performing the simulation, it is worth to discuss the complication offered 

by the present SiNWs system and the simplifications needed to perform the simulations. 

The prepared SiNWs are surface relief structures atop the Si wafer that has been formed by 

etching the 500 µm thick Si wafer, whose heights are approximately 800, 1150, 1800, 4700 

and 9350 nm for 1, 2, 5, 15 and 30 minutes etching time respectively (Fig. 3.4, chapter 3). 

Performing simulations of the above surface relief structures having such heights with 500 

µm thick Si requires more computation time and larger memory. Therefore, we choose the 

thickness of silicon substrate equal to 2330 nm which is comparable to the thickness of the 

thin film silicon solar cell and also has been adopted by other researchers [135, 136]. So for 

800, 1150, 1800 nm high SiNWs, the thickness of Si substrate was used to be 1530, 1180 

and 530 nm respectively and for 4700 and 9350 nm high SiNWs (height being higher than 

2330 nm), the thickness of Si substrate was used to be 530 nm (same as that for 1800 nm 

high SiNWs) for comparison. Moreover, the present SiNWs system (Fig.3.4, chapter 3) 

comprises of complicated nanowall structures with random dimensions, as well as inter-
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nanowall spacing. All these factors are quiet difficult to handle in FDTD solution software 

which will restrict, one to apply the boundary conditions requiring very high memory and 

computation time. Therefore, for simplicity we choose an S-shape wall like structures for 

our prepared nanowall, to perform the FDTD simulations whose geometry is demonstrated 

in the inset of Fig. 4.3. The FDTD simulations were carried on this S-shaped SiNWs for 

different periodicity (P), heights (H) and thickness (T) as well as for disorder system 

(combined system of different thickness) with appropriate boundary conditions. The range 

of such various factors are chosen following the SEM micrographs of SiNWs (Fig. 3.4, 

chapter 3) and it is also worth to note that, while varying the thickness of the S-shape SiNWs, 

its shape changes as illustrated in Fig. 4.3, which accounts the random structure of the 

prepared SiNWs. A plane wave source with both electric and magnetic polarizations under 

normal incidence was used in the simulations. The details of the simulations are described 

in the Fig. 4.4. For X, Y- direction, periodic boundary condition and for Z-direction, 

perfectly matched layer were chosen in the simulation. A plane wave light source was set 

100 nm above the nanowall. A frequency-domain field and power monitor was placed 100 

nm above the light source to detect reflection.  

 

Figure 4.3 Description of S-shaped SiNW and the various simulation parameters. 
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Figure 4.4 View of FDTD simulation where the source, monitor and simulation 

regions are demonstrated. 

Fig. 4.5 summarizes the simulated reflectance spectra of the S-shaped SiNWs for the 

different factors. The simulated reflectance spectra of 80 nm wall thickness, 1800 nm height 

and 250 X 400 nm x nm periodicity are shown in Fig 4.5 a) for transverse electric (TE), 

transverse magnetic (TM) polarized and unpolarized (no name) light source. The spectra for 

unpolarized light is calculated by taking average of that of transverse electric and transverse 

magnetic polarized light. The spectra represented without any specification will be 

considered as that for unpolarized light. The same was also found out for planar Si (thickness 

of 2330 nm) for comparison. It is observed that the S-shape SiNWs exhibit significant lower 

reflectance value as well as different reflectance behavior for transverse electric and 

transverse magnetic polarization compared to that of planar Si. Such polarization sensitive 

behavior of S-shape SiNWs is ascribed to its peculiar architecture. Moreover, the reflectance 

spectra show quiet oscillating features which are believed to originate from the interference 

of radiation throughout the three-dimensional nanostructures with the periodicity matching 

[137]. The effect of periodicity (P) on the reflectance behaviour was also simulated for the 

s-shaped SiNWs for a height of 1800 nm and thickness of 80 nm as shown in Fig. 4.5 b).  It  
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Figure 4.5 Simulated reflectance spectra of the S-shaped SiNWs. a) For 80 nm 

wall thickness, 1800 nm height and 250 X 400 nm x nm periodicity with transverse 

electric (TE), transverse magnetic (TM) polarized and unpolarized (no name) light 

as well as for planar Si (thickness of 2330 nm). b) For height of 1800 nm and 

thickness of 80 nm with different periodicity (P). c) For wall thickness of 80 nm and 

periodicity of 250 X 400 nm x nm with different height (H). d) For 1800 nm height 

and 250 X 400 nm x nm periodicity with different thickness (T) and disorder 

structure (combined system of 9 different thickness i.e. 40, 50, 60, 70, 80, 90, 100, 

110, 120 nm )  

 

is observed that S-shaped nanowall with low periodicity shows higher reflectance at short 

wavelength range (<700 nm) whereas nanowall with high periodicity exhibits slightly 

higher reflectance at long wavelength range (> 700 nm). The higher reflectance at short 
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wavelength for low periodicity is due to the higher surface reflectance from the top surface 

of nanowalls. The slight higher reflectance at long wavelength for high periodicity can be 

ascribed to the insufficient absorption of nanowall (owing to indirect nature of Si band gap), 

as a result the incident light will reach the nanowall/substrate interface giving rise to some 

reflectance. The simulated reflectance spectra demonstrating the effect of nanowall height 

(H) on reflectance of S-shaped SiNWs with wall thickness of 80 nm and periodicity of 250 

X 400 nm x nm are shown in Fig. 4.5 c).  It is seen that the reflectance behaviour has no 

significant change with the variation in nanowall height. However, our experimental result 

shows significant variation in reflectance with nanowall height. But it is worth noting that 

in our prepared nanowall, with increase in height, the SiNWs gradually get agglomerated 

(Fig. 3.4, chapter 3), which was not considered in the simulation because of the difficulty in 

the FDTD simulation, while incorporating the agglomeration. This suggests that the 

observed experimental reflectance behaviour with different etching time might be due to the 

agglomeration of the nanowalls. Moreover, the effect of wall thickness (T) on the S-shaped 

SiNW along with disorder structure (combined system of 9 different thickness i.e 40, 50, 

60, 70, 80, 90, 100, 110, 120 nm) for 1800 nm height and 250 X 400 nm x nm periodicity 

was also investigated, as depicted in Fig. 4.5 d). For the disorder structure, eight simulations 

were conducted with interchanging the position of nanowalls and the average of all was 

shown in the Fig. 4.5 d).  It is observed that with increase of thickness of nanowall, the 

reflectance increases at short wavelength (< 700 nm) and decreases slightly at long 

wavelength range (> 700 nm). This behaviour is similar to that observed with the periodicity 

of nanowall and can be ascribed to the same reason. However, the reflectance spectra of the 

nanowall with disorder structure shows an interesting behaviour exhibiting low reflectance 

behaviour at short and long wavelength range with less oscillating behaviour. Such a 

compromising behaviour of reflectance in the whole wavelength range can be ascribed to 
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the fact that, nanowall with a single thickness exhibit Mie resonance for specific wavelength 

whereas a system of nanowalls of different thickness exhibits resonance at several 

wavelengths and broadens the wavelength range of resonance. Therefore, the reflectance 

behaviour of disorder structure exhibits lower reflectance over the whole wavelength 

spectrum. The reflectance behaviour of such disorder structure was compared with the 

experimental reflectance spectrum of prepared SiNW with same height (1800 nm; sample 

obtained at 5 minute etching time) in Fig. 4.6. It is observed that the spectral reflectance 

behaviour of experimental spectrum quiet match with simulated reflectance spectrum 

though the reflectance value of simulated spectrum is high (with a value of around 7 as 

shown in the black curve in Fig. 4.6). The lower experimental reflectance value is due to the 

fact that the fabricated SiNWs are of somewhat random structure. These random structures 

are difficult to handle in the simulation and for simplicity we have taken S-shaped SiNWs. 

However, it is revealed from Fig. 4.6 that the disorder system qualitatively explains the 

reflectance behaviour of fabricated SiNWs. Moreover, although the simulated reflectance 

spectra did not explain the experimental reflectance behaviour with etching time, the 

increase in reflectance with a broad peak like shape with increase of etching time (especially 

for 15 and 30 minutes etching time, Fig. 3.4, chapter 3) can be explained by considering 

reflectance study of silicon nanowires by Hung et al. [56] and reflectance study of graded-

density surfaces by Branz et al.[138]. According to Hung et. al, the reflectance peak may be 

due to the optical crossover feature between enhanced optical scattering inside the material 

and increased optical absorption coefficient of silicon (jumps at around 400 nm of 

wavelength for crystalline silicon). On the other hand, Branz et al., ascribed it to be likely 

due to the development of larger-scale surface features that scatter incident short wavelength 

light. In the present fabricated SiNWs, the SiNW prepared with higher etching time can 

have some tapering at the top due to the longer exposure into the etching solution, so they 
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can be considered graded-density surface. Also, the nanowall at higher etching time are 

agglomerated at the top which results larger-scale features (Fig. 3.4, Chapter 3). This is 

described in Fig. 4.7. 

 

Figure 4.6 Comparison of simulated reflectance behaviour of disorder structure 

(pink colour curve) with the experimental reflectance spectrum of prepared SiNW 

with same height (1800 nm; sample obtained at 5 minute etching time (navy colour 

curve)). The black colour curve denotes the experimental reflectance spectrum with 

its reflectance value increased by 7. 

 

Figure 4.7 Schematic showing the congregation and tapering at the top region of 

SiNWs etched for higher etching time which leads to the gradual change of 

refractive index at that region. 

The Raman scattering study was carried out on both SiNWs etched for different 

etching time and planar Si wafer in order to study the effect of reduction of reflectance on 
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the scattering intensity as shown in Fig. 4.8. It is observed that both planar Si and SiNWs 

exhibit a sharp peak at 520 cm-1 which is assigned to the first-order optical phonon scattering 

in crystalline Si [139]. The analysis of Raman spectra reveals that both the peak position 

and line shape do not show any significant variation with etching time which suggests that 

 

Figure 4.8 Raman spectra of Si wafer (planar) and Si etched for different 

durations. The inset in the figure shows the variation of Raman peak intensity as a 

function of etching time. In the inset, zero minute in the x-axis corresponds to the 

Raman intensity of planar Si wafer. 

 

the etching process does not affect the crystalline nature of Si. However, the Raman 

scattering intensity shows an enhancement of around one order of magnitude higher for the 

SiNWs as compared to that of planar Si wafer. Also, as the etching time increases, the 

scattering intensity increases initially and then decreases, with a maximum for 5 minute 

etching time as depicted in the inset. Since etching reduces the volume fraction of Si and 

hence the scattering volume, such a significant enhancement in scattering intensity claims 
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to an optical effect. The reduction of reflectance for SiNWs leads to an increase of light 

intensity entering the sample. Moreover, the Raman back scatter traveling towards the 

surface encounters the SiNWs, resulting in an additional enhancement factor for light 

excitation. The observed increasing and decreasing behaviour of scattering intensity with 

etching time with a maximum for 5 minutes etching time can be understood by considering 

that the wavelength of excitation radiation for Raman scattering for the present study is 514 

nm and at this wavelength, the reflectance shows an almost opposite behaviour to that of 

scattering intensity, with etching time (Fig. 4.1). Therefore, the lowest reflectance for 5 

minutes etched SiNWs at 514 nm, causes the highest Raman scattering. This reveals that 

Raman scattering behaviour agrees well with the reflectance behaviour in SiNWs. 

In order to find out the most effective SiNWs among the SiNWs obtained by metal 

assisted etching for different periods of time, for solar cell application, solar-weighted 

reflectance ( 𝑅𝑠𝑤) was calculated, as depicted in Fig. 4.9, for the standard solar radiation 

spectrum (the terrestrial air mass 1.5 global (AM 1.5G)) using the following expression 

[140, 141], 

 𝑅𝑠𝑤 =
∫ 𝑅(𝜆)𝑁𝑝ℎ𝑜𝑡𝑜𝑛(𝜆)𝑑𝜆

1107 

280

∫ 𝑁𝑝ℎ𝑜𝑡𝑜𝑛(𝜆)𝑑𝜆
1107

280

 (4.1) 

 

Where 𝑅(𝜆) is the spectral reflectance of SiNWs and 𝑁𝑝ℎ𝑜𝑡𝑜𝑛(𝜆)  is the photon 

number of AM 1.5 G per unit area per unit wavelength. The lower and upper limit of 

integration is taken as the lowest wavelength, 280 nm of AM 1.5 G and wavelength 

corresponding to band gap value, 1107 nm of Si. The results are summarized in Fig. 4.9. It 

is observed that  𝑅𝑠𝑤 decreases tremendously for the etched SiNWs in comparison to that 

of planar Si wafer. However, a closer look at  𝑅𝑠𝑤 for SiNWs etched for different time, 

shown in the inset of Fig. 4.9, reveals that  𝑅𝑠𝑤 value decrease at the beginning up to five 
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minutes of etching (minimum value of 1.27 %), followed by an increase with further 

etching . Such a decreasing and increasing behaviour with etching time can be attributed to 

the peculiar wavelength dependence of reflectance spectrum on etching time (Fig. 4.1) as 

well as the strong wavelength dependence of the standard solar spectrum (AM 1.5G). 

SiNWs obtained by etching for 5 minutes showing the lowest reflectance at shorter 

wavelength and an intermediate reflectance at longer wavelength results in the minimum 

value of 𝑅𝑠𝑤. This suggests that SiNWs obtained after 5 minutes of etching has the optimum 

property to be used as an antireflection layer for solar cell application. 

 

Figure 4.9 Solar-weighted reflectance ( 𝑅𝑠𝑤) of planar Si wafer and SiNWs 

obtained at different etching time. The data at zero minute etching time corresponds 

to planar Si wafer. The inset shows the enlarged view of 𝑅𝑠𝑤 verses etching time 

indicating that 𝑅𝑠𝑤 value exhibits a minimum at 5 minutes etching with a value of 

1.27%. 

4.3.2. Wetting properties of SiNWs  

The wetting properties of the fabricated SiNWs, as well as the planar Si wafer, were 

studied by performing the contact angle measurements. The results obtained are summarized 

in figure 4.10. The photograph of water droplets sitting on the planar Si wafer and SiNWs 
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etched for 1, 2, 5, 15 and 30 minutes are depicted in the inset. It is seen that the SiNWs 

etched for one minute exhibits a high contact angle of 135º as compared to that of planar Si 

wafer (67º). As the etching time increases, the contact angle of the SiNWs increases to a 

maximum of 142º for SiNWs obtained from 5 minutes etching and then decreases to a value 

of 61º for SiNWs obtained at 30 minutes of etching. This reveals that planar Si wafer, when 

patterned with SiNWs atop its surface by metal assisted chemical etching, exhibits 

transitions from hydrophilicity to near super-hydrophobicity and again back to 

hydrophilicity with etching time.  

 

Figure 4.10 Plot of water contact angle (CA) versus etching time. The inset shows 

the photograph of water droplet on planar Si wafer (0 minute etching time) and 

SiNWs etched for 1, 2, 5, 15, 30 minutes respectively. The etching times are 

mentioned in each photograph. 

 

In order to get some insight regarding the observed behaviour of SiNWs, we 

performed the contact angle measurement on both Si wafer and SiNWs etched for different 

time with another nonpolar liquid, diiodomethane and calculated the surface energy as 

depicted in Fig. 4.11. Fowkes model which is the most widely used two component model 
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Figure 4.11 Shows the diiodemethane (DM) contact angle (CA) and surface energy 

(SE) versus etching time. The inset shows the photograph of diiodemethane droplet 

on planar Si wafer (0 minute etching time) and SiNWs etched for 5 and 30 minutes. 

The time mentioned in each photograph corresponds to their etching time. 

 

to determine the surface energy of solids by measuring the contact angle using two liquids 

(one polar and nonpolar), was chosen to calculate the surface energy. It basically combines 

the Young and Young-Dupree equations and separates the surface energy into its polar and 

dispersive (nonpolar) components. It is given by [142, 143], 

𝛾𝑙(𝑐𝑜𝑠 Ө + 1) = 2[(𝛾𝑙
𝑑)

1
2(𝛾𝑠

𝑑)
1
2 + (𝛾𝑙

𝑝)
1
2(𝛾𝑠

𝑝)
1
2]       (4.2) 

Where Ө is the contact angle of liquid on solid surface. 𝛾𝑙
𝑑and 𝛾𝑠

𝑑 are dispersive 

component of surface energy of liquid and solid respectively. 𝛾𝑙
𝑝
 and 𝛾𝑠

𝑝
 are polar 

components of surface energy of liquid and solid respectively. 𝛾𝑙 ( 𝛾𝑙 = 𝛾𝑙
𝑝 + 𝛾𝑙

𝑑 ) is the 

total surface energy of liquid. The two unknown ( 𝛾𝑠
𝑑 and 𝛾𝑠

𝑝 ) can be found out from this 

equation by measuring the contact angle, Ө for two liquids with known values of their 𝛾𝑙
𝑑 

and 𝛾𝑙
𝑝
. With the measured value of contact angle on Si wafer and SiNWs with different 
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etching time for both polar liquid, water (𝛾𝑙
𝑝 = 51.0 mNm-1and 𝛾𝑠

𝑑 = 21.8 mNm-1) and 

nonpolar liquid, diiodemethane (𝛾𝑙
𝑝 = 0 mNm-1and 𝛾𝑠

𝑑 = 50.8 mNm-1), the respective 𝛾𝑠
𝑑, 

𝛾𝑠
𝑝
 and 𝛾𝑠 ( 𝛾𝑠 = 𝛾𝑠

𝑝 + 𝛾𝑠
𝑑 ) values were calculated for Si wafer and SiNWs etched for 

different time, and plotted as a function of etching time as shown in Fig. 4.11. It is observed 

that as the etching time increases, the total surface energy along with its dispersive and polar 

component decreases followed by a significant increase for higher etching time. Since the 

Si wafer and SiNWs etched for different time have almost the same surface chemistry, the 

observed low and high surface energy of SiNWs etched for lower and higher etching time 

respectively, can be ascribed to the surface morphology [142, 144]. The surface morphology 

of SiNWs obtained at different etching time (Fig. 3.4, chapter 3) reveals that SiNWs 

prepared at lower etching time are vertical with an overall uniform inter-separation whereas 

the SiNWs, prepared at higher etching time, congregated at the top resulting in a somewhat 

distorted morphology with both higher and lower inter-separation. Also, the top region of 

SiNWs obtained at higher etching time may have a tapered morphology due to its higher 

exposure to etching solution. The strange wetting behaviour observed in the prepared 

SiNWs can be understood by considering both the Wenzel and Cassie–Baxter models [145, 

146], used for studying the wetting behaviour of structured surfaces as well as the Laplace 

equation describing the pressure drop at curved interfaces [147, 148], as summarized briefly 

below. 

According to Wenzel model, the liquid penetrates the surface crevices and fully 

contacts the structured surfaces. The equation describing the Wenzel model is given by, 

𝑐𝑜𝑠 Ө𝑊 = 𝑟𝑐𝑜𝑠 Ө (4.3) 

Where Ө𝑊 is the apparent contact angle measured on structured surface, 𝑟 is the 

roughness factor, defined as the ratio of actual surface area to that of projected surface area 

and Ө is the measured contact angle on an analogous flat surface. This predicts that a 
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structured surface will be more hydrophilic if its analogous flat surface is originally 

hydrophilic and vice versa.  

In Cassie-Baxter models, the liquid is assumed to sit on the top asperities of the 

structured surface with air being trapped into the crevices. The Cassie-Baxter model is 

represented by the following equation, 

𝑐𝑜𝑠 Ө𝐶𝐵 = 𝑓𝑠 𝑐𝑜𝑠 Ө − 1 + 𝑓𝑠 (4.4) 

Where  Ө𝐶𝐵 is the apparent contact angle measured on the structured surface and 

𝑓𝑠 is the solid fraction that is in contact with liquid. This explains the hydrophobic behaviour 

of structured surface from its analogous flat surface with hydrophilicity. 

The Laplace equation describing the pressure difference (𝛥𝑃) across the liquid-

vapour interface is given by,  

∆𝑃 =
2𝛾

𝑟
 (4.5) 

Where 𝑟 is the radius of curvature of the surface of liquid. This equation predicts 

that a higher pressure difference across the liquid-vapour interface corresponds to a smaller 

radius of curvature. 

Now we can describe the wetting behaviour of SiNWs atop its Si wafer as shown 

schematically in Fig. 4.12. Figure 4.12 a) depicts the array of vertical SiNWs holding the 

liquid (water) where the radius of curvature (r) of the water is governed by separation 

distance (d1) among the SiNWs. So SiNWs with an inter-separation distance greater than d1 

will have a greater radius of curvature than r and hence can not support the same pressure 

difference across water-vapour interface according to equation 4.5 and will result in the 

penetration of water into the interstices of SiNWs. The SiNWs obtained at low etching time 

being vertical with an overall uniform and lower inter-separation distance, is capable of 

holding the water droplet and can be described by the schematic model in Fig. 4.12 a). So 

the Cassie-Baxter models (equation (4.4)) will be used to address the wetting behaviour of  
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Figure 4.12 Schematic description of wetting behavior of SiNWs obtained at 

different etching times. a) Illustrate that SiNWs separated with a small distance (d1) 

can hold the water droplet with a radius of curvature (r). b) Depicts that 

aggregation and tapering of SiNWs at the top region result in both higher inter-

separation distance, d2 and lower inter-separation distance, d3 than d1. The region 

with lower inter-separation distance (d3) holds the water droplets whereas in the 

region with higher inter-separation distance (d2), water penetrates the interstices 

of SiNWs 

 

SiNWs obtained at lower etching time. It explains the transition from hydrophilic behaviour 

of flat surface to the hydrophobic behaviour of structured surface. Considering the observed 

congregation of the top region of SiNWs etched for higher time and the tip tapering, its 

wetting behaviour can be understood by referring to Fig. 4.12 b). The congregation and 

tapering at the top region of SiNWs result in both the increase of inter-separation distance 

from d1 to d2 and the decrease of inter-separation distance from d1 to d3. So according to 
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equation (4.5), the region of SiNWs with inter-separation distance d3 can hold the water 

whereas, for the region of SiNWs with inter-separation distance d2, the water will penetrate 

the interstices of SiNWs as shown schematically in Fig. 4.12 b). So the wetting behaviour 

of such distorted morphology will be explained by using both Wenzel and Cassie-Baxter 

model. Therefore, depending on the percentage of region obeying the Wenzel and Cassie-

Baxter model, the contact angle can be greater and lesser than that of flat Si wafer. The 

height of SiNWs etched for 15 minutes is lower (by a factor of ~2) than that of 30 minutes 

etched SiNWs (Fig. 3.4, chapter 3), so the contact area between Si and water will be lesser 

for 15  minutes etched SiNWs than that of 30 minutes etched SiNWs. Hence the contribution 

of Wenzel model for 30 minutes etched SiNWs will be higher than that of 15 minutes etched 

SiNWs which will result lower contact angle for 30 minutes etched SiNWs. This explains 

the contact angle value of 94º and 61º for 15 and 30 minutes etched SiNWs compared to 

that of 67º for Si wafer. 

4.3.3. Photoluminescence properties of porous SiNWs  

The room temperature photoluminescence (PL) spectrum of the porous SiNWs, 

compared with that of pore free SiNWs and the planer Si wafer is shown in Fig. 4.13. Curve 

fitting with Gaussian function discloses that the room temperature PL spectrum of porous 

SiNWs can be de-convoluted into two Gaussian profiles with high intense peak maxima 

EPL1 ∼ 1.71 eV and low intense peak maxima EPL2 at 2.01 eV. In contrast, the visible 

emission peaks that exist in porous SiNWs, are found to be absent in both pore free SiNWs 

and planar Si wafers. The origin of visible emission was studied by Sham et al. [149], from 

the synchrotron-light-induced optical luminescence and found that quantum size effect 

originated from the Si nanostructures gives optical transition, and hence luminescence. The 

TEM studies of porous SiNWs (Fig. 3.8 c), chapter 3) reveals that the mean dimension of 

the distributed pores and inter-pore Si regions is close to the reported Bohr radius value 
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∼4.3 nm for free-exciton in Si crystals [150]. Since the dimension of pores and inter-porous 

Si region evolved in porous SiNWs is found to be closer to the theoretical quantum size 

limit, it can be considered that majority of the visible PL emission signals in the porous 

SiNWs originate from the confinement of charge carriers in Si quantum structure.  

 

Figure 4.13 Room temperature PL spectra of porous SiNWs (red curve), pore free 

SiNWs (pink curve) and planar Si (blue curve). The fitted PL spectrum of porous 

SiNWs has two Gaussian profiles with peak maxima 1.71 (EP1) and 2.01 eV (EP2) as 

indicated by the dashed lines. 

 

The Raman spectra of porous SiNWs and bulk Si in the range 470–550 cm−1 are 

depicted in Fig. 4.14. The notable feature present is a single strong first-order Raman 

scattering profile of Si [151]. It is observed that the Raman line position of porous SiNWs 

is down shifted by 2.8 cm−1 in comparison to that obtained for bulk Si wafer. In addition, 

the full width at half maximum (FWHM) value 9.62 cm−1 deduced from the fitting of the 
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Raman spectrum of porous SiNWs using pseudo-Voigt function is ∼2 cm−1 larger compared 

to 7.56 cm−1 obtained for bulk silicon. Similar redshift and asymmetry broadening in the 

Raman line were observed previously on porous Si [152, 153]. Moreover, no Raman line 

was observed in the range 470-490 cm−1, indicating the absence of amorphous Si structure 

in porous SiNWs [153]. According to literature reports, the observed downward shift and 

asymmetric broadening in the Raman scattering profile may have different origin viz., strain 

in the lattice, inhomogeneous laser heating and electron-phonon interaction (also called 

Fano interaction) and phonon confinement in nanostructures [152, 154]. The results 

obtained from the analysis of inverse FFT pattern from HRTEM images (Fig. 3.8 c), chapter 

3) indicated that porous SiNWs are single crystalline without any measurable lattice strain. 

The low laser power (0.02 mW) used for the Raman measurements neglect the 

inhomogeneous laser heating effect. Additionally, electron-phonon interaction does not 

exist in porous SiNWs prepared from a lightly doped Si wafer [154]. Due to these facts, on 

referring to the reports of Ghosh et al. [152], and Saxena et al. [154], it is concluded that the 

observed downward shift and asymmetric broadening in the Raman scattering profile are 

due to the dominance of phonon confinement in Si nanostructures. Moreover, the bond 

polarizability model for phonon confinement is given by [155], 

∆𝜔 = 𝜔 − 𝜔0 = −𝐴 (
𝑎

𝑑
)

𝛾

 (4.6) 

Where ω denotes the Raman phonon wavenumber in a nanocrystal of diameter 𝑑, 

𝜔0 denotes the optical phonon wavenumber at the zone centre, a is the lattice constant of 

crystalline Si, A (= 47.41 cm−1) and γ (=1.44) are the phonon confinement parameters.  For 

the presently observed downward Raman line shift of 2.8 cm−1, the use of equation (4.6) 

yields the d value of 3.9 nm. This supports that the visible luminescence radiation, 
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summarized in Fig. 4.13, arise due the quantum confinement of charge carriers in porous 

SiNWs. 

 

Figure 4.14 Room temperature first-order Raman spectra for porous SiNWs and 

planar Si. The vertical dash-dot lines indicate the location of Raman peaks. 

The combined HRTEM, PL and Raman results as summarized in Figs. 3.8 c) 

(chapter 3), Fig. 4.13 and Fig. 4.14 are fairly agreeing that the deviation in optical properties 

farther away from the bulk Si arise mainly from the Si quantum structures. However, the 

HRTEM results (Fig. 3.8 c)) reveals that a thin amorphous layer has been formed on the Si 

wall surfaces. The ATR-FTIR studies depicted in Fig. 3.8 m) disclose that the thin 

amorphous layer consists of mostly the Si-O-Si bonding structure. As the Si walls and the 

oxygen coupled amorphous surface layer play a nontrivial role in the luminescence 

properties, the interplay that occurs at their interface structure may complicate to conclude 

that the visible emission in porous SiNWs is solely due to the quantum confinement effect. 
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It is well known that the luminescence emission peak energy corresponding to the band to 

band emission in Si quantum structures is sensitive to sample temperature, whereas that 

corresponds to the surface chemical effects are considered to be temperature insensitive 

[156, 157]. Therefore, on studying the PL properties of porous SiNWs as a function of 

sample temperature, the confirmation of quantum confinement effect and surface chemical 

effect on the visible emission in porous SiNWs can be verified. Figure 4.15 summarizes the 

overall PL behaviour of porous SiNWs in the visible region recorded at various temperatures 

between 80 and 375 K. All the PL spectra shown in Fig. 4.15 a) are de-convoluted into two  

 

Figure 4.15 Temperature dependent PL behaviour of porous SiNWs. a) Visible PL 

behaviour of porous SiNWs at temperatures between 80 and 375 K. b) A fitted PL 

spectrum obtained at 80 K. c, d) Normalized PL spectra for peak energies EPL1 and 

EPL2, respectively with sample temperatures 80, 120, 160, 200, 240, 260, 280, 325 

and 375 K. Note that in Figs. a, c and d), the PL spectra shown in different colours 

correspond to different sample temperature. 
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Gaussian peak profiles. Fig. 4.15 b) shows representative fitted PL results at 80 K. The 

resolved luminescence peaks EPL1 and EPL2 obtained from the fit of each PL curve in Fig. 

4.15 a) are shown in Fig. 4.15 c, d), respectively. It should be noted that the luminescence 

curves in Fig. 4.15 c, d) are normalized to their respective maximum peak intensity. 

One of the most important luminescence parameters often considered in the analysis 

of temperature dependent luminescence behaviour in quantum semiconducting structures is 

luminescence emission peak energy. Figure 4.16 a, b) show the luminescence peak energies 

EPL1 and EPL2 with sample temperature. It is observed that there is a discrepancy in the 

behaviour between the emission peaks EPL1 and EPL2 with temperature. The peak energy 

EPL1 (red emission) shifts towards lower energy when the sample temperature increases from 

80 to 375 K, whereas, the position of the peak energy EPL2 (orange emission) remains almost 

unchanged. Therefore, on assuming the emission peaks EPL1 is solely due to quantum 

confinement effect in porous SiNWs, the observed variation of EPL1 with temperature is 

fitted by using the well-known equation for studying the band to band emission in bulk 

semiconductors like Si given by [112, 156],  

𝐸𝑔(𝑇) = 𝐸𝑔,0 − 𝐴 [
2

𝑒𝑥𝑝 (𝛺
𝑘𝐵𝑇⁄ )

+ 1] (4.7) 

Where, 𝐸𝑔(𝑇), 𝐴, 𝐸𝑔,0, 𝛺 and  𝑘𝐵 are the energy band gap, temperature independent 

constant that describes the strength of electron-phonon interaction, energy band gap at zero 

Kelvin, average phonon energy and Boltzmann constant respectively. The solid line in Fig. 

4.16 a) shows the best fit of the experimental data, which yields 1.887 ± 0.04 eV, 0.137 ± 

0.05 eV and 0.060 ± 0.005 eV for 𝐸𝑔(𝑇), 𝐴 and 𝛺 respectively. Similar temperature 

dependent photoluminescence results have been reported previously on Si nanocrystals in 

the size range 1-5 nm [156, 158]. 
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Figure 4.16 a, b) Variation of luminescence peak energies EPL1 and EPL1 as a 

function of sample temperature, respectively. Solid curve in Fig. a) shows the best 

fit to the data points.  

In order to get the correlation between quantum structures in porous SiNWs and the 

luminescence peak energy, let us look intuitively the TEM micrographs as shown in Fig. 

4.17. Fig. 4.17 a) depicts TEM and Fig 4.17 b, c) show the high resolution TEM image of 

porous SiNWs.  It is observed that the inter-pore Si region consisting of continuous 

cylindrical solid fraction with uneven spherical interconnects is of quantum dimensions. In 

this perspective, the visible luminescence peak at 1.71 eV (EPL1) emerged in the porous 

SiNWs can be thought of due to quantum confinement effect in the monolithic quantum 

wire-like cylindrical Si structure and quantum dot-like uneven spherical Si interconnects. 

The existence of Si quantum wire and Si quantum dot structures has been observed 

previously by Cullis et al. [127] and Kanemitsu et al. [126] in their respective TEM studies 

of porous Si prepared by anodic polarization etching. Since there are no deviations in the 
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Figure 4.17 a) TEM image of porous SiNW. b, c) High resolution TEM image of 

porous SiNW. The phase contrast in Figs. b, c) show that inter-pore Si regions are 

interconnected.  

 

lattice coherency between the wire-like cylindrical and dot-like uneven spherical Si 

structures, there are difficulties in correlating the observed photoluminescence peak energy 

with quantum structures using the existing theoretical models. For simplicity, let us apply 

the established equation for the isolated Si quantum dot and the quantum wire structures for 

the present case. The equation for the isolated quantum dot is given by [150, 159], 

𝐸𝑃𝐿(𝑑𝑠) = 𝐸0 +
3.73

𝑑𝑠
1.39 (4.8) 

Where, 𝐸𝑃𝐿 denotes the band gap energy of Si quantum dot and 𝑑𝑠 is the diameter 

of the Si quantum dot and 𝐸0 is the room temperature band gap of Si (1.12 eV). The 𝑑𝑠 
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calculated using this equation is ~ 4 nm for Si quantum dot. Similarly, the equation for Si 

quantum wire is given by[160], 

𝐸𝑃𝐿(𝑑𝑐) = 𝐸0 +
2.4

𝑑𝑐
1.7

          (4.9) 

Where, 𝐸𝑃𝐿 denotes the band gap energy of Si quantum wire and 𝑑𝑐 is the diameter 

of the Si quantum wire and 𝐸0 is the room temperature band gap of Si (1.12 eV). The 𝑑𝑐 

determined from this equation yields ~ 3 nm for Si quantum wire. Based on the above 

analysis, we are summarizing that though we have correlated the structures with 

luminescence behaviour qualitatively, it is worth to note that the estimated 𝑑𝑠 and 𝑑𝑐 values 

from the models are fairly agreeing with the structure size obtained from the phase contrast 

HRTEM images of porous SiNWs. This further supports that emission peaks at 1.71 eV 

arises from the quantum structures present in the porous SiNWs.   

4.4. Summary 

The results of the present chapter are summarized as, 

 The fabricated SiNWs exhibit tremendous reduction in reflectance. 

 SiNWs fabricated for low etching time exhibit near-superhydrophobicity. 

 The multifunctional behaviour of SiNWs synthesized at low etching time can be 

utilized for enhancing the efficiency and life time of Si solar cells. 

 The metal assisted chemical etching combined with anodic polarization is capable 

of producing visible light emitting porous SiNWs. 
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Chapter 5 

Application of MACE fabricated Si nano-architectures for gas 

sensor and energy storage devices 

The MACE fabricated Si nanowalls (SiNWs) are explored for gas sensor and energy 

storage device applications. On the gas sensing front, the virgin SiNWs and SiNWs 

functionalized with Pt and Pd are exploited for hydrogen gas sensing device. The 

functionalization was achieved by the novel fluoride-free galvanic displacement deposition. 

Characterization by different techniques viz. SEM, EDX and GIXRD confirmed the 

successful functionalization. Both the Pt and Pd loaded SiNWs exhibit enhanced sensor 

performance compared to pristine SiNWs. The temperature dependent sensing studies 

manifest that Pt functionalized SiNWs display superior sensing behaviour at low 

temperatures (50-100ºC) in comparison to Pd functionalized SiNWs and vice versa at high 

temperature (150-200ºC). A parallel resistance model bearing the effect of electronic and 

chemical sensitization was used to elucidate the observed sensing behaviour. For energy 

storage devices, the SiNWs are explored for possible application as electrochemical 

capacitor, using the organic electrolyte tetraethylammonium tetrafluoroborate (NEt4BF4) 

in propylene carbonate (PC). The cyclic voltammetry and galvanostatic charge-discharge 

studies revealed that SiNWs exhibit redox peaks in low and high potential regions. The 

origin of these peaks are attributed to the silver related deep level trap state in silicon in 

contact with adsorbed water and also from the oxidation of silicon and its hydrides by the 

moisture present in the electrolyte respectively. The presence of silver in SiNWs and water 

in the electrolyte are considered to be due to the minute amount of silver left over during its 

removal by HNO3 owing to the bunching of nanowalls and the highly moisture sensitive 

nature of the electrolyte respectively. The impact of such redox peaks on areal capacitance 

and cycle life are investigated. 
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5.1. Introduction 

In recent past, Si nanostructures synthesized by metal assisted chemical etching 

(MACE) are investigated for application in gas sensors and energy storage devices, owing 

to its compatibility with established CMOS technology, which can lead to direct on chip 

integration into the existing Si microelectronic industry [22, 161, 162]. We are interested in 

the hydrogen (H2) sensing properties of silicon nanostructures owing to its importance in 

nuclear industry. For hydrogen sensing, both pristine and platinum (Pt) & palladium (Pd) 

functionalized Si nanostructures have been investigated. Functionalized Si sensors are 

favourable due to their selectivity for a particular gas against other chemical species [25]. 

However the functionalization of Si nanostructures with these metals have mostly been 

achieved by techniques like electron beam evaporation, magnetron sputtering, pulsed laser 

deposition etc. [163, 164], which are energy and cost intensive. There are few reports on the 

cost effective galvanic displacement metal deposition technique [96] to functionalize Si 

nanostructures for H2 sensing. However, the use of HF along with the metal salt solution in 

this method can change the initial morphology of the fabricated Si nanostructures. 

Therefore, it is required to modify the technique, to functionalize the Si nanostructures 

without disturbing its initial morphology.  

Among different energy storage devices, electrochemical capacitor has been 

considered as a prominent energy storage device because of its fast charge/discharge rate, 

high power density, long cycle-life and safe of operation [97]. For electrochemical capacitor 

application, the MACE fabricated Si nanostructures are usually coated with other materials 

such as silicon carbide, ultrathin carbon sheath, graphene and nickel oxide [22, 98-100], due 

to the reactivity of Si with the commonly used aqueous electrolytes. But, use of these coated 

materials can cause compatibility issues with the established CMOS fabrication technology, 

as well as increase the production cost. Recently, the research group led by S. Sadki have 
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studied silicon nanowires and nanotrees, grown by the vapour-liquid-solid (VLS) technique 

without any additional coating, for electrochemical capacitor application using different 

organic and ionic liquid electrolytes [21, 101, 102]. However, the issues related to high cost 

and high temperature VLS growth method may limit its application. Therefore, it is exciting 

to investigate the electrochemical behaviour of the MACE fabricated Si nanostructures in 

these electrolytes for its application towards electrochemical capacitor.  

The investigation of Si nano-architectures both in pristine and functionalized with 

Pt and Pd using fluoride-free galvanic displacement technique, for H2 sensing and 

electrochemical behaviour of Si nano-architectures in the electrolyte, tetraethylammonium 

tetrafluoroborate (NEt4BF4) in propylene carbonate (PC), for electrochemical capacitor 

application are the other highlights of the study. 

5.2. Experimental 

5.2.1. Gas sensing and electrochemical measurements 

The SiNWs prepared by MACE was used for gas sensing and electrochemical 

capacitor applications. For gas sensing (H2 sensing) both pristine and Si nanowalls 

functionalized with Pt/Pd are used. The fluoride-free galvanic displacement deposition 

method was used for the functionalization. For this, SiNWs sample was assembled into the 

O-ring tightened Teflon cell assembly as used for etching (Fig. 2.1, chapter 2). The surface 

oxide of the SiNWs was removed by treating it in 5% HF solution for 1 minute followed by 

washing with Milli-Q water thrice to ensure the complete removal of HF. Subsequently, 

metal (Pt or Pd) deposition was carried out using its aqueous salt solution (3 mM K2PtCl6 

for Pt and 3 mM PdCl2 for Pd) without the use of any fluoride species. After the 

functionalization, the samples were copiously rinsed with Milli-Q water and dried by 

nitrogen purging. Henceforth, the SiNWs functionalized with Pt and Pd will be denoted as 

Pt-SiNWs and Pd-SiNWs respectively. 
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The gas sensors were fabricated by making interdigitated Au electrodes on the 

SiNWs, Pt-SiNWs and Pd-SiNWs using DC sputtering. The sensing performance of the 

sensor device was studied in a custom built gas exposure system, as described in Fig. 2.14 

(Chapter 2). The sensing measurements were conducted under dynamic condition, where 

the gas was flown at a constant rate over the senor device and a fixed pressure inside the 

sensing chamber was maintained under continuous pumping by a scroll pump. The 

measurement was carried out for different concentration (50-500 ppm) of analyte gas at 

different temperatures (50-200ºC). The sensor response was calculated from the 

measurement by the following equation,  

𝑆𝑒𝑛𝑠𝑜𝑟 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒, 𝑆 (%) =  
𝑅𝐺 − 𝑅0

𝑅0
× 100 (5.1) 

Where 𝑅𝐺  and  𝑅0 are the resistances of the sensor device in the presence of 

background gas (a mixture of N2 and O2) and the analyte gas, H2 (a mixture of H2, N2 and 

O2) at different concentrations, respectively. During the whole measurement the total flow 

rate of gaseous mixture and flow rate of O2 were maintained at 28 sccm and 2.8 sccm 

respectively, and different concentrations of H2, were obtained by changing the flow rate of 

H2 and N2.  

Electrochemical characterizations of the prepared SiNWs were conducted using the 

commercial potentiostat (Metrohm Autolab, model PGSTAT 302N) at room temperature. 

Prior to the electrochemical studies, the SiNWs sample were treated with dilute HF to 

remove its surface oxide layer, rinsed in acetone and dried in argon stream. The silicon 

wafers having the nanowalls carved on them were then successfully assembled into a home-

built 3 electrodes electrochemical cell as shown in Fig. 2.5 (chapter 2). The SiNWs sample, 

platinum and Ag/AgCl couple were used as working, counter and reference electrodes 

respectively. A solution of 1 M NEt4BF4 in PC was used as the electrolyte. In this 

configuration, the cyclic voltammetry was conducted at scan rates ranging from 10 to 100 
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mV/s at potential windows of 0.9 and 1.2 volts. The galvanostatic charge-discharge studies 

were performed at different applied currents. All the electrochemical studies were 

performed in moisture free closed environment. 

The morphology, elemental composition and mapping of fabricated samples were 

investigated using field emission scanning electron microscope (FESEM, Carl Zeiss Supra 

55) equipped with energy dispersive X-ray spectroscope (EDX) operated in secondary 

electron imaging mode. The crystal structures of the samples were studied using the X-ray 

diffractometer (Inel, Equinox 2000) in grazing incidence configuration (GIXRD) using Cu-

Kα radiation (1.541 Å). The details of these instruments are described in chapter 2.  

5.3. Results and discussions 

5.3.1. Gas sensing studies 

5.3.1.1. Mechanism of galvanic displacement process for functionalization 

The mechanism behind the functionalization process can be visualized by inspecting 

the standard redox potential (V vs. SHE) of the redox couples: 0.36 for Pt4+/Pt, 0.90 for 

Pd2+/Pd and -1.24 (or -0.84) for Si/SiF6
2-(or Si/SiO2) [165, 166]. Since, the redox potential 

of Pt4+/Pt and Pd2+/Pd redox couples are greater than that of Si/SiF6
2-(or Si/SiO2), the Pt or 

Pd ions extract valence band electrons (bonding electron) of Si and get itself reduced. The 

process is accompanied by the simultaneous oxidation of Si. The redox process is described 

by the following reactions,  

At Cathode:  Pt4+ + 4e-→ Pt   (E0 = 0.36 V vs. SHE; for Pt deposition)        (5.2) 

                     Pd2+ + 2e-→ Pd  (E0 = 0.90 V vs. SHE; for Pd deposition)        (5.3) 

   At anode:  Si + 2H2O → SiO2 + 4H+ + 4e- (E0 = -0.84 V vs. SHE)        (5.4) 

The reduction of metal ions leads to nucleation and its subsequent growth into 

particles on the Si nanowalls forming a thin layer of silicon oxide at the interface. 
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5.3.1.2. Morphological and elemental analyses of pristine and functionalized SiNWs  

The scanning electron micrographs of pristine SiNWs, Pt-SiNWs and Pd-SiNWs are 

depicted in Fig. 5.1 which reveals that nanowalls are vertically aligned to their base Si wafer. 

It is manifested from the top and the cross-section morphologies of Pt-SiNWs and Pd-

SiNWs shown in Fig. 5.1 b, e) and c, f) respectively that Pt and Pd are deposited mostly on 

the top part of Si nanowalls. The energy dispersive X-ray spectroscopy (EDX) studies 

conducted on these samples are summarized in Fig. 5.2. The EDX spectra of the SiNWs, Pt-

SiNWs and Pd-SiNWs confirm that the pristine SiNWs sample consists of only Si and 

oxygen whereas Pt-SiNWs (or Pd-SiNWs) contains Si, oxygen (O) and Pt (or Pd). The 

atomic percentages of the constituent elements are displayed in their respective insets 

(tables). The EDX elemental mapping was carried out at Si K and O K edge for all the 

samples and the same was conducted at Pt M and Pd L edges for the Pt-SiNWs and Pd-

SiNWs respectively.  

 

Figure 5.1 Scanning electron micrographs of pristine SiNWs, Pt-SiNWs and Pd-

SiNWs are shown in top and cross-section view in figures a-c) and d-f) respectively. 
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Figure 5.2 a, d, h) Demonstrate the EDX spectra of pristine SiNWs, Pt-SiNWs 

and Pd-SiNWs respectively where the weight and atomic percentage of the 

elements, present in the sample are displayed in their respective insets (tables). The 

EDX elemental mapping at Si K edge and O K edge of pristine SiNWs, Pt-SiNWs 

and Pd-SiNWs samples in cross-section view are depicted in figures b, c), e, f) and 

i, j) respectively. g, k) Illustrate the EDX elemental mapping at Pt-M edge and Pd-

L edge for Pt-SiNWs and Pd-SiNWs in cross-section view respectively. 

5.3.1.3. Structural analyses of pristine and functionalized SiNWs 

Figure 5.3 shows the grazing incidence X-ray diffraction (GIXRD) patterns of 

pristine SiNWs, Pt-SiNWs and Pd-SiNWs. It is observed that the GIXRD pattern of pristine 

SiNWs exhibit merely a high intense diffraction peak at 56º, whereas that of Pt-SiNWs and 

Pd-SiNWs exhibit additional diffraction peaks around 40º, 46º, 68º, 82º along with the high 

intense peak at 56º. The high intense peak at 56º is ascribed to the diffraction from (311) 

crystallographic plane of Si as discussed in Chapter 3. The other peaks around 40º, 46º, 68º, 

82º arises due to diffraction from (111), (200), (220) and (311) crystallographic planes 

respectively, of the face-centered cubic Pt and Pd lattice [167]. As the diffraction peaks of 
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Pt and Pd lattice occurs at the same position, the GIXRD pattern of Pt-SiNWs and Pd-

SiNWs exhibit almost similar appearance. This shows that fluoride-free galvanic deposition 

produces pure and crystalline Pt and Pd particles. 

 

Figure 5.3 Grazing incidence X-ray diffraction patterns of pristine SiNWs, Pt-

SiNWs and Pd-SiNWs samples. 

5.3.1.4. Hydrogen sensing performance 

Figure 5.4 summarizes the sensor response of the fabricated SiNWs, Pt-SiNWs and 

Pd-SiNWs devices at different operating temperatures (50-200ºC) for various H2 

concentrations (50-500 ppm). It is observed from Fig. 5.4 a, b, c) that SiNWs exhibit H2 

sensing behaviour at the concentration of 100 ppm whereas both Pt-SiNWs and Pd-SiNWs 

exhibit this at a lower concentration of 50 ppm. Moreover, the sensor response of SiNWs 

increases with the operating temperature till 150ºC and then decreases at 200ºC, whereas 

that for Pt-SiNWs and Pd-SiNWs increases persistently over the whole temperature range.  
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Figure 5.4 a, b, c) Summarize sensor response (S) versus operating temperature 

at different H2 concentrations for SiNWs, Pt-SiNWs and Pd-SiNWs respectively. d, 

e, f) Display response transient at the operating temperature of 200ºC with H2 

concentrations ranging from 50 to 500 ppm, for SiNWs, Pt-SiNWs and Pd-SiNWs 

respectively. 

 

Figure 5.4 d, e, f) display the response transient at the operating temperature of 200ºC with 

H2 concentrations ranging from 50 to 500 ppm for SiNWs, Pt-SiNWs and Pd-SiNWs 

respectively. In order to have better assessment, sensor response as a function of temperature 

at 500 ppm and as a function of H2 concentration at 200ºC are demonstrated in Fig. 5.5 a, 
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b) respectively. It is evident that both Pt-SiNWs and Pd-SiNWs shows higher sensor 

response than that of SiNWs. It is clear from the figure that sensor response exhibits an 

almost linear dependence with H2 concentration whereas its dependence with operating 

temperature is quite different. A careful observation on temperature dependence of sensor 

response (Fig. 5.5 a)) reveals that the sensor response of Pt-SiNWs exhibits higher value 

than that of Pd-SiNWs at low temperatures (50-100ºC) and bears a linear temperature 

dependence. On the other hand, sensor response for Pd-SiNWs shows a sudden jump at 

150ºC with higher value (~ twice) than that of Pt-SiNWs followed by a gradual increase. 

 

Figure 5.5 Display the comparison of sensor response (S) of the SiNWs, Pt-SiNWs 

and Pd-SiNWs sensor devices. a) Plot depicting sensor response (S) versus 

temperature at H2 concentration of 500 ppm. b) Plot showing sensor response (S) 

versus H2 gas concentration at operating temperature of 200ºC. 

The H2 sensing behaviour of SiNWs, Pt-SiNWs and Pd-SiNWs can be understood 

by following the resistance based parallel model used for explaining ammonia sensing 

behaviour of silver modified Si nanowires by Qin et al. [168] as well as the catalytic 

behaviour of decorated metals (Pd or Pt). The fabricated SiNWs are p-type (doping) in 

nature as these are obtained by etching of p-type base Si wafer. When p-type SiNWs are 

exposed to atmospheric environment, the oxygen molecules (𝑂2) are adsorbed on the SiNWs 

surface. Because of the strong electron affinity of the adsorbed oxygen molecules, they 

withdraw electron from the SiNWs and subsequently get ionized forming highly reactive 
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oxygen species like 𝑂2
−,  𝑂−and 𝑂2−(mainly 𝑂2

− at room temperature) [169, 170]. As a 

consequence, hole-accumulation layer (HAL) is formed at the nanowall surface, covering 

the resistive core as demonstrated schematically in Fig. 5.6 a). So the current conduction 

through the SiNW can be described by current conduction through a parallel resistance 

model with two resistors connected in parallel as shown in Fig. 5.6 a). The 𝑅𝐶 and 𝑅𝐻 are 

the resistance of the two resistors and denote the resistance of resistive core and HAL 

respectively. Owing to the high concentration of carriers (hole) at the HAL, 𝑅𝐻 is 

significantly lower than 𝑅𝐶. Therefore, the current flow dominantly across 𝑅𝐻 and the 

resistance of the SiNW can be expressed as, 

𝑅𝑁𝑊 ≈ 𝑅𝐻 =
𝜌𝐿

𝐴𝐻
 (5.5) 

Where 𝑅𝑁𝑊 and 𝐿 denote the resistance and length of the nanowall respectively. 𝜌 

and 𝐴𝐻 denote the resistivity and cross-sectional area of the HAL respectively.  

When the SiNWs sensor device is exposed to H2 gas (reducing gas), the adsorbed 

oxygen species react with the adsorbed hydrogen at the SiNW surface releasing the electron 

back to the SiNW.  The process can be described by the following reactions, 

𝐻2(𝑔𝑎𝑠) → 𝐻2(𝑎𝑑𝑠) (5.6) 

2𝐻2(𝑎𝑑𝑠) +  𝑂2
−(𝑎𝑑𝑠) → 2𝐻2𝑂(𝑎𝑑𝑠) + 𝑒− (5.7) 

As a result, the HAL is effectively reduced as illustrated in Fig. 5.6 b). Constructing 

the parallel resistance model under the same analogy, the resistance of the SiNW after H2 

exposure can be expressed as, 

𝑅𝑁𝑊𝐺 ≈  𝑅𝐻𝐺 =
𝜌𝐿

𝐴𝐻 − ∆𝐴𝐻
 (5.8) 

Where 𝑅𝑁𝑊𝐺 represent the resistance of SiNW after H2 gas exposure, 𝑅𝐻𝐺  and ∆𝐴𝐻 

represent the resistance and change in cross-sectional area of HAL after H2 exposure. The 

comparison between equation (5.5) and (5.8) reveals that 𝑅𝑁𝑊𝐺 is greater than 𝑅𝑁𝑊.  
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Figure 5.6 Schematic illustrating the H2 sensing mechanism in a, b) SiNWs and 

c, d) metal (Pt or Pd) functionalized SiNWs. e) Description of different symbols. 

 

Following equation (5.1), the room temperature sensing behaviour of SiNWs is explained. 

Before addressing the observed temperature dependent sensing behaviour of SiNWs (i.e. 
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the increase in sensor response with temperature followed by decrease above 150ºC), it is 

worth to note that the present gas sensing mechanism is analogous to the gas sensing 

mechanism of metal oxide based semiconductor. An extensive study by Ahlers et al. [171] 

has revealed that metal oxide based semiconductor gas sensors exhibit similar temperature 

dependent sensing behavior (bell-shaped sensor response with temperature). This is ascribed 

to both the enhancement in reaction probability between adsorbed analyte gas molecule and 

surface oxygen ion with increase in temperature, as well as desorption of the adsorbed 

analyte gas after a specific temperature, leading to an optimum temperature for sensing 

behaviour. This explains the temperature dependence of sensor response of the SiNWs. 

The superior sensing behaviour of metal functionalized SiNWs (Pt-SiNWs and Pd-

SiNWs) can be explained by adding the effect of the metals to the above sensing mechanism 

based on the parallel resistance model. The metals cause the occurrence of two 

sensitizations: i) chemical sensitization (also known as spillover effect) arises due to 

interfacial atom transport and ii) electronic sensitization arises due to interfacial electronic 

redistribution. Let us first analyse the current conduction in metal functionalized SiNWs and 

construct the equivalent parallel resistance model in air, as demonstrated in Fig. 5.6 c). 

Since, the work function of the metals (5.12 eV for Pd and 5.65 eV for Pt) are higher that of 

p-type Si (4.9 eV), the nature of the metal and semiconductor junction is ohmic, with a flow 

of electron from the p-type Si to the metal [163, 172]. So, the HAL is expanded nearby the 

metal resulting the new area of HAL underneath the metal particle, given by, 𝐴𝐻𝑀 = 𝐴𝐻 +

𝐴𝑀, where 𝐴𝑀 represents the increased cross-sectional area of HAL beneath the metal 

particle. Under the same analogy, the equivalent parallel resistance model is built where 

current flow dominantly across the HAL. But in the present case, the resistance of the HAL 

is governed by the series combination of two resistors with resistance 𝑅𝐻 and 𝑅𝐻𝑀, which 

are further determined by the cross-sectional areas 𝐴𝐻 and 𝐴𝐻𝑀 respectively as described in 
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Fig. 5.6 c). Since, 𝑅𝐻 is greater than 𝑅𝐻𝑀 (as 𝐴𝐻  < 𝐴𝐻𝑀), the resistance of the whole HAL 

is governed mostly by 𝑅𝐻. Therefore, the resistance of the metal functionalized SiNW can 

be described as, 

𝑅𝑀𝑁𝑊 ≈ 𝑅𝐻 =
𝜌𝐿

𝐴𝐻
 (5.9) 

When metal functionalized SiNWs is exposed to the H2 environment, the H2 

spillover (chemical sensitization) occurs as demonstrated in Fig 5.6 d). In this process, 

significantly more H2 molecules are adsorbed because the catalytic metal provides more 

active sites for its adsorption. The adsorbed H2 molecules are subsequently dissociated into 

atomic species followed by their rapid diffusion through catalytic metal (Pd or Pt) owing to 

their high solubility and diffusivity. These diffused hydrogens then settle at the metal-Si 

interface and form a polarization layer which reduces effectively the work function of metal. 

As a result, Schottky barrier is formed at the metal-semiconductor (p-type Si) junction [173, 

174]. It is worth to note that there exists a thin layer of silicon oxide at metal-Si interface, 

since the deposition of metal is carried out by fluoride free galvanic displacement as 

discussed previously. The silicon oxide layer serves as a diffusion barrier against PdSi/PtSi 

formation and reduces the effect of Fermi level pinning [173]. But it being too thin does not 

inhibit the transport of carriers and hence not included in schematic description. This process 

with a transition from ohmic to Schottky barrier is the phenomenon of electronic 

sensitization. As a consequence, hole-depletion regions (HDR) are formed around the metal 

particles inside the HAL as illustrated in Fig 5.6 d). So, HAL is reduced effectively 

underneath the metal particle with its cross-sectional area accessible for current conduction 

given by, (𝐴𝐻𝑀 − ∆𝐴𝐻𝑀), where ∆𝐴𝐻𝑀 represents the change in cross-sectional area of HAL 

underneath the metal particle after H2 exposure. It is manifested from Fig. 5.6 d) that, 

∆𝐴𝐻𝑀 = ∆𝐴𝐻 + 𝐴𝐶𝑆 + 𝐴𝐸𝑆 = ∆𝐴𝐻 + 𝐴𝐶𝑆 + 𝐴𝐷 + 𝐴𝑀, where 𝐴𝐶𝑆 and 𝐴𝐸𝑆 (=𝐴𝐷 + 𝐴𝑀) 

denote the reduction in cross-sectional area of HAL beneath the metal particle due to 
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chemical and electronic sensitizations respectively, 𝐴𝐷 is the area of HDR inside HAL 

underneath the metal particle and others have their usual meaning. Under the identical 

analogy, the equivalent parallel resistance model is constructed as depicted in Fig 5.6 d). In 

the present scenario, the resistance of the HAL is governed by the series combination of two 

resistors with resistances 𝑅𝐻𝐺𝐶  and 𝑅𝐻𝑀𝐺 . These are further determined by the cross-

sectional area of HAL beneath the SiNW and metal particle respectively. As evident from 

the Fig. 5.6 d) that the cross-sectional area of HAL underneath the metal particle (𝐴𝐻𝑀 −

∆𝐴𝐻𝑀) is significantly lower than that of SiNW, therfore resistance of the whole HAL is 

mostly governed by 𝑅𝐻𝑀𝐺 . Hence, the resistance of the metal functionalized SiNWs after 

𝐻2 exposure can be described by, 

𝑅𝑀𝑁𝑊𝐺 ≈  𝑅𝐻𝑀𝐺 =
𝜌𝐿

𝐴𝐻𝑀 − ∆𝐴𝐻𝑀
=

𝜌𝐿

𝐴𝐻 − (∆𝐴𝐻 + 𝐴𝐶𝑆 + 𝐴𝐷)
 (5.10) 

Where 𝑅𝑀𝑁𝑊𝐺 is the resistance of metal functionalized SiNW after the H2 exposure. 

The final expression is then obtained by using, 𝐴𝐻𝑀 = 𝐴𝐻 + 𝐴𝑀 and ∆𝐴𝐻𝑀 = ∆𝐴𝐻 + 𝐴𝐶𝑆 +

𝐴𝐷 + 𝐴𝑀. 

Now, following equation (5.1), the sensor response of SiNWs and metal 

functionalized SiNWs can be calculated as, 

𝑆𝑁𝑊 =
𝑅𝑁𝑊𝐺 − 𝑅𝑁𝑊

𝑅𝑁𝑊
=

∆𝐴𝐻

𝐴𝐻 − ∆𝐴𝐻
 (5.11) 

𝑆𝑀𝑁𝑊 =
𝑅𝑀𝑁𝑊𝐺 − 𝑅𝑀𝑁𝑊

𝑅𝑀𝑁𝑊
=

(∆𝐴𝐻) + (𝐴𝐶𝑆 + 𝐴𝐷)

(𝐴𝐻 − ∆𝐴𝐻) − (𝐴𝐶𝑆 + 𝐴𝐷)
 (5.12) 

Where, 𝑆𝑁𝑊 and 𝑆𝑀𝑁𝑊 denote the sensor response of SiNWs and metal 

functionalized SiNWs respectively. The final expression for 𝑆𝑁𝑊 and 𝑆𝑀𝑁𝑊 are achieved 

by using the expression for 𝑅𝑁𝑊, 𝑅𝑁𝑊𝐺, 𝑅𝑀𝑁𝑊 and 𝑅𝑀𝑁𝑊𝐺 from the equations (5.5, 5.8, 5.9 

and 5.10) respectively. The comparison between the equations (5.11) and (5.12) reveals that 

the extra term (𝐴𝐶𝑆 + 𝐴𝐷) is added and subtracted in the numerator and denominator of 
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𝑆𝑁𝑊, respectively to obtain 𝑆𝑀𝑁𝑊. Therefore, 𝑆𝑀𝑁𝑊 is greatly higher than 𝑆𝑁𝑊. This 

successfully explains the enhanced sensing behaviour of metal functionalized SiNWs (Pt-

SiNWs and Pd-SiNWs). 

Before addressing the temperature dependent sensing behaviour of Pt-SiNWs and 

Pd-SiNWs compared in Fig. 5.5 a), which is quiet complex especially for Pd-SiNWs, it is 

worth to note that the Pd-SiNWs is expected to exhibit higher sensor response than that of 

Pt-SiNWs because of the higher surface coverage of Pd with H2 than that of Pt [174, 175]. 

A plausible explanation for such complex sensing behaviour can be thought of, by 

considering that the hydrogen sensing behaviour in present study are performed in presence 

of oxygen atmosphere. In oxygen atmosphere, molecular oxygen reacts with metal surface 

and gets chemisorbed. The reaction of this surface with chemisorbed H2 results the catalytic 

formation of water molecules, which are subsequently desorbed from the surface. The 

process can be described by the following surface reactions [176], 

𝑀 − 𝑂 +
3

2
𝐻2(𝑎𝑑𝑠) → 𝑀 − 𝐻 + 𝐻2𝑂(𝑎𝑑𝑠) (5.13) 

𝐻2𝑂(𝑎𝑑𝑠) → 𝐻2𝑂(𝑔) (5.14) 

Adsorbed OH can take part in reaction (5.13) as an intermediate [176]. According 

to literature reports, the rate of water formation on Pt is rather faster than that on Pd, in air 

under identical condition of T=100ºC and 𝑃𝐻2
(ranging from 200-5000 ppm) [176, 177]. 

Therefore at low temperatures in oxygen atmosphere, due to the higher water formation rate 

at the Pt surface, the formation of 𝑃𝑡 − 𝐻 can exceed the formation of metal oxide 𝑃𝑡 − 𝑂 

and vice versa for Pd. So at equilibrium, there will be resultant formation of 𝑃𝑡 − 𝐻 and 

𝑃𝑑 − 𝑂 over Pt and Pd surface respectively. The formation of 𝑃𝑑 − 𝑂 over Pd surface can 

deteriorate the electronic sensitization (as described previously) in case of Pd-SiNWs 

sample which gives rise to low sensor response. This is in line with the gas sensing study 

by C. Liu at al. [169], where they have reported that the formation of 𝑃𝑑 − 𝑂 causes the 
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reduction in sensitivity of SnO2-based gas sensors. It is also reported that PdO is a p-type 

semiconductor [178]. So for the present case of p-type SiNWs (since obtained by etching p-

type wafer), nature of the junction between PdO and SiNWs will be ohmic (instead of 

Schottky) which also suggests the absence of electronic sensitization. However, at higher 

temperature, the rate of water formation at Pd surface may increases to be high enough, 

resulting in the net formation of 𝑃𝑑 − 𝐻. As a consequence, electronic sensitization starts 

to occur and because of the higher surface coverage of hydrogen on Pd surface, there is an 

enhancement in sensor response of Pd-SiNWs with a jump at high temperature region 

(150ºC), followed by a steady increase afterwards. On the other hand, in case of Pt-SiNWs, 

since the electronic sensitization takes places from the low temperature and continues 

afterword, the senor response exhibits an almost linear temperature dependence throughout 

the whole temperature region. This elucidates fairly the observed complex temperature 

dependent sensor behaviour of Pt-SiNWs and Pd-SiNWs. Nevertheless, an in depth-study 

should be carried to find a precise explanation of such temperature dependent sensing 

behaviour.  

5.3.2. Electrochemical Studies  

5.3.2.1. Morphological studies of SiNWs 

The scanning electron micrographs of the MACE fabricated SiNWs for 

electrochemical studies are depicted in Fig. 5.7. The top and cross-section SEM images as 

displayed respectively in Fig. 5.7 a, b) for sample-1 and Fig. 5.7 c, d) for sample-2 reveal 

that nanowalls are smooth and vertically aligned in both the samples. It is evident from their 

corresponding insets shown at bottom right and top left, that SiNWs are homogeneously 

distributed over the whole etched region with bunching at top region. The height of the 

nanowalls are found to be ~10.2 and 11.9 µm for sample-1 and sample-2 respectively from 

the SEM analyses.  
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Figure 5.7 Scanning electron micrographs of MACE fabricated SiNWs. a, c) 

Topology of sample-1 and sample-2 respectively. The insets at top left and bottom 

right display the magnified top and large area cross-section view respectively. b, d) 

Magnified cross-section of sample-1 and sample-2 respectively.  

 

5.3.2.2. Cyclic voltammetry (CV) studies 

Figure 5.8 summarizes the cyclic voltammetry (CV) of the fabricated SiNWs 

samples conducted at different scan rates viz. 10, 20, 40, 60, 80 and 100 mV/s. It is observed 

from the CV curve of sample-1 (Fig. 5.8 a)) in potential window of 0.9 V, from -0.45 to 

+0.45 against Ag/AgCl electrode that there exists redox peaks around -0.05 V. The analyses 

on these peaks reveals that the intensity of both oxidation and reduction peaks are almost 

same for all the scan rates. The plausible origin of the redox peak can be ascribed to the 

presence of adsorbed water molecules on the SiNWs and deep level trap states in the band 

gap of Si due to the presence of very small concentration of silver [179]. Fobelets et al. [180] 

has reported the presence of adsorbed water molecules on Si nanowires even under high  
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Figure 5.8 Cyclic voltammetry curves of a) sample-1 in the potential window 0.9 

V (from -0.45 to + 0.45 V) and b) sample-2 in the potential window 1.2 V (from -

0.4 to + 0.8 V) at different scan rate. c) Comparison of areal capacitance (Cs) vs. 

scan rate obtained in 0.9 and 1.2 V potential window. d-f) Schematic illustrating 

the energy band diagram of Ag related trap level in the band gap of Si, in contact 

with adsorbed water in the electrolyte (NEt4BF4 in PC) with d) no applied bias, e) 

an applied +ve bias and f) an applied –ve bias to electrolyte with respect to SiNWs. 

The large density of surface states causes the pinning of Fermi level, so the space 

charge region is independent of applied bias. 
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vacuum conditions. This adsorbed water provides the required donor/acceptor levels in the 

electrolyte side. Small concentrations of Ag can be present in the SiNWs because the SiNWs 

are produced by metal (Ag) assisted chemical etching technique, where SiNWs are seen to 

be bunched in the present study that hinders the complete removal of Ag after HNO3 

treatment. It is reported that the very small concentration of Ag produce deep level trap 

states in the band gap of Si [181]. Therefore, as illustrated in the energy band diagram (Fig. 

5.8 d)), there will be Ag related trap states in the Si band gap, in contact with the adsorbed 

H2O along with its donor/acceptor levels in electrolyte side [179]. The common trap levels 

associated with Ag are the acceptor level (Ea) and the donor level (Ed) which are positioned 

~ 0.56 eV below the conduction band edge (ECB) and ~ 0.23 eV above the valance band edge 

(EVB) respectively. Since, the present SiNWs are lightly doped p-type (because these are 

produced by etching lightly doped p-type Si wafer as discussed in chapter 3), the Fermi level 

(EF) lies well above the valence band edge. In this case the donor trap (Ed) is filled. When a 

+ve bias is applied to the electrolyte with respect to the SiNW electrode, electrons from the 

donor trap moves into the electrolyte and vice-versa when the electrolyte is in the -ve bias 

as described in Fig. 5.8 e) and 5.8 f), respectively [179]. Therefore, a redox peak is 

anticipated during cyclic voltammetry. The peaks observed in the above potential range can 

be attributed to charge transfer process. The CV curves of sample-2, in the potential window 

of 1.2 V (from -0.4 to +0.8) are displayed in Fig. 5.8 b). The redox peak is observed around 

0.5 V in the CV curves. The nature of these redox peaks taking place at higher potential is 

fairly different from that observed in Fig. 5.8 a). A careful observation reveals that the 

intensity of reduction peak is comparatively lower than that of the oxidation peaks and also 

the reduction peaks even disappear at higher scan rate. So, the peaks observed around 0.5 V 

in Fig. 5.8 b), cannot be attributed to redox peaks arising from Ag related trap levels in Si 

band gap, in contact with adsorbed H2O where the oxidation and reduction peaks are coupled 
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to each other. It should be noted that, in the present study, the electrolyte (NEt4BF4 in PC) 

used is highly moisture sensitive. Therefore, the presence of H2O is always possible in the 

electrolyte. Hence redox peaks corresponding to oxidation of silicon is anticipated in the 

CV which occurs at higher potentials. Therefore, the observed redox peak around 0.5 V in 

Fig. 5.8 b), can be attributed to the surface oxidation of Si or its hydride (which is formed 

when SiNWs are treated with HF, prior to CV measurement), with the following plausible 

reactions [97], 

Si + H2O → SiOH + H+ + e- (5.15 a) 

SiH + H2O → SiOH + 2H+ + 2e- (5.15 b) 

The areal capacitance, 𝐶𝑠 (capacitance per unit area of the electrode in F/cm2) of the 

fabricated SiNWs is estimated from the CV curve using the following expression [182, 183],  

𝐶𝑠 =
∫ 𝐼𝑑𝑉

𝜈. 𝐴. ∆𝑉
 (5.16) 

Where, ∫ 𝐼𝑑𝑉 is the area under the CV curve, 𝜈 is the scan rate, 𝐴 is the area of the 

electrode exposed to the electrolyte and ∆𝑉 is the potential window. The estimated 𝐶𝑠 

obtained in the potential windows 0.9 and 1.2 V, at a scan rate of 10 mV/s are ~ 7.1 and 

21.1 µF/cm2 respectively. It is worth noting that the achieved capacitance value are 

comparatively lower than that achieved by Sadki et al. in their VLS grown Si 

nanowires/nanotrees (900 μF/cm2) [102]. This can be attributed to following factors: i) the 

present MACE fabricated Si nanostructures are wall like with the total surface area lower 

than that of VLS grown Si nanowires/nanotrees and ii) being fabricated by etching lightly 

doped Si wafer, the nanowalls are lightly doped, whereas the VLS grown Si 

nanowires/nanotrees are heavily doped. The plot of 𝐶𝑠 vs. scan rate obtained for the potential 

windows 0.9 and 1.2 V is depicted in Fig 5. 8 c). It is manifested that the 𝐶𝑠 value obtained 

in the potential window 0.9 V exhibits an almost constant value for all the scan rates, 
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whereas that obtained in the 1.2 V potential window decreases with scan rate especially at 

higher scan rate. 

5.3.2.3. Galvanostatic charge-discharge (GCD) studies 

The galvanostatic charge-discharge (GCD) studies conducted in the potential 

window of 0.9 V (from -0.45 to +0.45 V) for sample-1 and 1.2 V (from -0.4 to +0.8 V) for 

sample-2 at different applied currents are displayed in Fig. 5.9 a) and 5.9 b) respectively. It 

is observed that the GCD curves for both the cases slightly deviate from the ideal linear 

behaviour observed for double-layer type capacitor electrode. Such behaviour can be 

attributed to the presence of redox peaks in the CV curve in the region around -0.05 V for 

the scan in 0.9 V potential window and 0.5 V for the scan in the 1.2 V potential window 

(Fig. 5.8 a) and 5.8 b) respectively). These are clearly discerned in their respective GCD 

curves. Therefore, the observed capacitive behaviour of the SiNWs is considered to be due 

to the combined effect of both the double-layer type and pseudo-type capacitance nature of 

the electrode-electrolyte system. The areal capacitance, 𝐶𝑠 can also be determined from the 

GCD curves by using the following expression [29, 31], 

𝐶𝑠 =
𝐼 × 𝑡𝑑

𝐴 × ∆𝑉
 (5.17) 

Where, 𝐼 is the current during discharging process, 𝑡𝑑 is the discharging time and 

other symbols have their usual meaning. The 𝐶𝑠 determined from the above expresion, for 

the above two cases at an applied current of 2µA are 1.1 µF/cm2 and 14 µF/cm2 respectively, 

which are in the same range with that estimated from CV curves.  

The cycle life being a significant factor for a elctrochemical capcitor electrode for 

evaluating its performance, the capacitance retention of the syntheiszed SiNWs are plotted 

against their cycle number as shown in Fig. 5.9 c). A capcitance loss of 4 and 17 % was 

observed in 500 cycles for the cases where the potential window is 0.9 and 1.2 V 

respectively. The reduction in the capacitance value can be ascribed to the pseudo-
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capacitanace nature of the present electrodes. The higher degradation in the 1.2 V potential 

window case is due to the origin of its redox peaks arising from oxidation of Si and its 

hydride, which can be concominatly etched by the fluoride ions generated by BF4
- ions of 

the electrolyte (NEt4BF4). This leads to the consumption of active electrode resulting into 

the severe degradation of capacitance. Therefore, although the net capacitance value in case 

of 0.9 V potential window is lower than that obtained in case of 1.2 V potential window, the 

former exhibits better electrochemical capacitor performance in terms of operational 

stability. 

 

Figure 5.9 Galvanostatic charge-discharge (GCD) curves at different applied 

currents for a) sample-1 in the potential window of 0.9 V (from -0.45 to +0.45 V) 

and b) sample-2 in the potential window of 1.2 V (from -0.4 to +0.8 V). c) 

Comparison of capacitance retention vs. cycle number obtained in 0.9 and 1.2 V 

potential windows. 
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5.4. Summary 

The outcomes of the present chapter are: 

 Both pristine and Pt/Pd functionalized SiNWs shows H2 sensing behaviour. 

The functionalized SiNWs exhibit enhanced behaviour with Pt and Pd 

showing better response at low and high temperature respectively.  

 Both fabrication and functionalization are achieved by cost-effective and 

CMOS compatible technique, so the present study opens avenue for scaling-

up of these materials as employable hydrogen sensors.  

 Electrochemical capacitor studies were conducted on wafer-scale 

synthesized SiNWs.  

 The present electrochemical capacitor study is the first report, on MACE 

fabricated SiNWs in the NEt4BF4 in PC. 

 MACE being simple, cost effective and CMOS compatible, the presents 

study suggests its direct utilization in existing matured silicon 

microelectronic industry for fabrication of silicon nanostructure based 

electrochemical capacitor. 
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❖ Single crystalline vertically aligned Si nanowalls (SiNWs) 

atop the Si wafer were successfully fabricated by facile, 

cost-effective and CMOS compactible 2-step metal 

assisted chemical etching (MACE) technique (Figure 1). 

The lightly doped porous SiNWs were also fabricated by 

the modified MACE (i.e MACE combined with anodic 

polarization etching) 

❖ The SiNWs fabricated with low etching time exhibits the 

dual behaviour of excellent antireflectivity and near-

superhydrophobicty (Figure 2). These multifunctional 

behaviours can be utilized for enhancing the efficiency 

and life time of optoelectronic devices like Si solar cells. 

❖ The lightly doped porous SiNWs shows visible 

photoluminescence (Figure 3) which arises mostly from 

quantum structures present in porous SiNWs. This reveal 

that MACE combined with anodic polarization etching is 

capable of producing visible light emitting porous SiNWs. 

❖ Both pristine and Pt/Pd functionalized SiNWs (denoted 

as SiNWs, Pt-SiNWs and Pd-SiNWs) shows H2 sensing 

behaviour. The functionalized SiNWs exhibit enhanced 

behaviour with Pt and Pd showing better response at 

low and high temperature respectively (Figure 4). Since 

the fabrication and functionalization of SiNWs are 

achieved by a simple, low cost and CMOS compatible 

technique, the present study opens room for scaling-up 

the process to fabricate employable hydrogen sensors. 

 

❖   

 

Fig. 1. Scanning electron microscopy image 
of SiNWs fabricated by metal assisted 
chemical etching 

 

 

Fig. 2. Spectral reflectance of planar Si 
wafer (0 minute etching time) and SiNWs ( 
5 minute etching time). Insets show 
photograph of water droplet atop them.  

 

Fig. 4. Display sensor response (S) versus 
temperature for the SiNWs, Pt-SiNWs and 
Pd-SiNWs sensor devices..  

 

 
 

Fig. 3. a) Transmission electron microscopy image porous SiNW. b) 
Room temperature photoluminescence (PL) spectrum of porous SiNWs 
(red curve). The fitted PL spectrum has two Gaussian profiles with peak 
maxima at 1.71 and 2.01 eV as indicated by the dashed lines. 
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