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ABSTRACT 

Surface-enhanced Raman Scattering (SERS) has emerged as a key research area for its 

excellent detection capability and fingerprint identification of the various chemicals such as 

methylene blue (MB), malachite green (MG), melamine etc. Recently, it has drawn 

tremendous attention for potential application in the food sector, medical sector, security 

sector etc. Though some progresses have already been achieved in the molecular level 

detection of chemical species with SERS technique, still more challenges are there such as 

repeatability, scalability, reproducibility, shelf life. One of the key factors is the development 

of the SERS substrates for improvements in the SERS signal and detection limit as well. 

In this regard, significant progress has already been achieved in the fabrication of the 

SERS-active substrates by using both the top-down and bottom-up approaches. Bottom-up 

approaches, such chemical synthesis, self-assembly, electrodeposition, dip-coating processes 

are successfully employed to fabricate SERS-active substrates. On the other hand, the top-

down approaches, such as lithography, oblique angle metal film deposition and metal-assisted 

chemical etching (MACE) and which are mainly used to fabricate various nanostructures, has 

shown very effective and reproducible SERS-active substrates preparation. However, still 

preparation of the SERS substrates with enhanced Raman signal and also with higher 

detection limit have been considered as the main challenges and need to be addressed. 

Though, several existing approaches such as conventional or unconventional 

nanofabrication methods are used for the preparation of Si-based SERS substrates by top-

down approach, MACE process is emerging as a very simple and cost-effective process for 

fabrication of the nanostructures and hence, it has gained sufficient attention globally. Thus, 

the main objective of this present work is to fabricate Si nano/microstructure by using MACE 

process and then utilizing these Si substrates for detection of the methylene blue (MB). 
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Different nano/microstructures were fabricated on Si by using noble metals catalyst 

such as gold (Au) and silver (Ag). The effect of different etching parameters such as thermal 

annealing of the metal catalyst, effect of the concentration of the oxidising agent, those are 

directly associated with the MACE process were investigated. The experimental results 

revealed that the thermal annealing process eliminated the pin-holes present in the metal 

catalyst when 50 nm thick Au acted as metal catalyst and successfully fabricated deeper 

micro-trenches on Si substrates than the un-annealed counterpart of it. Moreover, it also 

indicated that higher thickness of the metal catalyst micro-stripes help to fabricate flat bottom 

type deeper trench than the thinner counterpart. Furthermore, the mechanism for the obtained 

results are discussed in the thesis. The morphological effect of the metal micro-stripes was 

also examined and the results indicated that various nano/microstructures could be fabricated 

by controlling the morphology of the used metal catalyst. 

As it is very well known fact that the SERS detection limit or enhancement of Raman 

signal primarily depend on the fabricated nano/microstructures present on the surface of the 

Si substrate and incorporated with the noble metal (Ag) nanoparticles. The performance of 

the Si-based SERS substrates was tested for the chemical detection of MB with very low 

concentrations starting from nM to pM, and the result indicated that nanostructured Si 

substrate showed better SERS detection than its microstructured counterpart. The probable 

reasons for such behaviours are also discussed. 

More studies were also carried out to enhance the detection limit of the MB, since 

higher the detection limit is better for the usability of these substrates for molecular level 

detection of different chemical species. Thus, combination of discontinuous Au film and Ag 

nanoparticles (NPs) were deposited on the nanoporous Si substrates, those were obtained by 

MACE process and the result suggested that the detection limit of MB can be further 

improved by depositing discontinuous Au thin film with various thicknesses. It is also noticed 
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from the experimental results that up to certain thickness of the Au discontinuous thin films, 

it helps to improve the limit. On the other hand, higher thickness of the Au discontinuous thin 

films, degrades the detection limit. Thus, there is a direct correlation between the detection 

limit and the thickness of the Au discontinuous film on the nanoporous Si substrate. Our 

experimental findings suggested that the best detection could be achieved when a 

combination of 30 nm Au discontinuous thin film and Ag NPs were used for preparation of 

the SERS-active substrates which can detect 10 pM MB. Furthermore, highest enhancement 

factor of the order of 108 is also achieved with this same combination of Au discontinuous 

thin film and Ag NPs.  

Thus, we believe that the prepared SERS-active substrate in this work can have the 

capability to detect MB at molecular level. We believe that the easy, simple and reusable 

SERS-active substrates will be more helpful to develop chemical sensors to detect molecular 

level chemical species other than MB with higher enhancement factor and can be utilized for 

the food safety, environmental monitoring, security and medical diagnosis in the near future.        
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1.1 Introduction 
Silicon, the second highest abundant element in Earth’s crust has become the highly 

demanding material as it is the base material for various applications such as electronics, 

photovoltaics, microelectromechanical devices etc. Recently, much attention has been given 

to developing Si-microstructure or nanostructures for using these in several applications. 

Basically, microstructure and nanostructure Si include the nanowires (NW), nanoholes (NH), 

nanometer depth micro trenches etc. and have shown excellent performances in the field of 

energy storage, harvesting, optoelectronics and sensors. For example, Silicon nanowires 

(SiNWs) show significantly reduced thermal conductivity as compared to the bulk Si and has 

considered as the excellent thermoelectric material. Also, these SiNWs are a promising 

material for the anode material of Li-ion battery [1] and sensor applications due to its high 

surface to volume ratio which enables them to offer high sensitivity, selectivity and stability. 

Moreover, monocrystalline SiNWs have also shown better photoelectric properties [2] and it 

has been recently reported that it can be used in the preparation of SERS-active substrate for 

chemical detection [3-7]. Thus, development of Si-nano and microstructure is an emerging 

research area for SERS application.  

One of the important criteria in the nano/microfabrication is the cost and hence, cost-effective 

and simple methods to fabricate Si micro/nanostructures by using both top-down or bottom-

up approaches [8]. Among all the existing methods, MACE is more cost-effective and simple 

process to fabricate different micro/nanostructures on Si substrates. As the research on 

fabricating different micro/nanostructures on Si by MACE process have received numerous 

success, simultaneously many researchers put effort to utilise these structures in the practical 

applications. Basically, Si micro/nanostructures have been used in several potential 

applications such as in energy conversion [9,10], sensors [11,12], and nanoelectronics 

[13,14]. Among all the various applications of Si micro/nanostructures, recently, SiNWs have 

been used as the supporting SERS substrate because of its unique mechanical and optical 

properties. Moreover, the Si nanostructures (such as nanoparticles, nanopillars) show low-

loss optical resonance in the visible region and which provide the light scattering and hence 

can be used as a favourable SERS substrate [15,16]. An overall representation of different 

applications of MACE technique to fabricate nano/microstructures on the surface of Si which 

has been used in various fields can be seen in Fig.1.1.  
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1.2 Fundamentals of MACE and SERS 
Out of all the different existing techniques mostly apply to fabricate micro/nanostructures on 

Si, a simple and cost-effective technique which is called Metal-Assisted Chemical Etching 

(MACE). It has shown its versatility over others [17]. Different Si nanostructures, for 

example, Si nanowires (SiNWs), porous SiNWs, Si nanopores are being fabricated on the Si 

substrate. This simple MACE technique was first used and explored as the electroless etching 

technique where porous Si and porous III-V compound semiconductor were produced by Li 

et.al. in 2000 [18] and 2002 [19] respectively. In their work, they studied the formation of 

porous Si (PSi) with different morphologies and also the variation in the light emitting 

properties by using different types of noble metals along with the different doping type and 

doping level. They found that the columnar pores with bigger sizes were formed in the metal 

coated areas, whereas the off-metal areas exhibited randomly oriented pores with smaller 

pore diameters (Fig.1.2).     

 

 

 

 

 

 

 

Fig.1.2: SEM images of post etching Pt-coated Si (100) substrate etched in HF/H2O2 solution for 30 

s. (a) Pt-coated area on p+ Si, (b) off the Pt-coated area on p+ Si [18]. 

 

MACE 
Nanostructure 

formation 

Microstructure 

formation 

Fig.1.1: Various applications of MACE technique in nano/microstructures fabrication on Si substrates 
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The MACE is an anisotropic wet etching technique where etching occurs in an etching 

solution comprising of H2O2 and HF where noble metals such as Gold (Au), Silver (Ag), 

Platinum (Pt) etc. are used to induce local oxidation and reduction reactions under open 

circuit. Initially, the noble metal had been understood to only catalyze the oxidative half-

reaction where charge carriers (holes) are generated and then dissolve the material by another 

oxidative etching half-reaction [20]. In regard of hole generation during the MACE process, 

Chattopadhyay et al. [21] suggested that when a Pt-loaded Si substrate is dipped in a solution 

comprised of HF/H2O2/H2O the generated holes injected via loaded Pt particles, deeply into 

the valence band of Si. For a better understanding of the whole mechanism, a diagram of 

energy levels of Si and also the electrochemical potential of H2O2/H2O has been reported by 

them, as shown in Fig. 1.3. 

 

 

 

 

 

 

 

 

 

Despite different mechanisms are used to explain the MACE process, it has been widely 

accepted that the MACE process occurs due to a pair of redox reactions occurring at two 

different interfaces such cathode (Au-liquid interface) and anode (Au-Si interfaces) [22]. 

Cathode: 
𝑛

2
 H2O2 + nH+→ nH2O + nh+              (1) 

Anode: Si + 6HF + nH+→ H2SiF6 + nH+ + (
4−𝑛

2
) H2             (2) 

So that the balanced reaction: 

    Si + 6HF +
𝑛

2
 H2O2→ H2SiF6 + nH2O + (

4−𝑛

2
) H2               (3) 

Fig.1.3: (a) Scheme of the H2O2 reduction at Pt nanoelectrodes and injecting holes into the Si substrate 

for the initiation of etching. (b) Comparison of band edge energies of Si and the redox potential of H2O2 

/H2O on the electrochemical energy scale and which indicates that injection of holes occurred deep into 

the valence band [21]. 
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In general, H2O2 reduces at the catalyst surface which is negatively charged [23] for pH>3 in 

all possible HF concentrations [24]. Because of this negative charge, the H+ ions are attracted 

to the vicinity of the catalyst surface. This cathodic reaction produces water and at the same 

time holes (h+) are injected through the catalyst to Si. On the other hand in the anode (the Au-

Si interface) the Si atoms which are underneath the catalyst are oxidized by the holes and 

dissolve in the HF solution as H2SiF6. Few more research attempts were also reported to 

understand the effect of relative concentrations of HF and H2O2 on MACE process. In this 

regard, Chartier et al. [25] found a few different regimes of dissolution which varies 

according to the relative concentrations of HF and H2O2. They have suggested that the 

concentration of H2O2 can be deliberated as the equivalent to the current density in 

electrochemistry and below or above the critical current density (JPS), porous Si formation or 

polishing occurs.  

 

 

 

 

 

 

An unusual behaviour in the pore formation was observed which shows the cone-shaped pore 

formation with a larger diameter than the Ag NPs dimensions used in the MACE process. 

They have proposed a mechanism which indicates that with the decrease of HF/H2O2 

proportion, the holes which generated during the process get injected and diffused away from 

the tip of the pore which is due to the growth of an oxide layer in the Si/Ag interface (Jtip > 

JPS). Due to this, hole diffusion happens on the pore walls as the spread current (Jwalls) is 

lower than JPS and in process microporous Si forms on the pore walls. 

   

 

 

 

Fig.1.4: SEM images (at 45◦) of post etched p-Si (1 0 0) etched with HF-H2O2 of different values [25]. 

Fig.1.5: Graphical representation of the proposed mechanism of cone-shaped pore formation in HF–

H2O2 solutions with ρ between 20% and 70% [25]. 
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The Surface-enhanced Raman spectroscopy(SERS) [26-28] has recently attracted much 

attention from its discovery in 1974 and becomes the most capable analytical tools for 

detection of single molecule level [29] of the biological and chemical species in both liquid 

and as well as in the gas phase [30-34]. After the first reported work on the enhancement of 

the Raman signal by Fleischmann and co-workers [35] with pyridine molecule on the rough 

surface of silver, many new avenues such as biology [36], catalysis [37], medicine [38], 

bioimaging and other allied fields have opened up. In their study, they had used an Ag 

electrode for Raman measurement of pyridine molecule and found the changes in the Raman 

spectrum when it was examined close to the surface of the electrode. The changes in the 

Raman spectrum is shown in Fig.1.6. 

 

 

 

 

 

 

 

 

 

 

The research carried out by Jearmaire and Van Duyne [39] with Albrecht and Creighton have 

indicated that SERS phenomenon mainly occurs by the electromagnetic field enhancement 

rather than the molecules saturate on the surface of the electrode. But, after a few years, Otto 

reported that it is due to the charge transfers between a metal surface and molecules [40]. 

Later, several researchers have proposed different mechanism for the enhancement of the 

Raman signal. In this regard, a critical analysis was carried out by the T. E. Furtak and J. 

Reyes [41] and they have proposed theoretical models and tried to provide the practical 

implications of these models. They have evaluated those theories from the Physics point of 

view and found that the microscopic theories forwarded by Fuschs and Burstein, Chen, Chen, 

Lundqvist and Tossatti [42]. However, no proper calculations were provided to support their 

theories and also made few simple predictions based on the experimental behaviour where 

Fig.1.6: Raman spectra of liquid pyridine and at the Ag electrode. (A) liquid pyridine; (B) 0.05 M aqueous 

pyridine; (C) Ag electrode 0 V (S.C.E.); (D) -0.2 V; (E) -0.4 V; (F) -0.6 V; (G) -0.8 V; (H) -1.0 V  [26]. 
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they pointed out for the first time that the excitation of the electron-hole pair in the metal is 

mainly responsible for this Giant Raman effect. But, later on, and till today numerous 

explanations have been reported by many researchers about the SERS enhancement factor. 

But, it has been broadly accepted that the electromagnetic field enhancement (EM) and 

chemical enhancement (CE) contribute to the SERS enhancement factor [43,44]. In this case, 

M. Moskovits et al. [45] have provided a brief explanation about the SERS enhancement of 

~1011 which was achieved by Xu et al. [43]. This giant enhancement was obtained when two 

nanoparticles brought very much close to each other (i.e. <1 nm) and the molecules reside at 

the spot between the two nanoparticles.  

 

 

 

 

 

 

 

 

 

 

From Fig.1.7, it is clearly seen that when the molecule (indicated by the small circle) are 

placed in the gap between the two metal nanospheres, a conjugate charge arise due to the 

individual polarisation of each nanoparticle. Similarly, the chemical enhancement is 

contributed by the chemisorption process such as the charge transfer between the adsorbate 

and substrate driven by the photons and also the coupling effect produced between the 

adsorbed molecule and electron-hole pair. In recent years, Mullin et al. represented a 

combined theory where he exclusively included the small metal clusters in the quantum 

chemical part by using Mie theory so as the impact of chemical and electromagnetic 

enhancement could be studied together [46]. 

1.3 Literature review on MACE of Si 
In recent years many new findings related to MACE have been reported that indicating the 

importance of the factors such as the concentration of the etching solution [47], the extent of 

Fig.1.7: Schematic representation of the reason for the polarization of light with E vector along the inter-

particle axis which can result in huge enhancements in the gap between the two NPs while the orthogonal 

polarization cannot. For the polarization of light along the inter-particle axis the proximity of the charges 

(induced by the optical fields) to the molecule can be made small arbitrarily and hence the field detected by 

the molecule is commensurately large as the NPs are brought closer together. This capability is not existing 

for light polarized orthogonally to the inter-particle axis [45]. 
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coverage of the metal catalyst [20] and geometrical feature of the catalyst material [48]. In 

general, all these factors are mainly responsible for the etch rate, porosity and crystal 

direction. Therefore, more research efforts are still going on only to understand the 

mechanism behind the MACE process for better control on the nanostructure formations. 

Similarly, few researchers have demonstrated to understand the effect of the ratio of etchant 

concentration to the oxidising agent where the change in the etchant concentration radically 

change the crystallographic direction and porosity of the SiNWs. In this context, k. Tsujino et 

al. [49] discovered that the lower HF concentration creates porous layers on the sample 

surface.  

 

 

 

 

 

 

 

 

 

 

On the other hand, with a higher concentration of HF, helical pores are obtained which was 

explained by the fact that a very thin layer of oxide was formed in the Pt-Si interface due to 

the faster dissolution of this layer.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1.9: Cross-sectional SEM images of the generated holes in Si when etching was carried out in a mixed 

solution of 50% HF and 30% H2O2 at a volume ratio of 10:1 for 5 min. (a) Overview image of the holes 

noticed in the sample. (b) A typical helical hole observed in the sample. (c) Image near the bottom of a 

helical hole. (d) Enlarged image of the particle detected at the bottom of the hole shown in (c). (e) Enlarged 

image of the area marked in (c) by a rectangle [49]. 

Fig.1.8: Cross-sectional SEM images of the sample where etching was done in a mixed solution of 50% 

HF, 30% H2O2, and H2O at a volume ratio of 2:1:8 (lower concentration of HF solution) for 5 min. (a) 

Overview image. (b) Enlarged image of the area marked in (a) by a rectangle. (c) Enlarged image of the 

nanoparticle observed at the bottom of the concavity [49]. 
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Inspired by such results related to nanohole formation, researchers have demonstrated the 

synthesis of SiNWs by using the MACE technique. For instance, K. Peng et al. [50] found 

out that depending on the density of the deposited metal nanoparticles on Si substrates, 

nanopores to nanowires can be formed in Si by using the same etching conditions. According 

to their findings, metal particles with high density helps in forming SiNWs. On the other 

hand, when the metal particles are well dispersed and well separated from each other, well-

separated nanoholes are tunnelled straight into the Si substrate. The electronic structure and 

the physical properties of these 1D Si nanostructures can be influenced by the axial 

crystallographic orientation. As reported by Holmes et al. [51] where they have utilized 

supercritical solutions to synthesise Si nanowires with controlled thickness and orientation. In 

their study, they discovered that the formation of the nanowires with preferred axial 

orientations depends on the pressure incorporated into the synthesis process. Peng et al. [52] 

have synthesized 1D Si nanostructure by using a two-step method. In their process, initially, a 

thin film of metal nanoparticles was first deposited on the cleaned Si surface by electroplating 

method and followed by an etching process carried out with HF/Fe(NO3)3 solution. The 

electroless deposition mechanism of the Ag particles from HF/AgNO3 solution was proposed 

by them which include both cathodic and anodic reactions. The schematic of the whole 

process is shown in Fig.1.10. 

 

 

 

 

 

 

 

 

 

 

 

Peng et al. [53] have reported that during the MACE process, the noble metal particles (Ag 

and Au) follow a highly uniform motion in the [100] crystallographic orientation of Si.  

Fig.1.10: Schematic of the deposition of Ag by an electroless process on Si in HF/AgNO3 solution and the 

Ag NP-catalyzed chemical etching of Si in HF/Fe(NO3)3 solution. (a–c) Nucleation and growth of Ag NPs 

on the surface of Si in HF/AgNO3 solution: SiO2 forms concurrently underneath the Ag NPs, and form pits 

as a result of etching away of SiO2 in HF solution. (d–f) Reduction of Fe3+ ions, Si etching, and sinking of 

Ag NPs in HF/Fe(NO3)3 solution: deeper pits are formed by the Ag NPs. (g) Arrays of Ah NPs form on the 

Si surface. (h) Deep pores form in the bulk Si in HF/Fe(NO3)3 solution as an outcome of the constant etching 

away of SiO2 underneath the Ag NPs [52]. 

 

Fig.3: Cross-sectional SEM images of holes generated in silicon by etching in a mixed solution of 50% HF and 

30% H2O2 at a volume ratio of 10:1 (high concentration HF solution) for 5 min. (a) Overview image of the 

holes observed in the sample. (b) A typical helical hole observed in the sample. (c) Image near the bottom of a 

helical hole. (d) Enlarged image of the particle observed at the bottom of the hole shown in (c). (e) Enlarged 

image of the area marked in (c) by a rectangle. The SEM images were obtained in the sample at a depth of 

about (b) 7 and (c) 25 µm from the sample surface. The nanohole structure was independent of the depth from 

the surface.  
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This finding directly contradicts the earlier claims of many researchers where they pointed 

out that the sinking of metal particles always occur in the perpendicular direction to the 

surface of the Si substrate in use [54-57]. They have mentioned in their study that long 

nanowires those form along the [100] axial orientation, the nanowires axis is perpendicular to 

the (100) lattice plane. They proposed a new mechanism which basically led to an 

electrokinetic model (self-electrophoresis) which describes the noble metal particles’ 

mobility in Si and in the presence of oxidising HF. According to their explanation, the 

motility of Ag particles governs by a process similar to electrochemical fuel ‘combustion’ 

where the chemical energy is converted into mechanical power locally by catalytic 

transformation and transformed to the surface of Ag particles by a spontaneous bipolar 

electrochemical reaction.  

 

 

 

 

 

 

 

 

 

Fig.1.11: TEM images of Si nanowires. a) Low-magnification TEM image and b) EDX of Si nanowires 

fabricated from p-type Si(100) wafer. HRTEM images of a Si nanowire fabricated from c) p-type Si(100) 

wafer, d) p-type Si(111) wafer, e) p-type Si(110) wafer, and f) n-type Si(113) wafer [53] 

Fig.1.12: Scheme of the electrokinetics for autonomous movement of Ag particles in bulk Si induced by 

catalytic reactions: a) A self-generated electric field results from a hydrated proton gradient across the Ag 

particle. b) Motion of Ag particles by self-electrophoresis. c) Schematic of the collective and extended 

tunneling motion of Ag (or metal) particles in the matrix of Si and which leads to formation of Si 

nanostructures [53]. 
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They have further studied the influence of buoyancy or gravity in the motility of the Ag 

particles during the MACE process. They have also demonstrated another experiment where 

they coated Ag particles on every surface of the Si substrate and carried out the MACE for 

the same substrate. They had observed that Ag particles dig into the Si substrate from all the 

directions, these results indicate that the self-electrophoresis is the preliminary force for the 

motility of the Ag particles during MACE process. Hildreth et al. have reported that the shape 

of the catalyst, method of fabrication, and the composition of the etchant significantly 

influence the etching direction. Due to this, etching of nanostructures are not only possible 

vertically to the substrate surface, it is similarly possible to obtain different nanostructures 

such as 3D spirals, twists, cycloids, slanted channels, and “S-shaped” undercuts with feature 

size ranging from hundreds of nanometers down to tens of nanometers [57]. In their work, 

they have used three different catalysts, such as chemically synthesized Ag nanorods, Ag 

nanodonuts along with electron beam lithography (EBL) patterned Au nanostructures. In case 

of Ag nanorod catalysts, straight and cycloid channel, i.e. Ag nanorods etch below the Si 

surface is obtained and when the etching direction was changed to etch through the top 

surface remerging at some distance away as shown in Fig.1.13. The source of cycloid like 

motion has been explained by Hildreth et al., that the addition of local perturbations, for 

example non-uniform instantaneous reduction and oxidation rates and acceleration due to 

Brownian motions are mainly responsible for this unique motions of Ag nanorods throughout 

the Si surface. On the other hand, in the case of Ag nanodonuts, etching occurs almost 

vertically to the Si surface with a minute rotation about the Z-axis as shown in Fig.1.13. They 

have also studied some complex structure built by Au nanolines where they used electron 

beam lithography (EBL) to fabricate Ti/Au nanostructures with a combination of 10 nm base 

adhesion layer of Ti followed by 50 nm Au catalyst metal consisting of discs, lines, ‘dog-

bone” shapes, squares, stars and grids by maintaining line widths ranging from 200 nm to 25 

nm as shown in Fig.1.14. They have reported the penetration and etching direction on Si 

surface varies with the width of the line of Au nanolines. For example, 200 and 100 nm line 

widths remain closer to the surface and slicing just below the surface, whereas 50 and 25 nm 

line widths penetrate further into the Si and resurface rarely.  

Hildreth et al. showed that the catalyst shape, catalyst fabrication method, and etchant 

composition significantly impact the direction of etching [57]. Thus the etching 

nanostructures are not only perpendicular to the substrate surface, it is also possible to build 

different nanostructures such as 3D spirals, twists, cycloids, slanted channels, and “S-shaped” 
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undercuts with feature size ranging from tens of nanometres up to hundreds of nanometers 

[57].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

They have also reported that depending on line widths of Au nanolines and dog-bone shape, 

penetration and etching direction on Si surface varies. For example, 200 and 100 nm line 

widths remain closer to the surface and slicing just below the surface, whereas 50 and 25 nm 

line widths penetrate further into the Si and resurface rarely.  

 

 

 

 

 

 

 

 

 

Fig.1.13: Post UV ozone PVP removal by etching with Ag nanorods and nanodonuts where ρ=90 etchant 

for 10 min. was used (a) Top view SEM image. Ag nanorod started moving at left-hand hole, etched into Si 

and re-immerged after 300 nm and then again etched back into Si. Ag nanorod are noticed just below the 

surface of Si on the far right. (b) Etching path with 3D schematic. (c) 2D side view schematic of etching 

path. The circles with white dashed on the images highlight the Si wedge remnant just underneath the top 

surface on all three images. (d) Cycloid-like and straight paths; nanorod channels’ width range from 60 to 

80 and 500 nm to 1.5 m long. (e) Straight channels ranging between 30 and 60 nm wide and 430 nm and 

3.4 m long. (f) Higher magnification of image (e) showing 30 nm wide channel. 5 nm Au were coated on 

the samples after etching for enhanced (g) Ag particles of sub-micrometre size before UV ozone treatment; 

(h) Ag nanodonut just below the Si surface; (i) Ag nanodonut etching path after 10 min of etching. [57]. 

 

Fig.1.14: SEM images of Si etched for 40 minutes by the Au catalysts patterned with EBL. Left column 

shows Au nanolines. Right column shows Au dog-bone shapes. From left to right line widths are 200, 100, 

50, and 25 nm [57]. 
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Yongquan Qu et al. [58] have proposed that the formation of NWs are catalysed by the 

deposited metal NPs, whereas the porosification of the NWs happens due to the increase of 

the concentration of Ag+ ions in the etching solution. Also, it has been reported that the 

concentration of H2O2 plays the major role in the porosification. When the concentration of 

H2O2 increases, Ag+ ions concentration also increases and hence there is a possibility that the 

recovery of Ag+ ions to Ag NPs may not be 100%. Due to the excess availability of the ions, 

the Ag+ diffuse out and when it reaches a certain threshold, these ions start to nucleate in the 

weak and defective sites of the Si NWs (side walls) by removing an electron from NWs. 

During this process, new Ag NPs are formed and the etching occurs in the lateral dimension 

of the NWs. However, as per reported work by Ciro Chiappini et al. [59] have suggested that 

the formation of SiNWs is catalysed by the NPs, whereas the metal ions present in the 

solution catalyse the porosification.  

It has been reported that two different catalytic activities such as the relative catalytic activity 

of ions (Ci) which determines the porosification rate and the catalytic activity of the NPs (Cn) 

that determines the etch rate of the SiNWs. Mathematically Ci and Cn can be explained as 

shown below [59], 

                                         Ci = 𝑣𝑝 =
𝛥𝑥𝑝

𝛥𝑡𝑝
 (1) 

  

                                         C𝑛 = 𝑣𝑒 =
𝛥𝑥𝑒

𝛥𝑡𝑒
 (2) 

 

where Δxp is the porous layer thickness during a porosification time Δtp and Δxe is the 

nanowires’ length obtained during an etch time Δte. It has been reported that the increase of 

ethanol concentration in the etching solution, the morphological transition occur in the NWs 

which they can be explained by the catalytic activity ratio (C0) as 

                                         C0 =
Ci

Cn
=

vp

ve
=

Δxp

Δxe
 (3) 

In detail, the increased concentration of ethanol reduces the ve which in turn reduces the C0 

and increases Ci. Thus the porosification rate changes due to the change in the ion’s 

concentration in the etching solution. 

Likewise few researchers have reported on the effect of H2O2 on the MACE process and 

mentioned that the concentration of H2O2 influenced the nanowires’ morphology and surface 

characteristics [2]. Three different concentrations of etching solution composed of HF, H2O2, 

and H2O (the volume ratios are 20:10:70, 20:20:60, and 20:30:50) were chosen in their work, 
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so that the concentration of H2O2 was recorded as 10%, 20% and 30% respectively) and 

found that for different concentrations such as 10%, 20%, and 30%, SiNWs with different 

morphologies of high-density nanowire arrays, low-density nanowire arrays, and a chaotic 

porous nanostructure were formed respectively.  

Similarly few researchers have also tried to understand the actual role of Ag during Si etching 

by MACE method. In this regard, Abouda-Lachiheb et al. [60] have demonstrated the dual 

role of Ag during the nanostructure formation. In their study, they have followed two 

different Ag deposition methods on Si, which are known as one step method and two-step 

method. In one step method, the metal deposition and etching happen at the same point of 

time, whereas two-step method includes the metal deposition (by evaporation or chemically 

formed on the surface) and subsequently the chemical etching.  

 

 

 

 

 

 

 

They have proposed that the effect of electron transfer at the interface of Ag/Si plays the vital 

role in determining the etching behaviour of Ag on Si surface. In this regard, Yongkwan Kim 

et al. [61] have carried out research on the effect of co-solvent for tuning the curvature of the 

SiNWs by MACE process. They have demonstrated that by simply changing the type and 

amount of co-solvent in the etching solution, the directionality of the NWs could be changed. 

They have observed that by adding a small amount of 2-propanol, unidirectional curved 

SiNWs were formed over a large area. By increasing the concentration of this co-solvent, 

they were able to produce almost straight and tilted NWs.  

Previously, many researchers [62, 63] have reported that the formation of slanted NWs 

depends on the orientation of the Si wafer. They have suggested that as the Si back-bond is 

weak in <100> direction, preferred etching occurs in this direction. Thus, the non-vertical 

SiNWs formed only in those wafers other than (100). But, Yongkwan Kim et al. have 

demonstrated the diffusion of the reactants also plays a major role in the curvature and 

Fig. 1.15: Scheme of the etching mechanism. (A) the one-step process and (B) the two-step process [60]. 

 



15 
 

directionality of the SiNWs. Similarly, a research work carried out by G. Liu et al. [64] has 

brought a new insight to the MACE process, where they carried out experiments to 

understand the role of exposed nanoparticle’s surface in the etching process. In the process, 

they deposited different types of anisotropic Au nanoparticles and performed chemical 

etching with HF/H2O2. According to their reported results, the anisotropic nanoparticles had 

extremely faceted surface and which determined the etching rate of the MACE process. They 

deposited two different anisotropic nanoparticles such as Au triangular nanoprism with {111} 

and Au nanocubes with {100} surface facets respectively. 

 

 

 

 

 

 

 

 

 
 

They have reported that nanocubes showed a faster etching rate than the nanoprism despite 

the same etching time and solution was used for the etching process. Their studies revealed 

that higher the surface energy of surface, a higher catalytic activity occurs with easier hole 

injection to Si and which led to higher etching rate. A. Backes et al. [65] have tried to address 

two key issues related to the doping level of the substrates such as for the highly doped 

substrates, nanometre-sized porous structures were formed in uncovered areas by metal NPs 

[66,67] and secondly to understand the impact of doping level on the etch rate. They have 

reported that in highly doped Si, etch rate decreased and which led to the formation of the 

porous substructure. They have suggested that with higher doping concentration diffusivity of 

the charge carriers from the metal-semiconductor increases and that reduces the charge 

density in the surface. Therefore, the etch rate decreases during the MACE process. On the 

other hand, at the lower doping concentration, the injected holes stay for longer in the metal-

Si interface and which enhances the material removal in those areas where Ag NPs. 

Fig. 1.16: (a) Post etching AFM height images of an Au nanocube and an Au nanoprism on a 

substrate of Si after etching for 20 min. One part of the cube is above the surface, whereas the entire 

nanoprism is within the etched triangular trench in the Si substrate. (b) AFM height profiles of the 

etched structures. The inset shows the direction of the line scans. (c, d) Top-down SEM images of 

(c) a nanocube and (d) a nanoprism after etching for 20 min. (e) Cross-sectional SEM image of a 

nanoprism in a Si trench at a 45° tilt angle. (f) Schematic representation of the side view etching 

depths obtained using a nanocube (yellow square) and a nanoprism (yellow rectangle) [64]. 
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As it was easily accepted by the research community that during MACE process hole 

injection occur in the metal/Si interface. But, this concept of hole transfer was challenged by 

a work carried by K W Kolasinski et al. [68]. They have proposed a new mechanism based 

on the band structure of the system. They have chosen four noble metals such as Au, Ag, Pt 

and Pd and prepared that the holes injected to Ag are less stable either in Si or at the interface 

of Ag/Si than the Ag itself. Similarly, in case of other three metal catalyst such as Au, Pt and 

Pd, the injected holes move immediately to the interface of metal/Si, where the band bending 

restrict the movements of these holes to the Si surface. Due to this, there is no possibility of 

holes diffusion from the metal particles to the Si and also injection of holes are not possible 

from the Ag catalyst.  

In the explanation of anisotropic etching by the metal particles, they have suggested that as 

the positively charged particles are not injected to the Si, mostly they are trapped in the metal 

nanoparticles or at the interface with Si they have created an electric field and that can be 

considered as the local anodic power supply. Depending upon the voltage created, etching 

occurs locally and form a etch track which is roughly similar to the size of the nanoparticles.    

 

 

 

 

 

 

 

 

 

 

 

 
 

Moreover, in the vicinity of the metal nanoparticle, the potential due to the charge imbalance 

is sufficiently high enough to carry out the etching with electropolishing character. On the 

other hand, the potential in far places from the metal nanoparticles is sufficiently high enough 

to induce etching which leads to form porous Si either by the valence 2 or valence 4 

processes. Due to this, alternate and totally different mechanism are possible for 

nanostructures formation in Si by MACE process. Also, researchers have tried to understand 

Fig. 1.17: The mechanism associated with metal-assisted etching. Accumulation of charge on the 

metal nanoparticle generates an electric field. Adjacent to the particle, the effective applied 

voltage is sufficient to push etching into the electropolishing regime, which facilitate the 

formation of an etch track which is approximately the size of the nanoparticle. Further way, the 

lower voltage corresponds to the formation of porous silicon regime [68]. 
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the effect of Schottky barrier [69] in the MACE of Si. In this aspect, R A Lai et al. [70] have 

proposed an additional function of metal catalyst in MACE process such as that the metal 

catalyst doesn’t only catalyse the oxidative half-reaction but also form a Schottky junction 

with the Si which controls the distribution of the injected holes spatially. To understand the 

effect of Schottky barrier on band bending and eventually on MACE process, they have 

investigated the effect by using three n-type and three p-type (100) Si substrates with 

different doping level. The p-type and n-type Si possess the resistivity 0.001−0.01, 0.01−0.1, 

and 1−10 Ω cm. Their experimental results suggested that n-type Si etches faster than the p-

type Si under identical etching solution with the same concentration. They have suggested 

that in case of n-type Si the Schottky barrier between Au and Si produces an electric field 

which confines the holes to the surface and for p-type Si, the holes are pulled away from the 

surface by the electric field. Due to this, the holes which are produced during the MACE 

process are no more available on the surface of the Si and hence the etching rate slows down 

in p-type Si than the n-type Si. They have reported that the etch rate for N++, N+, N-Si are 

very much similar to different etchant composition whereas, for P++, P+, P-Si, the etch rate 

depends upon doping concentration, for instance, higher the doping concentration in Si 

slower the etch rate. They have explained that as the holes are confined to the surface of n-

type Si, saturation happens and hence the etch rates are similar even though doping 

concentrations are different for N, N+, and N++ Si. On the other hand, in case of p-type Si, 

the holes are pulled away and hence the drift velocity of these charge carriers which directly 

depends on the mobility and electric field at the interface governs the whole etching process. 

As the drift velocity changes with the doping concentration, the etch rate also varies 

accordingly.  

 

 

 

 

 

 

 

 

 

 
Fig.1.18: (a) Scheme of the reduction potentials of the two half reactions of MACE which is relative to the 

standard hydrogen electrode, VSHE. (b, c) Band-diagram for n-type and p-type Si in the Au−Si interface, 

respectively, showing the behaviour of the injected hole carriers by the reduction of H2O2. (d, e) Schematic 

representation of the resulting morphology for n-type and p-type Si after MACE, respectively [70]. 
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After different parameters related to the MACE process were explored, researchers have tried 

to understand the mechanism associated with the formation of SiNWs when a continuous 

metal film is used as a catalyst in Si etching. In this regard, Nadine Geyer et al. [71] have 

performed a novel research to understand the possible mechanism related to MACE of 

Si where the continuous metal film is used as the catalyst. They have proposed three 

different possible mechanisms which can be illustrated as (1) diffusion of reactants 

and reaction by-products take place through the small pores present in the metal film, 

(2) otherwise diffusion of reactants and by-products occur through a channel formed 

at the interface of Si and metal catalyst, or (3) diffusion of Si atoms occur through the 

metal catalyst thin film and then oxidised and dissolved at the interface of metal and 

etching solution. These three possible mechanisms as proposed by them is shown in 

Fig. 16. In their study, it has been proposed that the irrespective of the thickness of the 

metal catalyst thin film, SiNWs were formed which indicates that the first mechanism 

may be the correct one and hence they have carried out different experiments to verify 

the other two proposed mechanism. They have demonstrated that different etching 

rates for the metal stripes with different lateral sizes and which proved that the second 

proposed mechanism possibly the correct one.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.1.19: Schematic representation of possible diffusion processes of the reactants and reaction products 

during MACE. (a) Model I: Reactants and reaction products diffuses through a porous thin metal film. (b) 

Model II: The oxidation of the Si surface proceeds with the formation of a porous Si layer at the interface 

of the metal and the Si substrate. (c) Model III: Si atoms diffuse through the metal film and are oxidized 

at the metal’s surface. Lastly, Si is dissolved in form of [SiF6]2 [71]. 
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Similarly, they have also reported that the etching rate remains constant when the 

thickness was varied and which justified that third proposed model of mass transfer 

might be not appropriate. Thus, their experimental results have indicated that the 

second model of mass transfer is more appropriate for the MACE process. However, it 

has been found that the metal stripes with more than 3 µm width bent during the 

etching process. They have suggested that as the diffusion length of the reactants 

species increases due to the increasing distance from the edge of the metal catalyst 

stripe, etching rate varies from edge to the centre of the stripe [71]. 

But a recent study proposed that depending on the thickness of the metal catalyst film, the 

mechanism associated with the etching process may be different. K. Choi et al. [72] have 

proposed two different mass transport mechanisms which basically depends on the thickness 

of the metal catalyst film. According to them, Au catalyses the etching reaction by reducing 

the activation energy of H2O2 reduction and also injects holes in the metal/Si interface which 

oxidise the Si selectively. Moreover, the mass transfer of reactant (HF) and reaction by-

product (SiF6
-2) occur differently for thick and thin metal catalyst film. Normally, thin metal 

catalyst film consists of pinholes and through which mass transport of reactants and by-

product occurs during the MACE process. However, for a thick film, the pinholes are absent 

and due to which mass transport occurs at the edges of the metal/Si interface that leads to a 

mechanism which is known as the in-plane mass transport. Moreover, the microstructures’ 

depth is higher for a thin metal film catalyst since both in-plane and out-of-plan mechanism 

occur simultaneously.  This combined mechanism possibly helps to etch out Si underneath 

the metal catalyst concurrently resulting in a uniform etching of the semiconductor surface 

and without bending of the catalyst.  

Furthermore, B. Jiang et al. [73] have tried to understand the movement of the metal particles 

in the formation of nanopores in Si by MACE process. According to their findings, the 

concentration of HF plays a vital role in the formation of different helical pores due to its 

capacity to induce rotation and revolution in the Ag catalyst particles during the MACE 

process. Moreover, the rotation of the metal particles determines the morphology of the 

helical pore formed in the Si substrate. They have suggested that the pitch length of the 

helical pores directly depends on the angle θ. According to hem, a smaller value of θ 

produces the helical pores with a smaller pitch length. 
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The nanowires/nanopores formation in Si by MACE process has evolved tremendously over 

the last two decades, but still, more research efforts are there to building micro/nanostructures 

in Si. In this regard, Smith et al. [74] have reported a new two-step method to form sub 10 nm 

nanopores with sub 10 nm interpore spacing where they have used silica-shell gold 

nanoparticles (SiO2-AuNPs) for the MACE process. The silica shell act as the sacrificial 

spacer layer which separates the Au nanoparticles during deposition. They have reported that 

after the dissolution of the silica shell, not all the deposited Au NPs take part in the etching of 

Si. They suggested two possible reasons for such behaviours of Au NPs during etching are 

(1) after dissolution of the silica shell, few Au NPs possibly contact with the Si surface on the 

vertex of a facet or on the edge of a crystal grain and hence the hole injection rate differ than 

a particle which has a planar interface with the Si surface. This difference in the hole 

injection rate lowers the etching rate for few particles which remain on the surface of the Si 

after the MACE process, (2) due to the difference in the shell thicknesses of the NPs, the 

dissolution rate may differ from particles to particles and which may create lack of hole 

injection from those particles which remain on the surface of Si compared to the particles 

which penetrated beforehand. 

In addition to this, the etching rate dependency on reaction temperature has been studied by 

researchers [75, 76] and it is well understood that with the increase of reaction temperature, 

the rate of formation of Si NWs also increases. It is also reported that an increase in the 

reaction temperature up to 600 C created nanopores within Si NWs which alter the optical, 

mechanical etc. properties [77, 78]. In this regard, a research work was carried out by C Y 

Chen et al. [79] where they attached a conductive substrate with the Si substrate and 

performed a two-step conventional MACE process. They investigated the role of back 

Fig.1.20: Schematic illustration of the Ag particles’ rotational direction and probable paths of 

moving during the forming process of helical pores with various pitches and widths [73]. 
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substrates on NWs formation in the Si substrates irrespective of doping type and found that 

the back substrates prevent the excess hole injection to the Si substrate which was responsible 

to form nanoporous Si NWs [Fig.1.21]. They have suggested that oxidation of H2O2 occurs 

not only at the Ag/Si interface but also occurs on the surface of the back substrate which is in 

direct contact with the solution. Due to this an electron concentration gradient is produced in 

the neighbourhood of the back substrate. Hence, it drives the electrons towards the back of 

the Si substrate resulting in the reduction of pore formation during MACE process. Williams 

et al. [80] have studied the effect of etchant concentration by using gold and silver metal 

catalyst and suggested that the Ag morphology is not stable due to the dissolution and which 

led to forming rough structures on the back side of Si. On the other hand, they have reported 

that Au maintains its shape and dig into the wafer surface [Fig.1.22] 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 Fig.1.22: Scheme of the whole MACE process by using (a) silver and (b) gold metal catalysts. SEM 

images of (c) front side and (d) back side of a Si piece after 5 min of Ag-MACE in ρ = 0.75 and ρ = 0.50 

baths, respectively. Part (e) shows the front side after 18 h of Au-MACE in a ρ = 0.25 bath [80]. 

 

Fig.1.21: Cross-sectional SEM images of the arrays of aligned Si nanowire obtained from the 

catalytic etching of n-type Si: (a) by conventional MACE process and (b) back-substrate assisted 

MACE process where three-layer conductive carbon tape was used as back substrates. (c) Schematic 

representation of the distinct formation mechanisms of MACE process: Si substrates (p-type or n-

type) devoid of conductive back substrates, Si substrates (p-type) and Si substrates (n-type) with the 

presence of conductive back substrates [79]. 
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1.4 Literature review on nano/microstructure-based SERS measurement of chemical 
species 

Despite numerous efforts have given by many researchers to prepare the SERS substrate, the 

whole different types of SERS-active substrates can be categorised broadly into four groups 

which are mentioned below [81]: 

1. Substrates with spherical gold (Au) or silver (Ag) nanoparticles (NPs), where these NPs 

were fabricated by sputtering or capillary force assembly, pulsed laser deposition etc.  

2. Substrates with non-spherical nanostructures such as gold nanowire or another oxide (such 

as quasi-vertically aligned TiO2) nanowires coated with Ag NPs. 

3. Substrates with complex multiparticle nanostructures such as gold nanoflowers, gold 

nanodendrites etc. 

4. A flexible substrate with decorated noble metal NPs, nanorods etc. 

Baia et al. [82] have immobilized the colloidal gold NPs upon a glass substrate and SERS 

measurements were carried out in the visible and near-infrared spectral region by using p-

aminothiophenol as the probe material. They have reported that a combination of surface 

plasmon excitation and high chemical affinity of gold with probe molecule made this SERS-

active system as the suitable model for understanding Raman enhancement mechanism. 

Likewise, D. He et al. [83] have fabricated flexible and free-standing SERS substrate by 

electrospinning technique. A schematic of the whole process is shown in Fig.1.23. 

 

 

 

 

 

 

 

 

 

 

Fig.1.23: Illustration of the chain-like arrays formation of Ag NPs aggregates within PVA nanofibers. (a) 

Before the application of high voltage dispersion of Ag aggregates in PVA solution (b) with the application 

of high voltage to the blend solution, the whole solution was polarized and then one side of the PVA-capped 

Ag NP aggregates became positively charged and the other side became negatively charged. Due to the 

electrostatic attraction they would align themselves in the direction of the electric filed. (c) Stable region 

near the tip of the spinneret. A jet would erupt from the tip of the spinneret when the repulsive force within 

the charged solution became larger than its surface tension. (d) Most nanofibers were formed in the 

instability region due to stretching and acceleration of the fluid filament as the solvent evaporated [83]. 
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They have suggested that the electrospinning time and the amount of aggregation of the Ag 

NPs in poly(vinyl alcohol) (PVA) nanofibers are the two crucial points which basically 

determine the SERS signal enhancement. Similarly, in case of fabricating SERS substrate 

with non-spherical shaped nanostructures, L. Billot et al. [84] fabricated Au NWs on a glass 

substrate by using electron beam lithography (EBL) and lift-off technique. The dependence of 

Raman enhancement against the length of NWs have been verified and a maximum 

enhancement was reported for 670 and 900 nm long NWs. For the third variety of substrates, 

where complex nanostructures are used to enhance the Raman signal of the probe materials, 

Reinhard et al have reported multiscale enhancement by using nanoparticle cluster arrays 

(NCA). In their work, they have combined top-down nanofabrication and bottom-up self-

assembly process to fabricate NCAs which help to more control the size of the particle 

clusters. It has been reported that the cluster size “n” and edge-to-edge separation between 

the clusters “λ” control the enhancement in the SERS signal. The fourth type substrates, i.e. 

flexible substrates have drawn lots of attention from the research community for wearable 

sensors. 

 

 

 

 

 

 

 

 

 

 

 

 

Incidentally, Chen-Chieh Yu et al [85] have produced highly sensitive SERS-active paper 

substrate where a photo-thermal effect, induced by laser was used to form NPs on it. The 

whole synthesis process of the SERS substrate preparation is shown in Fig.1.25. They have 

suggested that the density of the NPs directly influenced by the pore size of the paper 

substrate. According to their finding, the SERS signal could be enhanced by choosing the 

smaller the pore size that leads to higher the NPs density. 

Fig.1.24: SEM images of the SERS-active substrates: array of gold nanowires with variable length, 

L (A:L=420 nm, B:L=620 nm, C:L=720 nm, D:L=1 µm), 50 nm height, 60 nm width (l). The inter-

particle spacing are constant for all arrays and are fixed to 150 nm (PPX and PPY). Scale bars: 2µm 

for A and 1µm for B, C and D [84]. 
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Si is considered one of the most used semiconducting material, therefore, the nanostructured-

Si have lots of future potentials to use in the optoelectronic nanodevices. Therefore, despite 

different SERS substrates are being developed, recent research activities are focussing on the 

enhancement in the Raman signal by using Si substrates for different practical applications. 

Moreover, the well-established fabrication technology associated with this semiconducting 

material [86] has provided an extra advantage for using it for SERS applications. As a result, 

more research efforts are required to build SERS substrate those are compatible with the Si 

fabrication technology. In this regard, B. Zhang et al [87] have prepared SERS substrates 

with Ag-coated Si NWs by a wet-chemical process. Due to the poor diffusivity associated 

with the Ag NPs, they improved the Ag coating technique by incorporating an Au NPs 

electroless deposition.  

 

 

 

 

 

 

 

 

 

 

 

With this approach, they have reported that low concentration of the toxic molecules could be 

detected for human safety with a higher enhancement in the SERS signal. Similarly, L. Mikac 

Fig.1.25: Graphical illustration of the fabrication of NPs on Si (flat, thermally conducting), glass (flat, 

thermally insulating), and paper (fibrils, thermally insulating) by taking advantage of the laser-induced 

photothermal effect. [85]. 

 

Fig.1.26: Illustration of the whole fabrication process of the silver-coated silicon nanowire arrays [87] 
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et al [88] have prepared porous Si by using electrochemical etching process where metal NPs 

were deposited by three different ways such as immersion plating, drop casting and pulsed 

laser ablation. The schematic of the whole SERS substrate fabrication process is shown in 

Fig.1.27. They were able to detect two different probe material such as Rhodamine 6G (R6G) 

up to 10-8 M and methylene blue (MB) up to 10-10 M with Ag ablated porous Si substrate. 

    

 

 

 

 

 

 

In another reported work, S.A. Kara et al [3] had demonstrated few insights to the Si-based 

SERS substrate preparation where they have synthesized flexible Si NWs by combining two 

different processes such as Nano-Spheres Lithography (NSL) and MACE. With their SERS-

active substrate, they were able to detect various probe molecule to picomolar concentration. 

Also, they have controlled the flexibility of the Si NWs by varying the aspect ratio of these 

NWs. Similarly, in case of 1:10 aspect ratio Si NWs, the microcapillary force drives the NWs 

close to each other whenever they were in contact with liquid and in the process trap the 

probe molecules at the fingertips coated with metal. This way the hot spots are generated 

which enhance the Raman signal. 

 

 

 

 

 

 

 

 
 

Fig.1.28: Details about the fabrication process of the silicon nanowire arrays coated with silver [3] 

 

Fig.1.27: The scheme of the experiments [88] 



26 
 

A similar Si-based SERS substrate fabrication has been reported by Bi-Shen Lee et al [89] 

where the silicon nanowire array (SiNWA) fabricated by MACE process and decorated with 

AuNPs by using oblique angle deposition (OAD) technique. They have used a gold metal 

backplate to enhance the intensity of the Raman signal and were able to reach an 

enhancement factor of 1.78×106.  

  

 

 

  

 

 

 

 

 

 

They have reported that the use of Au metal backplate on the SERS substrate is possible to 

avoid the Raman signals being trapped by the SiNWs and hence the intensity of the signals 

can be enhanced. In this way, they were able to detect the malachite green probe molecule 

with the lowest concentration up to 10 nM. Recently Xuexian Chen et al. [90] have 

demonstrated that by incorporating superhydrophobic nature and functionalizing Au NPs in 

the hierarchical nanostructure of Si, the detection limit can be reached up to ~ 10-11 M.  

 

 

 

 

 

 

Fig.1.30: Schematic representation of the production of the superhydrophobic SERS 

substrate created with the hierarchical silicon nanostructures [90] 

 

Fig.1.29: Schematic illustration of the experimental process flow (a) The cut <100> P-type 1 × 1 cm2 

Si substrate. (b) Si substrate with silver network used as the catalyst for the etching process. The blue 

region represents Ag clusters. (c) The SiNWA scaffold for the desired SERS substrate. (d) The 

SiNWA were decorated on the sidewall with AuNPs by OAD process. (e) The SiNWA with AuNPs 

and AuMBP as the preferred SERS substrate. (f) SEM image of commercialized SERS substrate 

(Klarite). It is noted that Figure (b’), (c’), (d’), (e’) are the SEM images corresponded to each steps. 

(The scale bar represented 1 μm in the lower magnitude SEM image and represented 100 nm in the 

inset higher magnitude figure) [89]. 
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In their process, 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOT) was used to make the 

substrate superhydrophobic and which enhanced the Raman signal as well. But using PFOT 

may create pulmonary diseases [91] and has other adverse effects. 

Furthermore, K. P. Sooraj et al. [92] have fabricated a Si-based SERS substrate to detect 

Glucose level in blood by using Ag nanoparticle arrays. In their work, they have formed 

ripple patterns on Si by argon ion sputtering and then Ag NPs were deposited on it. It has 

been reported earlier that, without using binder molecule detection of Glucose by SERS 

technique is almost impossible due to its small Raman scattering cross-section and also due to 

very weak binding with the metal NPs. On the other hand, they have suggested that the issues 

associated with the binder-less Glucose detection can be overcome and it is possible to detect 

the biomolecule from the actual blood sample. The effect of plasmonic Ag NPs on ripple 

patterned Si substrate for the detection of Glucose from the actual blood sample is shown in 

Fig.  1.31. Their results indicate that without the NPs the same peaks were not detected for 

the same actual blood sample.  

 

 

 

 

 

 

 

 

 

 

 

Recently, SERS technique has emerged as a practical technique to be used in environmental 

pollution detection, and gained remarkable interest from the research community. For 

instance, L. A. Wali et al. [93] have reported the detection of the penicillin G (PG), which is 

normally used as the antibiotic drug for many diseases. The occurrence of this drug in the 

environment may create many problems for a human being and also to animals. In their work, 

they have targeted the detection of this antibiotic with porous Si-based SERS substrate where 

Fig.1.31: Collected Raman spectra of the real blood sample with and without the NPs. 

Correspondingly in the plot, Glucose peak and other blood peaks are shown [92]. 
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they incorporated gold NPs and achieved the highest detection up to 10-9 M concentration of 

PG which is shown in Fig. 1.32. 

 

 

 

 

 

 

 

 

 

 

 

 

1.5 Current challenges 

From the current literature, it has been noticed that fabrication of different 

nano/microstructures on Si by MACE process still needs more efforts to improve this process 

for different applications. It has been found that, there are no available reported works on the 

annealing effect of a micro-stripe catalyst on the Si-etching process by MACE. Hence, it 

needs to be addressed. Moreover, the effect of metal micro stripes morphology on the Si-

etching by MACE process is still not clear, and needs more research efforts to understand this 

phenomenon. 

Moreover, from the current literature, it is reasonably clear that the fabrication of a proper 

SERS substrate is very much essential to use this analytical technique for practical 

application. In addition to that many efforts have been given towards the cost-effective way 

of fabrication and also the reusability of any SERS substrate starting from flexible to the Si-

based substrate. It is also clear from the current literature that the micro/nanostructures 

fabricated on Si substrate play a vital role in achieving lower SERS detection limit of the 

analytes under probe. Therefore, still more challenges are there to enhance the SERS signal 

by fabricating desired nano/microstructures on Si substrate for the application of SERS 

detection, and thus effort must be given to control the parameters associated with the MACE 

process.  

Fig.1.32: SERS spectra acquired by AuNPs/PSi SERS active substrate for the Penicillin G 

antibiotic at different concentrations [93]. 
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Despite huge efforts have been given towards understanding the effect of different parameters 

associated with the MACE process for the fabrication of desired nano/microstructures, few 

parameters such as the morphological effect of the catalyst, annealing effect of the metal 

catalyst are not addressed as per our knowledge and need to be investigated. It is well-

established fact that the heat treatment can alter the physical properties and as well as can 

modify the morphology of the metal catalyst thin films. Hence it is required to understand the 

effect of thermal annealing of the metal catalyst on MACE of Si, and its effect on the 

chemical etching process. Furthermore, the deposition parameters associated with the metal 

catalyst deposition can also modify the morphology of these metal catalyst and can also 

modify the etching of Si by MACE process. To understand clearly these effects on the 

MACE process, more research work needs to be carried out to deposit different metal catalyst 

on Si substrates by varying few deposition parameters, for instance, the deposition of a metal 

catalyst with different morphologies. Eventually, a systematic study is required understand 

the effect of different morphological metal catalyst thin films on MACE of Si.  

Another way to etch Si by using MACE process, where metal nanoparticles act as catalyst. It 

generally involves two different methods such as a one-step method and a two-step method. 

Most common way the researchers have used various in-situ metal nanoparticles deposition 

to etch Si, however, controlling the size and also the contamination involve in these processes 

are the shortfalls. 

Out of many applications of Si micro/nanostructures fabricated by MACE process, the use of 

these substrates as SERS-active substrate have gained a lot of interest in recent years due to 

its potential in various fields such as detecting biomolecules to the explosive detection. In 

addition to this, the SERS technique has shown its potential to be widely used in the field of 

food safety and environmental pollution. Therefore, a systematic study needs to be carried 

out to fabricate different micro/nanostructures on Si by optimising different parameters 

associated with the MACE process and also to apply these substrates as SERS-active 

substrate for the detection of chemical species such as Methylene Blue (MB), Malachite 

Green (MG) etc. at a very lower concentration with higher Raman signal (higher 

enhancement factor). 

However, the following are the limitation of the SERS technique 

(1) This method needs intimate contact between the surface and the analyte. 

(2) The possibility of degradation of the SERS substrate with the time which weakens the 

Raman signal. 
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(3) Limited selectivity of the substrate for a particular analyte. 

(4) Re-usability of the SERS substrate. 

Thus, it is required to address all these issues and for this purpose, the preparation of the 

SERS substrate plays a key role. The most common SERS substrates preparation process are 

classified as (i) metal nanoparticles, (ii) metal nanoparticles immobilised on the solid 

substrate and (iii) nano/microstructures fabricated directly on the solid substrates by 

micro/nanolithography and etching process. In this work, the effects of different 

nano/microstructure based Si, those are fabricated by MACE process and their influence on 

the detection of MB by SERS technique are addressed. 

1.6 Objective of this thesis work 

The main objective of this thesis work involves two areas such as (1) to investigate the effects 

of metal micro-stripes thickness and thermal annealing of these micro-stripes on the 

fabrication of the Si-microstructure by utilizing MACE process. In another approach, to apply 

directly the commercial metal NPs to etch Si by MACE process and compare with the 

existing method (2) The second objective of this thesis work is to apply these Si- 

nano/microstructures based substrates, those are prepared by MACE process as SERS 

substrates to detect the chemicals (MB) for food safety applications. Also, to investigate the 

influences of the different nano/microstructures/nanopores based Si as SERS substrates and 

their effects on the enhancement factor (Raman signal), and the detection limit for utilizing 

these SERS substrates for future chemical sensing applications.  
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CHAPTER 2 

Microfabrication of metal micro-stripes on 

p-Si (100) substrate 
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2.1 Introduction  

 

This chapter involves the deposition of a metal catalyst such as gold (Au) and Ag thin film 

and micro-fabrication of the metal micro stripes on silicon (Si) substrate, those metal micro-

stripes act as a catalyst for the MACE process, which is discussed in the next chapter. Two 

different physical vapour deposition processes are employed to deposit Au metal catalyst thin 

film for the fabrication of Au micro stripes on Si substrate. For this purpose, the cleaned Si 

substrates are used directly for deposition of Au and Ag thin film. The whole process of thin 

film deposition and formation of micro stripes by the micro-fabrication process are explained 

in this chapter 

 

2.2 Fabrication of Au/Ag micro stripes on p-Si (100) substrates 

 

The fabrication process for Au/Ag micro stripes consists of four successive steps such as 

substrates cleaning, patterning of photoresist on the cleaned substrates, deposition of metal 

thin films on the patterned Si substrates and at last lift-off for the removal of the unwanted 

metal deposited on Si. The four steps are elaborated briefly in the following sections. 

2.2.1 Cleaning of p-Si(100) substrates 

Before the cleaning process, the p-Si (100) substrates with resistivity 1-10 Ω.cm were cut in 1 

cm × 1 cm size by using a diamond scriber. Then the cleaning of these substrates was carried 

out in three different steps which are mentioned below. The whole cleaning process was done 

on a wet bench maintained inside a class 1000 clean room which is shown below. 

 

 

 

 

 

 

 

 Step 1: This step is named as RCA 1 cleaning step (where RCA stands for Radio 

Corporation of America) and basically used for the removal of organic impurities and dust 

particles. The RCA 1 is a mixture of deionized (DI) water (H2O), hydrogen peroxide (H2O2) 

and ammonium hydroxide (NH4OH) in a ratio 5:1:1 respectively. The cut pieces of Si were 

dipped in the RCA 1 for 10 minutes at 750 C and then rinsed with deionized (DI) water for 

several times.  
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 Step 2: This is basically an optional step where a dilute solution of hydrofluoric acid 

(HF) is used. During the first step, normally a very thin oxide layer (~10 Å) is formed on the 

surface of the Si substrates. To remove the oxide layer this cleaning step is used. But, in our 

process, this step was skipped so that the very thin oxide layer remain intake between Au and 

Si. This is necessary, as Si atoms diffuse rapidly to Au thin film even in room temperature 

and possibly form a gold silicide layer which may affect the Si etching process. Nevertheless, 

the presence of this oxide layer inhibits the formation of gold silicide [94].  

 Step 3: This step is termed as RCA 2 cleaning step and was used to remove all the 

metallic contaminants from the Si substrates. The RCA 2 is also a mixture of DI water, H2O2 

and hydrochloric acid (HCl) in a ratio 6:1:1 respectively. In this step, the Si substrates were 

dipped in RCA 2 solution for 10 minutes at 750 C followed by rinsing in DI water for a 

number of times.  

After completion of the abovementioned steps, the Si substrates were cleaned with DI 

water several times and dried by blowing nitrogen. Then, the Si substrates were used directly 

for further processes without any thermal treatment, to avoid any form of thermally induced 

stress [95]. 

2.2.2 Patterning of positive photoresist on the cleaned Si substrates 

Once the cleaning process was over, all the cleaned substrates were coated with a positive 

photoresist and followed by a soft baking which was performed for 20 minutes. 

Subsequently, these substrates were exposed to UV light through a mask and then the 

exposed photoresist was developed with a developer. The stepwise schematic representation 

of the whole lithography process for pattern formation on Si substrate are mentioned below: 

 Positive photoresist (+PR) OIR 620 was coated on the cleaned p-Si (100) substrates by a 

“Spin 150” spin coater with a two-step process. 

    Step 1 - RPM = 500, time = 5 sec 

    Step 2 - RPM = 4500, time = 30 sec 

 

 

 

 

After the coating process was completed, the +PR coated substrates were soft baked in a hot-

plate at 850 C for 20 minutes. Then the photoresist films were exposed to ultraviolet light 

(364 nm) for 5 seconds. The exposed +PR coated substrates were patterned by using metal 

Spin coating 
Si substrate Si substrate 
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lift-off process which was carried out by putting the PR coated Si substrates in acetone for 30 

seconds. 

 

  

 

 

 

2.2.3 Deposition and characterisation of thin films 

In this section, the deposition of the thin films by various physical vapour deposition 

processes and its characterisations are discussed. In both the deposition, photoresist patterned 

Si substrates were used for the preparation of the metal micro-stripes on Si substrate. 

2.2.3.1 Deposition and characterisation of Au thin films by RF sputtering 

The gold thin film was deposited on these PR patterned Si substrate by PVD by using the 

following synthesis parameters listed in Table 2.1. In this way, three different thickness 20, 

50, 140 nm Au thin film were deposited on these substrates. 

Table 2.1: Deposition parameters for Au thin film deposition by RF sputtering 

 

 

 

 

 

 

The schematic representation of one of the fabrication step (thin film deposition) for micro-

stripes formation is shown below. 

 

  

 

 
 

All three depositions were carried out by maintaining identical parameter except the 

deposition time to obtain three different thickness on the PR- patterned Si- substrates. The 

first deposition was carried out for 4 minutes, whereas the second and third depositions were 

carried out for 8 and 23 minutes. This way all three thin films of different thicknesses were 

successfully deposited on the photoresist patterned Si substrates. After the deposition, the 

Parameters Values 

Base pressure 7.49×10-7 mbar 

Working pressure 7×10-3 mbar 

Argon pressure 2.5 bar 

RF power 40 W 

Working temperature 350 C 

Deposition rate 6 nm/min 

Exposed to UV light 

Followed by developing 
Si substrate Si substrate 

Au deposition by PVD 

Si substrate 
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deposited thin films were characterised by X-ray diffraction (XRD) and energy dispersive X-

ray analysis (EDX). For XRD analysis, a dummy substrate was prepared by keeping a clean 

and bare p-Si (100) substrate inside the deposition chamber along with the test substrates 

which were coated with photoresist pattern. Then the dummy substrates for three different 

depositions were used to collect the XRD pattern for Au coated on a Si substrate. The XRD 

plot of the first deposition which was carried out for 4 minutes is shown in Fig.2.1 (a).  

 

 

 

 

 

 

 

 

 

 

 

As shown in Fig. 2.1 (a), five peaks (2θ = 38.51, 44.63, 62.1, 77.87 and 82.07) appear and are 

indexed to the face centred cubic (FCC) structure of gold with a lattice constant 4.04 Å, 

having (hkl) values of (111), (200), (220), (311), and (222) respectively (verified with Downs 

et al. [94]). Similarly, the peak appears at 2θ = 69.270 is indexed to the Si with (hkl) value of 

(400) (verified with JCPDS card 27–1402). Out of all the five peaks indexed for Au, the 

highest intensity peak, i.e. (111) is considered to calculate the crystallite size of Au by using 

the Scherrer’s formula [97]. 

𝐷𝑝 =
0.9𝜆

𝛽𝑝𝐶𝑜𝑠𝜃
                (2.1) 

Here βp is the full width at half the maximum (FWHM) intensity, λ is the X-ray wavelength, 

and θ is the Bragg angle. For FWHM of the highest intensity peak, Gaussian fitting was done 

by using Origin software and is shown in Fig.2.1 (b). By using the abovementioned formula 

2.1, the crystallite size of the Au is calculated as ~ 7.5 nm. 

The XRD pattern of the second sample (8 min, Au deposition) is shown in Fig.2.2 (a). As 

shown in Fig. 2.2 (a), the five peaks (2θ = 38.79, 45.01, 63.1, 77.35 and 83.03) appear and 

are indexed to the face centred cubic (FCC) structure of gold with a lattice constant 4.01 Å. 

The corresponding planes are (111), (200), (220), (311), and (222), respectively (verified 

Fig.2.1: (a) XRD pattern of Au thin film deposited on Si substrate for 4 minutes, (b) FWHM of the Au 

(111) peak by Gaussian fitting in Origin) 

30 40 50 60 70 80 90

0

500

1000

1500

2000

2500

 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

)

2

Au(111)

Au(200)

Au(220)

Au(222)Au(311)

Si(400)
 (a) 

35 36 37 38 39 40 41 42

0

200

400

600

800

1000

 

 

In
te

n
s
it

y
 (

c
o

u
n

ts
/s

e
c
)

2

Value Error

y0 71.793 0.4798

xc2 44.676 0.0451

w2 0.9697 0.0915

A2 52.582 4.4158

sigma2 0.4848

FWHM 1.1417

Height2 43.265



36 
 

with Downs et al.). Similarly, the peak appears at 2θ = 69.270 is indexed to the Si with (hkl) 

value of (400) (verified with JCPDS card 27–1402). Out of all five peaks indexed for Au, the 

highest intensity peak, i.e. (111) is considered to calculate the crystallite size of Au by using 

the Scherrer’s formula. Gaussian fitting was done by using Origin software to evaluate the 

FWHM and is shown in Fig.2.2 (b). 

 

 

 

 

 

 

 

 

 

 

 

By using the formula 2.1, the crystallite size of the Au is calculated as ~ 8.3 nm. The XRD 

pattern for the third sample Au thin film which was carried out for 23 minutes is shown in 

Fig.2.3 (a). 

 

 

 

 

 

 

 

 

   

 

 

 

Fig. 2.3. (a) shows the XRD pattern and five peaks (2θ = 39.2, 45.6, 62.2, 79.7 and 83.5) 

appear those are indexed to the face centred cubic (FCC) structure of gold with a lattice 

Fig.2.3: (a) XRD pattern of Au thin film deposited on Si substrate for 23 minutes, (b) FWHM of the Au 

(111) peak by Gaussian fitting in Origin 

 

Fig.2.2: (a) XRD pattern of Au thin film deposited on Si substrate for 8 minutes, (b) FWHM of the 

Au (111) peak by Gaussian fitting in Origin 
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constant 3.96 Å. All five peaks are indexed to the corresponding planes (111), (200), (220), 

(311), (222), respectively (verified with Downs et al). Similarly, two peaks at 2θ = 33.140 and 

69.270 are indexed to (200) and (400) planes respectively, (verified with JCPDS card 27–

1402) respectively. Out of all five peaks, the highest intensity peak, i.e. (111) is considered to 

calculate the crystallite size of Au by using the Scherrer formula as mentioned earlier. To find 

the FWHM of the peak (111), Gaussian fitting was carried out for the peak in Origin which is 

shown in Fig.2.3 (b). By using the Scherrer formula (2.1), the crystallite size of Au thin film 

is evaluated as 9.1 nm. It is confirmed by the experimental results that the crystallite size 

increases with the film thickness. From the XRD analysis for both the depositions, it is found 

that there is no extra peaks are present which indicates the purity of the Au thin film without 

any contamination. Moreover, it is also found in both the deposition, no silicate formation is 

observed after the Au deposition on Si substrate which is due to the presence of a very thin 

oxide layer on the Si substrate. It is already reported earlier that at room temperature and also 

in an unbaked unpassivated and unetched Si substrate, the silicide formation does not occur 

[94]. The elemental identification and the quantitative compositional information of the thin 

films were carried out by EDX analysis.  The EDX spectra and quantitative compositions for 

the first deposited Au thin film are shown in Fig.2.4. 

 

 

 

 

 

 

 

 

The EDX spectra and quantitative compositions for the second deposited Au thin film are 

shown in Fig.2.5. 

 

 

 

 
 

 

Element Weight % 

SiK 72.30 

AuM 19.62 

Element Weight % 

SiK 67.80 

AuM 27.70 

Fig.2.4: EDX spectra of the first deposited Au thin film on Si 

substrate 

Fig.2.5: EDX spectra of the second deposited Au thin film on Si 

substrate 
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Similarly, for the third Au thin film deposition, the EDX spectra and quantitative 

compositions are shown in Fig.2.6. 

 

 

  

 

 

 

 

 

There is no extra element present in the sample which is verified by the EDX analysis. Thus, 

the results indicate that the deposited Au thin film on the Si substrates was almost 100% pure. 

Moreover, the percentage of Au present in the thin film was found higher in case of longer 

deposition time compared to the shorter deposition time, this is due to the higher thickness of 

the Au thin film. 

 

2.2.3.2 Deposition and characterisation of Au and Ag thin films by Thermal 

Evaporation 

In our research, two different PVD systems were used for Au deposition such as RF 

sputtering and thermal evaporation. In the previous section, all the details about RF sputtering 

and the characterisation of these sputtered thin films was discussed. In this section, the details 

about the Au and Ag thin film deposition by thermal evaporation and the characterisation of 

these thin films will be discussed. The deposition of Au and Ag were carried out by using a 

thermal evaporation system manufactured by “Vec Solutions” which is shown below. The 

parameters related to the thermal evaporation for both Au and Ag are mentioned in the 

following table (Table 2.2). Moreover, in both cases, wire type source was used to deposit 

thin films of Au and Ag. 

Table 2.2: Deposition parameters for Au and Ag thin films deposition by thermal evaporation 

 

 

 
 
 
 
 

 
 
 
 

 

Element Weight % 

SiK 80.38 

AuM 32.20 

Parameters Values 

Base pressure 1×10-6 mbar 

Source to substrate distance 10 cm 

Substrate rotation 3 rpm 

Deposition current 140A 

Deposition time  2 min 

Fig.2.6: EDX spectra of the third deposited Au thin film on Si substrate 
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All the Au/Ag, the as-deposited thin films were characterised by X-ray diffraction (XRD) and 

energy dispersive X-ray analysis (EDX) for structure and compositional analysis. Similar to 

the previous deposition, for XRD measurement, a dummy substrate was prepared by keeping 

a clean and bare p-Si (100) substrate inside the deposition chamber along with the test 

substrates which were coated with photoresist pattern. Afterwards, the dummy substrates for 

two different depositions were used to collect the XRD pattern for Au and Ag-coated on Si 

substrates. The XRD pattern of the Au deposition which was carried out for 2 minutes is 

shown in Fig.2.7 (a). 

 

 

 

 

 

 

 

 

 

 

 

 

From the XRD plot, the three peaks (2θ = 38.95, 62.65, and 77.08) are indexed to the face 

centred cubic (FCC) structure of gold with a lattice constant of 3.98 Å. All three peaks are 

indexed with the (hkl) values of (111), (220), and (311) respectively (verified with Downs et 

al). Similarly, two peaks at 2θ = 33.80 and 69.270 are indexed to the Si having (hkl) value of 

(200) and (400) (verified with JCPDS card 27–1402) respectively. Out of all three peaks 

indexed for Au, the highest intensity peak, i.e. (111) is considered to calculate the crystallite 

size of Au by using the Scherrer formula as mentioned earlier. To find the FWHM of the 

peak (111), Gaussian fitting was done for the peak in Origin which is shown in Fig. 2.7 (b). 

As the FWHM is calculated by performing a Gaussian fitting in Origin, the crystallite size of 

the deposited Au thin film is calculated by using the Scherrer formula and it is found to be ~ 

10.6 nm. 

The XRD plot of the Ag deposition which was carried out for 2 minutes is shown in Fig.2.8 

(a). From XRD pattern, the five peaks appears at (2θ = 38.4, 43.4, 61.9, 77.9 and 82.1) to the 

face centred cubic (FCC) structure of silver with a lattice constant 2.35 Å, having (hkl) values 

of (111), (200), (220), (311), (222) respectively (verified with Downs et al. [96]). 

Fig.2.7: (a) XRD pattern of Au thin film deposited on Si substrate by thermal evaporation, (b) 

FWHM of the Ag (111) peak by Gaussian fitting in Origin 
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Similarly, two peaks at 2θ = 33.160 and 69.290 are indexed to the Si having (hkl) value of 

(200) [98] and (400) (verified with JCPDS card 27–1402) respectively. Out of all five peaks 

indexed for Ag, the dominant out-of-plan peak, i.e. (111) is considered to calculate the 

crystallite size of Ag by using the Scherrer formula as mentioned earlier. In this regard, for 

(111) peak FWHM is calculated by using Origin software where the peak is fitted with 

Gaussian and is shown in Fig.2.8 (b). By using the FWHM value in the Scherrer formula, the 

crystallite size of the Ag is calculated as ~ 10.34 nm. 

The elemental identification and the quantitative compositional information of the Au and Ag 

thin films were carried out by EDX analysis.  The EDX spectra and quantitative compositions 

for the Au thin film are shown in Fig. 2.9. 

 

 

  

 

 

 

 

 

Similarly, for the Ag thin film deposition, the EDX spectra and quantitative compositions are 

shown in Fig.2.10. 

   

 

 
 

 

Element Weight % 

SiK 77.09 

AuM 22.91 

Element Weight % 

SiK 75.20 

AgL 24.80 

Fig.2.8: (a) XRD pattern of Ag thin film deposited on Si substrate by thermal evaporation, (b) 

FWHM of the Ag (111) peak by Gaussian fitting in Origin 

Fig.2.9: EDX spectra of the thermally evaporated Au thin film on Si 

substrate 

Fig.2.10: EDX spectra of the thermally evaporated Ag thin film on Si 

substrate 
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From both XRD and EDX analysis it is confirmed that the deposited thin films of Au and Ag 

have no other contaminants or other foreign elements. The results indicate that the thin films 

deposited by thermal evaporation are pure without any contamination or element.  
 
 

2.2.3.3 Deposition and characterisation of Au thin film deposited with the different 

source to target distance 

Au thin films were deposited by thermal evaporation where the distance between source and 

substrate was varied to achieve thin films with different surface morphologies. In this regard, 

three depositions were carried out where every parameter related to thermal evaporation were 

kept constant except the distance between the source and substrate. Moreover, in this study, 

one more step was included in the cleaning process of the Si substrate in order to remove the 

native oxide layer. Thus, after the RCA 1 cleaning (Step 1) HF cleaning was performed (Step 

2) to etch the native oxide layer which normally grows on the surface of Si. The deposition 

was carried out on all these substrates with the following parameters as illustrates in Table 

2.3. 

Table 2.3: Deposition parameters for Au thin film deposition by thermal evaporation 

 

 

 

 
 
 
 
 
 

 

 

After the deposition, the thin films were characterised with XRD and EDX. Similar to the 

earlier characteristics, here also for XRD analysis, a dummy substrate was prepared by 

keeping a clean and bare p-Si (100) substrate inside the deposition chamber along with the 

test substrate. Afterwards, the dummy substrates for three different depositions were used to 

collect the XRD pattern for Au deposited on Si substrates. The XRD pattern of the Au thin 

film on the Si, which was carried out by maintaining 10 cm separation between the source 

and the substrate is shown in Fig.2.11 (a). From XRD plot, the three peaks appear at (2θ = 

39.05, 62.0 and 76.66) are indexed to the face centred cubic (FCC) structure of gold with a 

lattice constant 3.98 Å. The (hkl) values are (111), (220), (311) respectively (verified with 

Downs et al.) [96]. Similarly, two peaks appear at 2θ = 33.920 and 69.670 are indexed to the 

Si having (hkl) value of (200) and (400) (verified with JCPDS card 27–1402) respectively. 

Out of all three peaks indexed for Au, the highest intensity peak, i.e. (111) was considered to 

calculate the crystallite size of Au by using the Scherrer formula as mentioned earlier. The 

Parameters Values 

Base pressure 1×10-6 mbar 

Source to substrate distance 10, 12 and 15 cm 

Substrate rotation 3 rpm 

Deposition current 140 A 

Deposition time  2, 2 and 4 min 
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FWHM was evaluated by performing fitting in origin which is shown in Fig. 2.11 (b). By 

using the Scherrer’s formula (2.1), the crystallite size of the Au is calculated as ~ 10.7 nm. 

 

 

 

 

   

 

 

 

 

Similarly for another deposition of Au thin film, the distance between the source and 

substrate was fixed at 12 cm, the corresponding XRD pattern of Au thin film is shown in 

Fig.2.12 (a). 

 

 

 

 

 

 
 

 

 

 

 

 

As shown in Fig. 2.12 (a), three peaks appear at 2θ = 39.04, 62.26 and 76.67 and are indexed 

to the face centred cubic (FCC) structure of gold with a lattice constant of 3.99 Å. The 

corresponding planes are (111), (220), (311), respectively (verified with Downs et al. [96]). 

Similarly, two peaks at 2θ = 33.920 and 69.670 are indexed to the Si (200) and (400) planes 

(verified with JCPDS card 27–1402) respectively. Out of the three peaks, indexed for the Au, 

the (111) peak was considered for crystallite size measurement by Scherrer’s formula. The 

FWHM of this very peak was measured by fitting the peak in origin which is shown in 

Fig.2.12 (b). From the Scherrer’s formula (2.1), the crystallite size was calculated as ~ 9 nm. 

Fig.2.11: (a) XRD pattern of Au thin film deposited on Si substrate by maintaining 10 cm gap 

between source and substrate, (b) FWHM of the Au (111) peak by Gaussian fitting in Origin  

Fig.2.12: (a) XRD pattern of Au thin film deposited on Si substrate by maintaining 12 cm gap 

between source and substrate, (b) FWHM of the Au (111) peak by Gaussian fitting in Origin. 
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The third Au thin film deposition carried out for the 15 cm source to substrate distance and 

the corresponding XRD pattern of this sample is shown in Fig.2.13. 

 

 

 

 

 

 

 

 

 

As shown in Fig. 2.13, three peaks appear at 2θ = 39.10, 62.06 and 76.66 those are indexed 

with FCC structure of Au with a lattice constant of 3.99 Å. These are corresponding to the 

(111), (220) and (311) planes of Au respectively (verified with Downs et al. [96]). 

Surprisingly a different result is observed from the XRD analysis as shown in Fig. 2.13. In 

this case, the Au thin film did not grow in the preferred growth direction i.e. (111), rather an 

improve intensities for Au(220) and Si(200) peaks are observed. This result indicates the 

possible diffusion of the Si atoms to Au thin film. It is already reported earlier that in absence 

of oxide layer, Si atoms diffuse rapidly to the evaporated Au thin film even at room 

temperature. Due to the diffusion, these Si atoms form a gold silicide layer on both sides of 

the Au thin film [94]. But at room temperature, these silicide layers show amorphous nature 

or lacking of the long-range order, hence it may be difficult to detect from XRD [94]. But 

few changes can be observed such as decrease of the intensity of the (111) peak which is 

considered as the preferred growth direction for Au thin film deposition and also a noticeable 

increment in the intensity of the (200) peak which resembles the changes in the crystal 

structure of deposited Au thin film. Due to these reasons, the Au thin film which was 

deposited by keeping the distance between source and substrate as 15 cm did not use further 

for any study. The elemental identification and the quantitative compositional information of 

the Au thin films (deposited by keeping different distance between source and substrate) were 

carried out by EDX analysis.  The EDX spectra and quantitative compositions for the Au thin 

films are shown in Fig. 2.14 and 2.15. On the other hand, in the case of Au thin film 

deposited by keeping 12 cm distance between source and substrate, a different morphology is 

Fig.2.13: XRD pattern of Au thin film deposited on Si substrate by maintaining 15 cm gap between 

source and substrate  
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observed which will be discussed thoroughly in chapter 3. Due to the complex morphology, 

EDX analysis was carried out in two different place of the thin film such as one at flat region 

and other at hillock region which is shown in Fig.2.15 

  

 

 
 

 

 

 

 

It is clearly seen from the EDX analysis that in both the region such as hillock region and flat 

region consists of pure gold. The possible reason of such morphology is explained in chapter 

3. The next step is to proceed to the lift-off process and which in turn remove the unwanted 

metals from the portions of Si substrate. The whole process of lift-off is mentioned in the 

next section. 

  

 

 

 

 

 

 

 

 

 

 

2.2.4 Lift-off process for the patterning of gold/silver thin film on Si  

The lift-off process was carried out to pattern Au/Ag micro-stripes on the Si substrate. This 

process was executed by dipping the Au and Ag-coated substrates in acetone along with the 

sonication for 30 seconds. Then the substrates were cleaned in DI water for three times and 

subsequently dried with the nitrogen blow.  

Element Weight % 

SiK 72.76 

AuM 27.24 

Element Weight % 

SiK 77.09 

AuM 22.91 

Element Weight % 

SiK 72.30 

AuM 27.70 

Fig.2.15: EDX spectra of the thermally evaporated Au thin film on Si substrate by maintaining 12 cm 

gap between source and substrate  

 

Fig.2.14: EDX spectra of the thermally evaporated Au thin film on Si substrate by maintaining 10 cm 

gap between source and substrate  
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The fabricated micro-stripes are characterised under FESEM which is shown in Fig.2.16 and 

it is confirmed that the shape and size of these stripes are uniform.  

 

 

 

 

 

 

Moreover, the width of the micro-stripes was measured by both optical microscope and 

FESEM which are shown in Fig.2.17. It is clearly seen that the thickness of the micro-stripes 

is about of 3.24 µm. 

 

 

 

 

 

 

 

 

 

Once the lift-off process was over, the thickness of these micro-stripes of Au and Ag were 

measured by profilometer and discussed in the next session. 

 

2.3 Characterisation of the metal micro-stripes fabricated on Si substrate 

Both the Au and Ag micro-stripes were fabricated on Si substrates and the whole micro-

fabrication process is already discussed in earlier sections. Before applying these micro-

stripes for further chemical etching of Si, the thickness of these fabricated micro-stripes was 

measured by using an “Ambios XP-200” surface profilometer system. 

Fig.2.16: FESEM image of the Micro-stripes fabricated on Si 

substrate  

Fig.2.17: Width of the Au catalyst (a) optical microscope image, (b) FESEM 

image  

After Au deposition 
Followed by lift-off 
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Similarly, The thickness of the fabricated micro-stripes on Si substrate which were created 

from the thin films deposited by RF sputtering incorporating a lithography process are 

measured with a surface profilometer and is shown in Fig.2.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is found from the measurements that three different thicknesses of the micro-stripes were 

fabricated, and these results indicate that there is a direct correlation of time with thickness. 

The 140 nm thick micro-stripes were formed for 23 minutes deposition, 50 nm thick micro-

stripes were formed for 8 minutes deposition time and 20nm thickness was obtained for 4 

minutes. Another batch of Au and Ag micro-stripes were fabricated on Si substrate by 

incorporating lithography and thin film deposition by thermal evaporation process which are 

already mentioned in the previous sections. After the fabrication, the thicknesses of these 

micro-stripes were measured with surface profilometer which is shown in Fig.2.19. 

  

(b) (a) 

Fig.2.18: Surface profilometer plots of (a) ~ 20 nm (b) ~ 50 nm and (c) ~ 140 nm thin patterned Au 

micro-stripes on Si substrate 

(c) 
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From the surface profilometer measurement, the thickness of the Au and Ag micro-stripes are 

found to be about 20 nm. In another deposition, the thickness of fabricated Au micro-stripes 

was measured with the same surface profilometer. In detail, these micro-stripes were 

fabricated from the thin films deposited by varying the distance between source and substrate. 

 

 

 

 

 

These different micro-stripes fabricated on Si substrate consist of similar thickness which is 

about ~ 20 nm. Thus, a set of three Au and Ag micro-stripes on the Si were fabricated with 

different thicknesses for MACE process, which will be discussed in the next chapter. 
2.4 Conclusions 

The Au and Ag micro-stripes were successfully fabricated on Si substrates by incorporating 

lithography and thin film deposition followed by a lift-off process. Au and Ag thin films were 

successfully deposited by two different ways such as RF sputtering and thermal evaporation 

with utmost purity. Subsequently, the thickness measurement by surface profilometer 

revealed that the micro-stripes fabricated from the RF sputtered thin films had two different 

thicknesses related to various deposition times and which were confirmed as 50 nm and 140 

nm. Similarly, Au and Ag micro-stripes which were fabricated from the thin film deposited 

by thermal evaporation consists of the same thickness of 20 nm. In addition to few more 

depositions were carried out by changing the source to target distance during the thermal 

Fig.2.19: Surface profilometer plots of (a) Au (b) Ag micro stripes on the Si 

substrate 

(a) (b) 

(a) (b) 

Fig.2.20: Surface profilometer plots of micro-stripes fabricated on Si substrate from Au thin film (a) by 

maintaining 10 cm gap between source and substrate and (b) by maintaining 12 cm gap between source 

and substrate  
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evaporation. The morphology of the micro-stripes fabricated from these thin films was 

analysed with a surface profilometer and in both cases, the thickness of the micro-stripes was 

measured as ~ 20 nm. Subsequently, MACE was carried out by using these Au/Ag micro-

stripes of different noble metals and also of different thicknesses. The following chapters 

include the various studies carried out for MACE of Si where these fabricated micro-stripes 

were used to optimise the chemical etching of Si leading to practical applications of these 

nano/microstructured Si substrates for SERS detection of chemical species. 
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CHAPTER 3 

Metal-assisted chemical etching of Si by 

using Au/Ag micro-stripes as catalyst 
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3.1 Introduction 

After successful deposition of various noble metal thin films and fabrication of micro-stripes 

out of these thin films by incorporating lithography and lift-off process, MACE was carried 

out by using these metal micro-stripes as a catalyst to fabricate microstructures on the Si 

substrate. For this purpose, three different batches of MACE experiments were carried out to 

find the optimised parameters for the fabrication nano/microstructures on Si substrate which 

were utilized as the SERS substrates. The first batch consists of the TMS20Au and 

TMS20Ag micro-stripes (20 nm Au and Ag micro-stripes fabricated from the thermally 

deposited Au and Ag thin films respectively) assisted MACE of Si. The second batch consists 

of three different micro-stripes SMS20Au, SMS50Au and SMS140Au (20, 50 and 140 nm 

Au micro-stripes fabricated from sputter deposited Au thin films) assisted MACE of Si. 

Similarly, the third batch consists of MS1 and MS2 (20 nm Au micro-stripes with different 

morphologies fabricated from the thermally deposited Au thin films) assisted MACE of Si. 

The whole experimental details of the MACE processes of all three batches and its outcomes 

are analysed and illustrated in this chapter.  

 

3.2 Experimental procedure for MACE of Si 

The advantage of this technique compared to the reactive ion etching (RIE) or other dry 

etching processes is that no requirement of any sophisticated instrument and hence cost-

effective and simple [8]. Basically MACE process is a chemical etching process which is 

used to fabricate different nano/microstructure on Si surface. In MACE process an oxidising 

agent is reduced at the metal catalyst’s surface and in the process produces holes (h+) which 

are directly transferred to the Si present underneath of the catalyst in use. Owing to the 

insertion of holes, Si is oxidised and successively dissolve in HF [8,71]. A schematic 

representation of the local oxidation and dissolution during MACE of Si by Au metal micro-

stripes is shown in Fig.3.1. 

 

 

 

 

 

 

Fig.3.1: Schematic representation of the MACE process on Si substrate by using Au micro-

stripes as catalyst 

(i) (ii) (iii) 

(iv) 
(v) (vi) 
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The whole MACE process can be understood stepwise which is clearly represented in the 

schematic diagram shown in Fig.3.1. The stepwise descriptions are mentioned in the next 

page. 

(i) Patterning of photoresist on Si by using UV lithography which is mentioned in the 

previous chapter. 

(ii) Deposition of Au/Ag thin film on the photoresist patterned Si substrate by thermal 

evaporation/sputtering as mentioned in chapter 2. 

(iii) Performing the lift-off process to pattern Au/Ag micro-stripes on Si substrate from 

the deposited Au and Ag thin films. 

(iv) Dipping of Au/Ag micro-stripes patterned Si substrates in the etching solution to 

etch out Si atoms from the interface of metal and Si. 

(v) Performing MACE process by using H2O2 and HF in presence of the metal catalyst 

for the desired time to form nano/microstructures on Si substrate. 

(vi) Removal of Au/Ag by using suitable etchant from the Si substrate after completion 

of the MACE process. 

 

3.3 Effect of different metal catalysts on the formation of Si nano/microstructures 

In this study, Au/Ag noble metal micro-stripes were used for Si etching in the presence of a 

mixture of 0.3 M H2O2 and 10 M HF which was used as the etching solution. The etching 

was carried out for 50 minutes at a constant temperature of 550 C which was maintained in a 

water bath. Followed by the MACE process, the Au/Ag micro-stripes were removed by using 

the etchant and the fabricated structures were analysed by FESEM which is discussed in the 

next sub-section. 

3.3.1 20 nm Au/Ag micro-stripes as catalyst 

The fabricated microstructures on Si by TMS20Au micro-stripes assisted MACE process is 

shown in Fig. 3.2. From the FESEM images as shown in Fig. 3.2, it is observed that the 

etching occurs on the surface of the Si substrate and the etch profile/micro trench keeps the 

similar dimensions with the micro-stripes used for the MACE process. Moreover, at the 

bottom of the trench rough surface is formed along with the randomly distributed nanopores. 

Similar results are also reported earlier [73, 74]. Thus, when 20 nm or less than 20 nm thick 

metal micro-stripes were used as a catalyst, then the nanopores on the metal micro-stripes led 

to the formation of such structures at the bottom of the trench.  
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Similarly, MACE experiments were also carried out by using TMS20Ag micro-stripes as 

catalyst and characterised with FESEM which is shown in Fig. 3.3. 

 

 

 

 

 

 

 

 

 

From the FESEM images as shown in Fig. 3.3, a unique etching profile is observed. It is 

found that the micro trench nanopores are observed all nearby areas where the Ag metal 

micro-stripes are present after the MACE process. The formation of the nanopores can be 

explained on the basis of the oxidation stability of the noble metal catalyst during the MACE 

process. It is already reported earlier by Max Williams et al. [80] that the etching solution 

plays a major role in the dissolution of the metal catalyst during the etching process. In their 

study, they have reported that the Ag catalyst dissolves significantly during the etching 

process whereas Au catalyst remains stable and due to which unintentional etching happen 

elsewhere in the Si substrate. It is also seen from the FESEM images (Fig. 3.3) that the post-

MACE Si substrate consists of the rough surface. Thus, we believe that these substrates are 

possibly good for the SERS measurement which will be discussed in following chapters. The 

300 

nm 

Fig.3.3: Si substrate after MACE by 20 nm thick Ag micro-stripes (a) top view and (b) cross-

section view 

300 

nm 

Fig.3.2: Si substrate after MACE by 20 nm thick Au micro-stripes (a) top view and (b) cross-

section view 
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surface R.M.S. roughness of the post-MACE Si substrate was measured with AFM which is 

shown in Fig.3.4. 

 

 

 

   

 

 

 

From the AFM image, as shown in Fig 3.4, the RMS roughness of the post-MACE Si is 

found to be ~309 nm which is very high, hence, as per the requirement for the SERS-active 

substrate, this substrate [99] can be considered as a good candidate for the SERS 

measurements. Further studies on SERS measurement using this substrate were carried out 

and discussed thoroughly in chapter 4 of this thesis.  

 

3.3.2 Effect of thermal annealing of metal micro-stripes on the formation of Si 

micro/nanostructures  

After noticing unintended results such as the formation of whiskers along with nanopores at 

the bottom of the trench and also nanopores formation all over the Si due to the dissolution of 

Ag, we further carried out the research to overcome such difficulties. To understand these 

issues, both the Au and Ag micro-stripes were annealed at 2000 C for 30 minutes in open air 

condition by using a hot plate. Both the annealed and un-annealed Au and Ag 20nm thick 

micro-stripes were analysed by FESEM and shown in Fig.3.5 and 3.6 respectively. 

    

 

 

 

 

 

Fig.3.4: 3D AFM image of post-MACE Si substrate fabricated by Ag micro-stripes 

(a) (b) 

Fig.3.5. FESEM images of the patterned Au micro-stripes (TMS20Au) on Si substrate (a) As-deposited 

(b) after annealing at 2000C.  
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Similarly, for 20 nm Ag micro-stripes were also annealed in open air condition at 2000 C for 

30 minutes by heating in a hot-plate. In this case, also the nanopores were eliminated by 

annealing which can be observed from the FESEM images shown in Fig.3.6. As shown in 

Fig. 3.5 and 3.6, nanopores are not present in both the samples after thermal annealing 

process. 

Then, these annealed and un-annealed samples are chosen for MACE process. After the 

annealing, both the Au and Ag annealed micro-stripes coated Si substrates were used for 

MACE where the etching solution composition was kept identical as discussed earlier. The 

MACE process for both the Au and Ag catalyst was carried out for 50 minutes at 550 C which 

was maintained by a water bath. Followed by chemical etching, Au or Ag catalysts were 

removed from these substrates and characterised by FESEM which is shown in Fig.3.7 and 

3.8 respectively.  

 

 

 

 

 

 

 

From the FESEM images as shown in Fig. 3.7 (a) and Fig. 3.7 (b), it is clearly seen that 

roughness at the bottom of the trench significantly decreases and also the nanopores are not 

300 nm 

(b) 

300 

nm 

(a) 

Fig.3.7: Si substrate after MACE by annealed Au micro-stripes (a) top-view and (b) cross-section 

view 

Fig.3.6. FESEM images of the patterned Ag micro-stripes (TMS20Ag) on Si substrate (a) As-deposited 

(b) after annealing at 2000C.  

(b) (a) 
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present. The possible reason for obtained result may be due to the thermal annealing effect 

which eventually eliminates the nanopores present in the Au catalyst micro-stripes (Fig. 3.6). 

From the FESEM analysis, it is clearly observed that the nanopores which were present in the 

micro-stripes were eliminated after the annealing process. Possibly due to this reason, the 

out-of-plan etchants and by-products transport is not possible and a smooth bottom is 

observed in the micro-trenches. In case of Ag as the metal catalyst, the presence of nanopores 

in it and dissolution of the metal catalyst during the etching process creates unintended 

structure in the Si substrate. These problems could be solved for Ag catalyst by annealing the 

catalyst micro-stripes. The FESEM analysis was carried out for the Si substrate after the 

etching process which is shown in Fig.3.8. From the FESEM analysis, it is observed that 

there is no such unintended nanostructure or microstructures were fabricated on the surface of 

the Si substrate which resembles the similar results obtained for the Au micro-stripes assisted 

chemical etching process.   

 

  

 

 

 

 

 

 

 

 

 

 

 

3.4 Effect of the thickness of the Au micro-stripes on the formation of Si  

microstructures 

As the TMS20Au micro-stripes assisted MACE was not able to fabricate neither nanoporous 

nor inverted pyramid structures which are very much desirable to use the substrate as a SERS 

substrate, further MACE study was carried out with the SMS20Au micro-stripes based Si 

substrates. The main difference between these two type of Au micro stripes such as 

TMS20Au and SMS20Au is the Au thin film deposition process only, i.e. thermal 

evaporation and RF sputtering respectively. The metal catalyst deposition and Au micro 

stripes formation on Si were thoroughly discussed in the previous chapter of the thesis. In this 

Fig.3.8: Si substrate after MACE by annealed Ag micro-stripes (a) top view and (b) cross-

section view 

300 nm 

(a) 

300 nm 

(b) 
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section, the influence of metal micro-stripes thickness on the formation of the microstructures 

in p-Si (100) substrates by MACE process is discussed. Furthermore, a systematic study was 

also carried out to understand the effect of the oxidising agent in the MACE process when 

annealed Au micro stripes used as the catalyst for the process and also discussed in the 

following sub-sections. 

Annealing of Au micro-stripes deposited by RF sputtering for MACE of Si 
 

The as-deposited Au micro stripes on the Si substrate as mentioned in Chapter 2 of this 

thesis, was taken for the investigation. Similar to the annealing process carried out for the 

TMS20Au and TMS20Ag micro-stripes, the SMS20Au micro-stripes were also annealed in 

the open environment by using a hot plate where the annealing temperature was maintained at 

2000 C. In this case also annealing was carried out for 30 minutes and then the substrates 

were cooled down to the room temperature. The main idea behind this post-deposition 

annealing was to alter the physical properties of the Au micro stripes and to study the 

subsequent effect on MACE process of Si. The Fig.3.9 shows the FESEM images of the Au 

micro-stripes on Si as-deposited and annealed sample. 

  

 

 

 

 

 

 

 

 

 

 

 

It is observed from the Fig.3.9 (a) that the nano-pinholes are present in the as-deposited Au 

micro stripes whereas, after the annealing process, these pinholes are not present as shown in 

Fig.3.9 (b). Further, these annealed micro stripes of different thicknesses were directly used 

in MACE process along with un-annealed micro stripes to understand the effect of annealing 

on the MACE of Si.  

 

Fig.3.9: FESEM images of the patterned Au micro-stripes on Si substrate (SMS20Au) (a) As-deposited 

(b) after annealing at 2000C.  

(a) (b) (a) 
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MACE of Si by using SMS20Au micro-stripes as catalyst 

  
In the previous section, it is understood that the annealing process changes the surface 

morphology of metal thin micro stripes and that impacts the MACE process. By owing to the 

surface morphological changes in the micro stripes, the MACE was carried out for both 

annealed and un-annealed SMS20Au micro stripes in an etching solution comprised of 0.3 M 

H2O2 and 10 M HF for 50 minutes and at 550 C which was maintained by a water bath.  As 

soon as the etching was completed, Si substrate coated with Au micro stripe was dipped in 

the Au etchant solution and followed by cleaning in acetone and double distilled water 

respectively so as the unwanted chemical species can be removed from the substrates. As the 

cleaning process was over, the cleaned substrates were characterised with FESEM which is 

shown in Fig.3.10 and 3.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Similarly, MACE of Si was carried out with annealed SMS20Au micro-stripes and the 

FESEM images of the etched Si substrate are shown in Fig. 3.12 and 3.13. It is seen from the 

FESEM analysis result that both un-annealed and annealed SMS20Au micro-stripes are not 

able to form rough surfaces on Si substrate. But, in both cases micro trenches on the Si 

substrate are seen where annealed SMS20Au micro-stripes form deeper trenches than the un-

annealed one as shown in the Fig. 3.11 and Fig. 3.13. 

Fig.3.10: Top view of Si substrate after MACE by un-annealed SMS20Au micro-stripes  

Fig.3.11: Cross-section view of Si substrate after MACE by un-annealed SMS20Au 

micro-stripes  
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It is well accepted that during MACE process, the regions where the metal catalyst is in 

contact with the Si are etched out and in the process different nano/microstructures are 

formed in the Si substrate. Therefore, when annealed micro-stripes were used as catalyst for 

MACE of Si, micro trenches with the smoother bottom surface was obtained since the 

annealed micro-stripes are free from the nanopores. Therefore, it is confirmed that based on 

annealing rough to the smooth bottom surface Si-microstructures could be achieved. Further, 

few MACE experiments were carried out by varying the thickness of the micro stripes, those 

were annealed prior to the MACE process. The following section involves the study of the 

effect of the thickness of the annealed metal catalyst on the formation of the Si-micro 

structures. 
 

Analysis of thickness effect on MACE of Si by Au catalyst micro-stripes 

Two samples SMS50Au and SMS140Au with thicknesses about 50nm and 140nm were 

chosen to investigate the thickness effect of the micro stripes on MACE process. FESEM 

images are shown in Fig.3.14 (a-d) for samples SMS50Au and SMS140Au, respectively.  

As shown in Fig.3.14 (a) and (b), slight etching occurs in the areas underneath the edges of 

the Au micro stripes which were in contact with the substrate. For the sample SMS50Au, 

uniform etching occurs in the Si substrate when thick (SMS140Au) annealed micro stripes 

were used as shown in Fig. 3.14 (c) and (d).  

Fig.3.12: Top view of Si substrate after MACE by annealed SMS20Au 

micro-stripes  

Fig.3.13: Cross-section view of Si substrate after MACE by annealed SMS20Au 

micro-stripes  
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The possible reason for such behaviour is that when an annealed thin or thick micro stripe is 

used for MACE, the absence of nano-pinholes in the Au stripe inhibit the mass transportation 

of the etchant through the Au stripe and reach to the Au-Si interface. Due to this reason, only 

the lateral mass transport of the reacting species occurs under the edges of the Au micro 

stripes where the metal-Si contact exists. The second possible reason may be related to the 

width of the Au micro stripes. It was confirmed from FESEM image (as shown in Fig.2.18) 

that the width of the Au micro stripes is more than 3 µm and which can be a limiting factor 

for various etch profiles formed in the Si substrate by different thicknesses of the metal 

catalyst micro stripes. It is already reported by Geyer et al. [71] that bending of the metal 

micro stripe occurs at the centre of the same when the lateral dimension of the micro stripe is 

more than 3 µm. Moreover, during MACE process hydrogen (H2) bubbles are formed 

underneath of the metal micro stripes and are not able to escape due to the absence of the 

nano-pinholes in the Au stripes which led to bending of the stripes. The FESEM cross-

sectional view of the Si substrates (Fig.3.15) after MACE process was carried out by 

SMS50Au micro stripes clearly shows that during the etching process, bending of the Au 

catalyst occurs and which etched the substrates only at the edges underneath the catalyst 

stripes. However, in the case of SMS140Au metal micro stripes, no bending occurred due to 

the higher stiffness of these thick stripes. Also, Au-Si interface was always present 

everywhere underneath the metal micro stripes and etching occurs in all places in contact 

with the metal catalyst micro-stripes (Fig.3.15). 

Fig.3.14. FESEM images of chemically etched p-Si (100) substrates where etching was done by using 

annealed (a,b) SMS50Au and (b,d) SMS140Au micro stripes 

(a) (b) 

(c) (d) 
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The whole mechanism associated with the MACE of Si by using two different annealed metal 

micro stripes with various thicknesses is represented graphically in Fig.3.16. 

 

 

         

 

 

 

 

 

The depth of the etched patterns formed on the p-Si (100) substrate was measured with an 

optical surface profilometer as shown in Fig. 3.17 (a) and (b).  

  

 

 

 

 

 

 

 

(a) (b) 

(a) 

(b) 

Fig.3.16. Schematic representation of the proposed mechanism of the MACE process by using an 

annealed Au micro stripe of (a) 50 nm and (b) 140 nm thicknesses and width more than 3 µm 

Fig.3.17. Optical surface profilometer images (a) 2-D and (b) 3-D of etched p-Si (100) substrate after 

MACE by Au strip of 50 nm  

(a) 

(b) 

Fig.3.15. FESEM cross-section images of MACE chemically etched p-Si (100) substrates by using (a) 

SMS50Au thin and (b) SMS140Au thick annealed Au micro stripes 
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On the other hand, when 140 nm thick Au micro stripe acts as metal-catalyst etching occurs 

nicely as the bending of Au strips doesn’t happen. Thus, Si atoms are etched anisotropically 

everywhere beneath the stripes as shown in Fig.3.18 (a) and (b). As the thickness of Au strips 

increases the stiffness of these stripes also increases. Due to this the trench’s depth also 

increases from 4 nm to 9 nm which can be attributed to the depth profile of optical surface 

profilometer (Fig.3.18a).  

 

 

 

 

 

 

 

 

 

 

It is already known that the etching of Si occurs when an Au-Si interfaces present during the 

MACE process, therefore in case of 140 nm thick Au stripes, the metal-Si interface present 

everywhere underneath of these stripes and which allows the etchant solution to etch the Si 

atoms. In the process, Au micro stripes dig into the Si substrate forming uniform 

microstructures in it which can be visualised from the 3D image of a surface profilometer 

(Fig.3.18). Thus, the experimental results indicate that etching does not occur in Si, if the Au-

Si interface is not present. Furthermore, to understand the role of the oxidising agent in the 

chemical etching of Si, the concentration of the oxidising agent i.e. H2O2 was increased from 

0.3 M to 0.5 M. With the same concentration of the dissolution agent i.e. HF as investigating 

the effect of the oxidising agent. The etching time and etching temperature were also kept 

constant. Since, 140 nm thick annealed Au micro stripes showed better etching behaviour 

than the 50 nm thin annealed Au micro stripe, the effect of the oxidising agent on MACE was 

investigated by using the 140 nm Au micro stripes. After the MACE process, the Si substrate 

(a) 

(b) 

Fig.3.18: Optical surface profilometer images (a) 2-D and (b) 3-D of etched p-Si (100) substrate 

after MACE by Au strip of 140 nm  
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was dipped in Au etchant to remove the Au micro stripes from the substrate. Subsequently, a 

cleaning process was carried out with acetone and DI water for 10 minutes each. Following 

the cleaning process, the substrate was analysed with FESEM where a different etching 

profile was found which is shown in Fig. 3.19 (a) and (b).     

 

 

  

 

 

 

 

 

 

It is seen from FESEM images that two different regions were formed in the Si substrate after 

performing the MACE process by using thick annealed Au stripes as the catalyst. These two 

regions can be distinguished as the polished region and craters (Fig.7a). It is already reported 

that two different sources of holes take part in the MACE process of Si such as one source of 

holes is from the catalytic decomposition of H2O2 in the metal-liquid interface and the other 

one is from the trapped holes inside the doped Si substrate. These trapped holes are basically 

taken part in the etching process as they are released under the metal catalyst and can access 

the metal-Si interface. [100]. Therefore, with the increasing concentration of H2O2, 

generation of holes also increases due to a higher rate of catalytic decomposition of the 

oxidising agent in the metal-liquid interface. Eventually, these holes pass through the metal 

and reach to the Si underneath of it. Therefore, we hypothesize that a repulsion occurs 

between the catalytically decomposed holes and the trapped holes which are present in the 

highly doped region of the Si substrate. This is why the generated holes move away from the 

highly doped regions and eventually get less time to stay and take part in the MACE process 

in those areas. As a result, in the highly doped regions of the Si substrate, no etching occurs 

instead polishing takes place with nanopores formation as shown in the image in Fig.3.19 (b). 

In contrast, in the lightly doped regions, no repulsion occurs between the generated holes and 

trapped one as the number of holes trapped in these regions are less. Due to which the 

generated holes can stay for a longer time and can take part in the etching process of Si. In 

Fig.3.19. Typical FESEM images of (a) p-Si (100) substrate after MACE and followed by 

removal of Au micro stripes (140 nm) with higher concentration of H2O2 and (b) enlarged view 

of polished region formed after the MACE process 
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this way, the Si atoms are etched out from the lightly dopes regions and form craters in the 

substrate. Therefore, during the MACE process, combined polished regions and craters are 

formed under the metal catalyst micro stripes. 

3.5 Effect of morphology of the metal catalyst on the formation of Si microstructures 

In the previous section, the annealing effect of the noble metal catalyst micro-stripes on the 

MACE of Si has extensively explored. Similarly, this section deals with the morphological 

effect of the metal micro-stripes in the MACE process of Si. Different morphology of the  

Au micro stripes were fabricated as mentioned in chapter 2. The details of the whole process 

and respective characterisations are already mentioned in chapter 2. After the fabrication of 

the Au micro-stripes on Si substrate (as confirmed by XRD and EDX in chapter 2), the 

morphology of these stripes were characterised with FESEM and atomic force microscopy 

(AFM). These results are mentioned in the next sections of this chapter. For simplicity, the 

micro-stripes fabricated from the Au thin film where the film was deposited by maintaining 

the distance between the source and substrate at 10 cm is named as MS1 and similarly for 12 

cm source to substrate distance as MS2. 

FESEM analysis of the surface morphology of the fabricated micro-stripes  

The FESEM images of MS1 and MS2 are shown in Fig. 3.20 and 3.21.  As shown in the Fig 

3.20 and 3.21, the morphology of the micro-stripes are not same for the sample MS1 and 

MS2. This changes in the morphology due to the deposition rate of the vapour atoms which 

can be linked to the average kinetic energy of these atoms [101].  

 

 

 

 

 

 

 

 

 

 

It is already known that the thermal evaporation process involves at a high vacuum level 

which is less than the 10-4
 Torr range, and at this range, the mean free path of the vapour 

atoms equivalent to the dimension of the vacuum chamber and hence the atoms evaporated 

(b) (a) 

Fig.3.20: FESEM images of MS1 (a) Low and (b) High magnification 
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from the source travel towards the substrate in a straight line [101]. Due to this shadowing 

phenomenon, it is possible that uneven deposition occurs. Moreover, the binding energy of 

the vapour atoms with the substrate also plays a prominent role in film homogeneity. 

It has been reported that if the kinetic energy of these atoms is smaller than the binding 

energy, then the morphology of the thin film is more inhomogeneous [101]. For example, in 

case of Au, at the evaporation temperature of it which is 14000 C, the average kinetic energy 

per atom is calculated as 0.2 eV [101]. But, this average kinetic energy is smaller than the 

binding energy of atoms in a material and this implies that the atoms reach to substrate with 

low energy which normally affects the morphology of the deposited film [101]. Moreover, 

both the depositions were carried out by using resistive heating where the same current was 

applied at the source and hence the vapour atoms possess the same energy.  Therefore, when 

the distance between the source and substrate increases the vapour atoms reaching to the 

substrate would have lesser energy and which changes the deposition rate. It is also earlier 

reported that at room temperature Au thin film deposition, variation in the deposition rate 

changes the roughness of the thin film and for higher deposition rate roughness of the thin 

film is less [95]. 

 

 

 

 

 

 

 

 

So, all these facts evidence that the possible reason for obtaining the fractal-like structures in 

Au thin films (Fig.3.21) when the source to substrate distance increases to 12cm from 10cm. 

The purity of the sample MS1 and MS2 was identified by XRD and EDX analysis, as 

mentioned in chapter 2. Furthermore, the surface roughness and topography study were 

carried out by AFM for both the MS1 and MS2 samples (Fig.3.22 and Fig.3.23). It is found 

from the AFM analysis that with the increase of source to substrate distance, the roughness of 

the thin films increases, which is consistent with the earlier reported result [95].   

 

 

(b) (a) 

Fig.3.21: FESEM images of MS2 (a) Low and (b) High magnification 
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Table 3.1: Roughness values for the thin films deposited with different source to substrate 

distance   

 

 

 

Similarly, from the XRD analysis, as shown in section 2.2.3.3, it is observed that with the 

increase of source to substrate distance, crystallite size decreases which can be visualised 

from the decreasing trend in the intensity of the peak as shown in Fig.2.13. Then these two 

MS1 and MS2 micro-stripes based samples were used for MACE process which is discussed 

in the next section.  
 

MACE of Si by Au micro-stripes with different morphologies 

Metal-Assisted Chemical Etching of Si was carried out by using an etching solution 

composed of HF and H2O2 in a ratio 10 M and 0.5 M respectively, at 550 C for 30 minutes by 

The distance between source and substrate  R.M.S. roughness value (nm) 

10 cm 0.37 

12 cm 0.77 

(a) (b) 

(a) (b) 

Fig.3.23: AFM images of Au thin film deposited by fixing source to substrate distance at 12 cm 

Fig.3.22: AFM images of Au thin film deposited by fixing source to substrate distance at 10 cm 
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using a hot water bath. The etchant and etching conditions are identical for both the samples 

MS1 and MS2. After completion of the etching process, the Au metal catalyst was removed 

by dipping the Si substrates in aquaregia solution and subsequently analysed the 

microstructures formed in substrates by FESEM which are shown in Fig. 3.24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From FESEM analysis Fig. 3.24, it is observed that the etching happens in the areas where 

the metal catalyst stripes were present and the rest of the areas were left un-etched. However, 

few nanopores are observed at the bottom of the etched area which is formed due to the 

nanopores were present in the micro-stripes. 

    

 

 

 

 

 

 

 

 

From FESEM analysis as shown in Fig. 3.25, it is clearly observed that the etching occurs 

where metal catalyst micro-stripes are present and additionally underneath area of the micro-

stripes’ edges a different type of etching profile is observed. This different and unique 

inverted pyramid structures are formed very much periodically throughout both the edges of 

(b) 

(b) 

Fig.3.24: FESEM images of Si substrate after MACE by MS1 micro-stripes (a) as a catalyst and (b) its 

magnified image of the area shown in Fig. 3.24 (a) 

Fig.3.25: FESEM images of Si substrate after MACE by MS2 micro-stripes (a) as a catalyst and (b) zoomed 

area of the related region in Fig. 3.24 (a) 

(a) 

(a) 
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the micro-stripes occupied area. For further depth analysis of these microstructures, AFM 

analysis was performed for both the Si substrate etched by MS1 and MS2 micro-stripes which 

are shown in Fig.3.26 a and b.  

 

 

 

 

 

 

 

 

 

 
 

From 3D AFM images also similar results are observed for MS1 and MS2 micro-stripes 

assisted MACE of Si. The depth of the etch profiles are calculated from the AFM depth 

profile analysis which is shown in Fig.3.27 and 3.28. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.3.28: AFM depth profile analysis of Si substrate after MACE by MS2 micro-stripes 

(a) (b) 

Fig.3.27: AFM depth profile analysis of Si substrate after MACE by MS1 micro-stripes 

Fig.3.26: 3D AFM images of Si substrate after MACE by (a) MS1 and (b) MS2 micro-stripes 
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It is found from the AFM depth analysis that the micro trenches fabricated on the Si substrate 

by MS1 micro-stripes have 2 µm depth whereas the depth of the inverted pyramid structures 

fabricated by MS2 micro-stripes is ~ 350 nm. It is worth to mention that several researchers 

have fabricated inverted pyramidal structure by MACE process for different applications 

such as photovoltaic cell fabrication, commercial SERS substrate etc. where they have 

reported that microstructures are fabricated all over the surface. But, in our study, we have 

obtained the microstructure (inverted pyramid) periodically along both edges of a trench. 

Thus, we believe that this kind of Si-microstructure can be applied to different applications. 

We have applied these substrates as SERS substrates for detection of a Raman active 

chemical species with ultra-low concentration. 

 

3.6 Conclusions 

MACE of Si was carried out by using both 20 nm thick Au and Ag micro-stripes. The 

experimental results indicate that the presence of nanopores in the Au micro-stripes form a 

rough surface at the bottom of the micro-trench fabricated in the Si substrate along with the 

random distribution of the nanopores. Similar results were also found for Ag micro-stripes 

assisted MACE process. However, unwanted nanopores were observed all over the substrates 

when Ag metal micro-stripes were used as a metal catalyst and the possible reason may be 

due to the dissolution of Ag catalyst during the etching of Si. These problems could be 

successfully eliminated by thermal annealing process where the metal catalyst micro-stripes 

were annealed prior to the MACE process. This new experimental finding possibly opens a 

new direction for fabricating smooth microstructures in Si substrate by MACE process.  

Further, the effect of post-deposition thermal annealing of the micro-stripes catalyst on 

MACE of Si was also investigated by using the Au micro-stripes (fabricated from the thin 

films deposited by RF sputtering with 20 nm and 140 nm thick metal micro-stripes) as a 

catalyst. MACE of Si was carried out by using 20 nm annealed and un-annealed thin Au 

micro-stripes as catalyst and the FESEM results revealed that annealed SMS20Au micro-

stripes form smoother and deeper trenches than the un-annealed micro-stripes catalyst 

because the nano-pinholes are not present in the micro stripes after thermal annealing. A 

similar result was also obtained when the annealed and un-annealed TMS20Au micro-stripes 

were used as catalyst. Two more annealed Au micro-stripes such as SMS50Au and 

SMS140Au were also applied as catalyst for MACE process. Because of the absence of the 

nano-pinholes in the catalyst surface, Si etching occurs under the edges of the Au micro-
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stripes where the Au-Si interface is present. Moreover, it is also found from the experimental 

results that the annealed Au micro-stripes with higher thickness etch Si uniformly in 

comparison to the annealed Au micro-stripes with lower thickness. Furthermore, with 

increasing concentration of the oxidising agent, uniform Si etching did not occur. Instead, a 

combination of polishing regions and craters were formed in the Si substrate.    

The experimental results revealed that when 20 nm Au micro-stripes deposited with different 

growth morphologies by thermal evaporation, act as a metal catalyst for MACE by keeping 

identical etching parameters, different etch profiles are obtained in the Si substrate. Thus, it 

signifies the morphological dependency of the catalyst on MACE of Si. In case of Au micro 

stripes (MS1), uniform etching occurs in all the areas underneath the metal micro-stripes 

catalyst present, however, when MS2 with different growth morphology act as metal catalyst, 

inverted pyramid structures is obtained at the edges of the micro-stripes. The Si 

microstructures those were fabricated by using the 20 nm thick Ag metal micro-stripes and 20 

nm thick Au-micro-stripes as a catalyst were considered further to apply as SERS-active 

substrates for chemical detection of MB by Raman signal. The following chapters will 

discuss the SERS substrate preparation and SERS measurements of Raman active chemical 

species. 
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CHAPTER 4 

Application of nano/microstructure-based 

Si substrates for SERS detection of 

chemical species (MB)  
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4.1 Introduction 

This chapter deals with the SERS-active substrate preparation and SERS measurement by 

using the Si substrates consisting of fabricated nanopores and inverted pyramidal 

microstructures as discussed earlier in chapter 3. The nanopores on Si substrate were 

fabricated by un-annealed 20 nm thick Ag micro-stripes and the fabrication of inverted 

pyramidal structure on Si substrate by 20 nm Au micro-stripes with different growth 

morphology as discussed in chapter 3. These two nano/microstructured Si substrates were 

chosen for SERS measurements due to two main reasons. Firstly, the SERS substrates should 

be rough surface (Au/Ag/Cu). Secondly, commercial Klarite substrates, those consist of the 

inverted pyramid structure are fabricated in the Si platform. In addition to this, a plastic 

replication of Klarite substrate with pyramid and the inverted pyramid was studied by Xu et 

al. [102] and they have reported that the enhancement factors for inverted pyramid structure 

is higher than the pyramid structure. Therefore, the SERS measurements were carried out for 

these substrates where methylene blue (MB) was used as the probe material for targeting the 

food industries. The enhancement factors were evaluated for both the Si nano/microstructure 

based substrates and have been reported in this chapter.  

4.2 A brief idea about SERS 

Surface-enhanced Raman spectroscopy, in short SERS, is a powerful analytical technique 

which was discovered in the mid-1970. With the advent of this powerful diagnostic 

technique, the low detection sensitivity of Raman spectroscopy is not an issue any more and 

it can be used for detection of chemical species for several applications. Basically, SERS 

associates with the surface plasmon resonance and nanostructure-enhancement phenomenon 

where the intensity of Raman signal is amplified by several orders which enable single 

molecule detection by this technique. Apart from this, there are few more factors responsible 

for the enhancement of the Raman signal and cannot be explained based on the classical 

electrodynamics. These various enhancement mechanisms are classified as the chemical 

effect which mainly includes the photon-driven electron transfer. To understand the basic and 

distinctive difference between the Raman technique and SERS technique a schematic 

diagram is shown in Fig. 4.1 [103]. 

 

 

 

 

Fig.4.1: Illustration of SERS mechanism [103] 
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4.3 Experimental procedure for SERS detection 

A portable Raman spectrometer (i-Raman® Plus by B&W Tek) near-infrared laser with a 

wavelength of 785 nm and 100 mW power was used for the excitation of the SERS substrate. 

The laser integration time was set at 5 seconds for 3 times average. The whole setup for the 

SERS detection is shown below. 

 

 

 

 

All the nano/microstructure Si-based SERS substrates, those were prepared by MACE 

process, acted as SERS-active substrate for the SERS measurements to detect Methylene 

Blue (MB). MB was purchased from Sigma-Aldrich and which was used as the probing 

material. In this regard, different concentration of MB starting from 0.1 M to 10 pM were 

prepared by diluting the powder of MB in ethanol to detect the minimum concentration by 

SERS technique. The detailed procedure for SERS measurements is mentioned elaborately in 

the next section.  

4.4 SERS detection by the nano/microstructured Si substrate 

In the experimental process, two different nano/microstructured Si substrates, those were 

prepared by using MACE process, were used to prepare the SERS substrates. These 

substrates are indexed as the AgSiM (with nanoporous micro trenches) and AuSiM (with 

inverted pyramidal structures), those were fabricated by TMS20Ag and MS2 micro-stripes 

respectively. For the SERS measurements, the Si substrates consist of the 

nano/microstructured AgSiM and AuSiM were considered. A few steps were followed to 

perform SERS measurements which are mentioned below: 

1. After MACE process, the Si substrates were dipped in aquaregia (a mixture of 

hydrochloric acid and nitric acid, optimally in a molar ratio of 3:1) or concentrated nitric acid 

separately to dissolve Au or Ag present in the substrates. 

2. Then the substrates were cleaned in acetone, isopropanol (IPA) and double distilled water 

to remove any contamination present in the substrates. 

3. Subsequently, the cleaned substrates were characterised by FESEM for the testing of the 

micro/nanostructures formation on the substrates as shown in Fig.4.3. 

Raman probe  

Spectrometer Sample platform 

Fig.4.2: Portable Raman spectrometer used for SERS detection  
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4. For SERS study, the substrates were coated with Ag NPs (details characterisation of these 

NPs are mentioned in section 5.3) by drop casting where these NPs were dispersed in IPA 

with 0.004 W/V% concentration (Fig.4.4). 

5. Finally, the Ag NPs coated Si substrates were deposited with 20 µL methylene blue (50 

nM) by drop casting and subsequently the SERS measurements were carried out by using 

methylene blue (MB) as the probe material (Fig.4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Fig.4.4: FESEM images of (a,b) AgSiM and  (c,d) AuSiM  substrates deposited with Ag NPs  

Fig.4.3: FESEM images of p-Si (100) substrate after MACE process (a, b) by using Ag micro-

stripes, (c, d) Au micro-stripes as catalysts. 

 (b) 

(c) (d) 
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Fig.4.5 shows the Raman spectra for the Ag NPs coated on AgSiM and AuSiM substrates. 

As shown in the Fig.4.5, two characteristics peaks of MB appear at 1621 cm-1 and 1394 cm-1 

and these are assigned to C-C ring stretching and C-N symmetrical stretching [104, 105]. The 

efficiency of these substrates was measured by calculating the enhancement factor and the 

details about the calculation are mentioned below. 

The enhancement factor (EF) of the SERS effect is calculated by using the following formula 

[106, 107]. 

 

           𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
 ×  

𝐶𝐻𝐶

𝐶𝐿𝐶
 

 

Where,  

ISERS = integrated intensity of highly elevated Raman bond of analyte molecule under 

consideration from the NP/NS surface 

IRaman = integrated intensity of the same bond obtained on a Si substrate 

CHC = high concentration of analyte molecule generating the normal Raman intensity from 

the Si substrate 

CLC = low concentration of analyte molecule generating the Raman intensity from the 

nanostructures substrate 

To calculate EF, we performed the SERS measurement on MB deposited p-Si (100) substrate 

and which eventually gives the IRaman value. From the following plot, IRaman is calculated from 

the most intense peak which is at 1621 cm-1 and the intensity is found as 3310 counts/sec. 

 

Fig.4.5: SERS spectra of MB of 50 nM detected by micro/nanostructured Si substrate prepared by (a) 

Ag assisted MACE process, (b) Au assisted MACE process   
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Therefore, EF for the SERS substrate produced by Ag micro stripes assisted MACE process 

is calculated as mentioned below — 

   ISERS = 263 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 50 nM 

     ⸫ EF = 
275

3310
×

0.1

50×10−9 = 1.7 × 105  

 

Similarly, EF for the SERS substrate produced by Au micro stripes assisted MACE process is 

calculated as mentioned below— 

ISERS = 270 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 50 nM 

     ⸫ EF = 
270.5

3310
×

0.1

50×10−9 = 1.6 × 105  

 

Both the SERS substrates show almost similar value for enhancement factor, but the SERS 

intensity is little higher for the nanoporous Si substrate as compared to inverted-pyramid Si 

substrate. So, to understand the impact of the substrate on the enhancement factor, few more 

SERS measurements were carried out with the nanoporous Si substrate fabricated with Ag 

micro-stripes assisted MACE process. For that purpose, first, a cleaned Si substrate without 

any nano/microstructure fabricated on the surface of it, but coated with Ag NPs was tested for 

SERS and is shown in Fig.4.7. As shown in Fig.4.7, the detection of MB is possible by a 

normal and also with the bare surface, but the signal is pretty poor and almost lost in the 

Fig.4.6: SERS spectra of MB of 0.1 M detected by bare Si substrate  
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background noises. Likewise, another study was carried out to understand the impact of the 

modified Si substrate alone.  

 

 

 

 

 

 
 

In this regard, the Si substrates which consist of the nanostructures prepared by the Ag 

assisted MACE process were tested for SERS by using 50 nM MB as the probe material. 

Raman spectra of SERS measurement by using this modified Si substrate is shown in Fig.4.8. 

It is clearly seen from the Fig.4.8 that 50 nM concentrated MB could not be detected by the 

surface modified substrate. Whereas, with the same substrate the 50 nM concentrated MB 

was detected when it was incorporated with the Ag NPs as shown in Fig.4.5 (a). So, it is 

confirmed that neither the Ag NPs nor the surface modified substrate is self-sufficient to 

detect MB with a low concentration in the order of 50 nM. Rather, a combination of the 

surface modified Si substrate with Ag NPs are required to detect such a low concentration 

MB molecule.  

 

 

 

 

 

 

 

Fig.4.8: SERS spectra of MB of 50 nM tested with a MACE modified Si substrate without coating 

any noble metal on the surface of the substrate 

Fig.4.7: SERS spectra of 50 nM MB detected by a Si substrate (without any micro/nanostructures on 

the surface) coated with Ag NPs  

600 800 1000 1200 1400 1600 1800 2000

0

200

400

600

800

1000

1200

1400

 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

/s
e

c
)

Raman Shift (cm-1)

B11AgSi-M

50 nM-MB

800 1000 1200 1400 1600

0

40

80

120

160

200

 

 

In
te

n
s
it

y
 (

c
o

u
n

ts
/s

e
c
)

Raman Shift (cm-1)

1621
1394

Bare Si with Ag NPs

50 nM-MB



77 
 

But, for single molecule detection, the detection limit should go further down and at the same 

time, the value of the enhancement factor should increase. Thus, experimental results 

indicated that for better Raman signal (SERS intensity), the nanoporous Si substrate is a 

better choice, to achieve further lower detection limit. Furthermore, a recent work as reported 

by Bi-Shen Lee et al. [89] showed that an Au metal layer could be used to avoid trapping of 

the Raman signals by silicon nanowires and the Raman signal can be improved for the 

detection of malachite green (MG). Being inspired by their work, a new experiment was 

carried out to enhance the Raman signal where a combination of Au discontinuous thin film 

and Ag NPs were incorporated with the nanoporous Si substrate (as prepared by MACE 

process) to enhance the lower detection limit of MB. The details of all the optimisations are 

discussed in the next section. 

4.5 Effect of the discontinuous Au thin film on SERS detection limit  

In order to improve the enhancement factor and also for smaller concentration limit detection 

of MB, a thin layer of the gold discontinuous film was deposited before coating the Ag NPs 

on the MACE modified Si substrate. The Au thin film of 10 nm was deposited by thermal 

evaporation and details of the deposition is mentioned in Table 4.1. 

Table 4.1: Deposition parameters for discontinuous thin film deposition by thermal 

evaporation 

   

 

 

The morphology, purity and thickness of the discontinuous Au thin film were investigated by 

using FESEM, EDX and surface profilometer measurements. The morphological study of the 

thin film by FESEM is shown in Fig.4.9.  

 

 

 

 

 

 

 

 

Parameters Values 

Base pressure 1×10-6 mbar 

Source to substrate distance 10 cm 

Substrate rotation 3 rpm 

Deposition current 140A 

Deposition time  1 min 

Fig.4.9: Thin film of Au deposited on the MACE Si substrate (using 20 nm Ag micro-stripes) by 

thermal evaporation for SERS measurement 
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The elemental analysis of the deposited thin film was carried out by using EDS to verify the 

purity of the deposited discontinuous Au thin film which is shown in Fig.4.10. 

 

  

 

 

 

 

 

 

 

As shown in the Fig.4.10, EDX analysis reveals that no other foreign element is present in the 

deposited Au thin film and the Si is shown up because of the Si substrate. Thus, almost pure 

Au was deposited on the MACE Si substrate (AgSiM). The thickness of the deposited thin 

film was measured by using a surface profilometer which is shown in Fig.4.11. It was found 

that a thin film of ~ 10 nm was deposited on the AgSiM substrate. 

 

 

 
 

 

 

 

The discontinuous Au thin film deposited MACE surface modified Si substrate was coated 

with Ag NPs and further examined for SERS by using the same probe material, i.e. MB of 5 

nM as shown in Fig.4.12. From Fig.4.12, two characteristics peaks of MB appear at 1626 cm-

1 and 1392 cm-1, those are assigned to C-C ring stretching and C-N symmetrical stretching 

respectively. The most intense peak is shifted from 1621 cm-1 to 1626 cm-1 which may be due 

to the chemisorption of MB on the surface of gold. These results are in good agreement with 

the earlier value reported in the literature [108]. Similarly, EF for this SERS substrate is 

calculated which is mentioned in the next page— 

Element Weight % 

Si K  60 

Au M 40 

Fig.4.11: Surface profilometer plot of the deposited 10 nm Au thin film on nanostructured AgSiM 

substrate 

Fig.4.10: EDX analysis of the evaporated thin film on (Ag micro-stripes assisted) MACE modified Si 

substrate 
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ISERS = 312.4 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 5 nM 

     ⸫ EF = 
312.4

3310
×

0.1

5×10−9 = 1.8 × 106 

  

 

 

 

 

 
 

 

It is observed that the detection limit is reached up to 10-9 level (5 nM) and at the same time 

there is an increment in the enhancement factor by 10 times. The possible reason for the 

enhancement in the detection limit of the MB is that the thin discontinuous layer of Au 

deposited on the nanoporous Si possibly forms smaller metal nanoaggregate or specifically 

Au islands. These Au islands can be featured as the Au NPs with average size 100-200 nm. 

These nanoaggregates or Au islands show different plasmon resonances which in turn 

possibly change the position of the C-C ring stretching peak. A similar result was also 

obtained as shown in FESEM image (Fig.4.13), which confirms the presence of the Au-island 

on the surface of the Si substrate. This plays the vital role in the SERS detection by acting as 

the hotspots for this measurement.   

 

 

 

 

 

 

 

 

 

 

 

Fig.4.12: SERS spectra of MB of 5 nM detected by 10 nm discontinuous Au thin film and Ag NPs coated 

nanostructured Si substrate produced by Ag assisted MACE process   

Au islands 

Au islands 

Fig.4.13: FESEM image of 10 nm Au discontinuous thin film coated nanoporous Si substrate 

fabricated by Ag assisted MACE process   
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The experimental results indicated that the discontinuous Au thin film on the nanoporous Si 

enhanced the detection limit of the MB and also the enhancement factor. Thus further studies 

were carried out to understand the effect of the discontinuous Au thin film on the 

enhancement of the detection limit. For this purpose, 10 nm Au thin film coated on bare Si 

substrate (without changing the MACE nanoporous Si substrate) was used in the SERS 

measurement for the detection of MB of 5 nM which is shown in Fig.4.14. 

 

 

 

 
 

 

 

It is seen from the Fig.4.14 that the intensity of the MB peaks at 1624 cm-1 and 1390 cm-1 are 

very low. These experimental results indicate that a proper combination of discontinuous Au 

thin film coated on the nanostructured Si substrate along with Ag NPs shows better 

performance to detect a lower concentration of the probe (MB) material. As the lower 

detection of MB molecules was detected with the deposition of 10 nm discontinuous Au thin 

film on the nanoporous Si substrate with improved enhancement factor, few more 

experiments were further carried out with increasing thickness of the discontinuous Au thin 

films. As the lower than 5 nM MB detection was not possible with 10 nm Au thin film, four 

more depositions were carried out with different thicknesses of Au thin films (20 nm/30 

nm/40 nm/50 nm) on the 10 nm Au coated nanostructured Si substrate. Then, subsequently 

the SERS measurements were carried out for detection lower concentration (<5 nM) of MB. 

Here, a particular point to be noted that the same substrate was used for all the deposition 

which were done one after another and then subsequently used for SERS measurements. For 

this purpose, before every Au deposition the substrate was dipped in HNO3 for Ag removal 

and then cleaned in acetone and isopropanol with ultrasonication for 10 minutes each. In this 

way, each time same substrate was used and the probe material was removed for the further 

Fig.4.14: SERS spectra of MB of 5 nM by Au thin film coated on bare Si substrate  
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SERS measurements. Before the SERS measurements, the thicknesses of the deposited thin 

films were measured with surface profilometer which is shown in Fig.4.15. Once, the 

deposition of the 20 nm discontinuous Au thin film on nanostructured Si substrate (in short 

20AuSi) was over, the same substrate was used for SERS measurement where again MB was 

used as the probe material but with a lesser concentration of 100 pM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Before the SERS measurement, the 20AuSi substrate was coated with Ag NPs by drop 

casting. It was found that the 100 pM concentration was detected by this SERS-active 

substrate which is shown in Fig.4.16.  

 

 

 

 

 

(a) (b) 

(c) (d) 

Fig.4.15: Surface profilometer reading of the deposited (a) 20 nm, (b) 30 nm, (c) 40 nm and (d) 50 nm 

discontinuous Au thin film on nanostructured Si substrate 

Fig.4.16: SERS spectra of MB of 100 pM by the20AuSi substrate  
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As shown in Fig.4.16, the C-C ring stretching peak shifts from 1626 cm-1 to 1635 cm-1, 

whereas no shifting in peak position is observed for the C-N symmetrical stretching peak. 

This further shifting in the peak position possibly relates to the thickness of the Au 

discontinuous thin film which is increased by 10 nm. Thus, the number of metal 

nanoaggregates or Au islands also further increases. For this purpose, FESEM was carried 

out for this SERS-active substrate and is shown in Fig.4.17 which confirms the Au islands. 

 

 

 

 

 

 

 

 

It has been reported earlier by Yuko S. Yamamoto [108] that variation in the metal 

nanoaggregates changes the shape of the SERS spectra, and same result has been also 

obtained from the SERS spectra collected for 100 pM MB by the 20AuSi substrate as shown 

in Fig.4.16. The EF for this 20AuSi SERS substrate is calculated as follows— 

ISERS = 213.4 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 100 pM 

     ⸫ EF = 
213.4

3310
×

0.1

10−10 = 6.4 × 107 

Later the same substrate, i.e. 20AuSi was also used for 10 pM detection of MB, but was not 

able to detect such a lower concentration. Thus another deposition of Au thin film (~10 nm) 

was carried out on the same substrate 20AuSi, so as to make the total thickness 30 nm of the 

Au thin film deposited on the nanostructured Si substrate (Fig.4.18) 

  

 

 

 

 

Au islands 
Au islands 

Fig.4.17: FESEM image of 20 nm Au discontinuous thin film coated on nanoporous Si 

substrate fabricated by Ag assisted MACE process   

Fig.4.18: FESEM image of 30 nm Au discontinuous thin film coated on nanoporous Si substrate 

fabricated by Ag assisted MACE process   
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This new Au deposited substrate is named as 30AuSi and it was used for the detection of 10 

pM concentration of MB. The SERS spectra for using the 30AuSi is shown in Fig.4.16. As it 

is seen from the plot that two characteristics peaks of MB appear at 1635 cm-1 and 1390 cm-1 

which are assigned to C-C ring stretching and C-N symmetrical stretching. In this case, also 

the C-C ring stretching peak is found at 1635 cm-1 and the reason for this shifting is 

mentioned in the previous SERS measurement carried out with the 20AuSi substrate. 

 

 

 

 

 

 

 

 

 

Similarly, EF for this 30AuSi SERS substrate is calculated which is mentioned below— 

ISERS = 133.3 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 10 pM 

     ⸫ EF = 
133.3

3310
×

0.1

10−11 = 4 × 108 

Though the detection of 10 pM MB was possible with the 30AuSi substrate, due to the lower 

Raman signal at this concentration, no further lower concentration was tried for detection. 

Instead, cleaning of the substrate was done to remove the probe material as mentioned earlier. 

Following the cleaning process, one more deposition of Au (~10 nm) thin film was carried 

out on the 30AuSi substrate to make the final thickness of Au thin film to 40 nm which is 

named as 40AuSi. After completion of the deposition, the 40AuSi substrate was used for the 

SERS measurement where 10 pM MB was used for the detection. But it was found that such 

a low concentration was not possible to detect. Therefore, little higher concentration, i.e. 100 

pM MB solution was considered. But, in this case, also 40AuSi substrate was not able to 

detect this concentration. Further to investigate SERS detection with higher Au thin film 

thickness, first cleaning of the 40AuSi was carried out followed by an another Au thin film of 

10 nm was deposited on it to make the final of the Au thin film to 50 nm which is named as 

50AuSi. A similar result was found for this substrate where neither 10 pM nor 100 pM 

Fig.4.19: SERS spectra of MB of 10 pM by the 30AuSi substrate  
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solution of MB was detected. The possible reason for non-detectability of these substrates at 

very low concentrations may be due to the higher thickness of Au eliminates the 

nanoaggregates and deposited as the continuous thin film instead of Au islands as shown in 

Fig.4.20.  Moreover, the higher thickness of Au continuous film possibly minimises the 

roughness which in turn reduces the SERS detection capability [109].  

 

 

 

 

  

 

 

 

Moreover, it has also been reported by J. Theiss et al. that the highest electromagnetic 

enhancement can be achieved for nanoparticles separated less than 2 nm from each other 

[110]. Therefore, when the nanoaggregates or Au islands are absent with the higher thickness 

of the Au thin film, the probability of residing an analyte molecule between two adjacent 

nanoaggregates also reduces. Due to this reason, when the number of analyte molecules 

decreases with the decreasing concentration, the 40AuSi and 50AuSi substrates were not able 

to detect 100 pM MB solution. So, the experimental results indicated that the nanoporous or 

nanostructured Si substrate, deposited with a discontinuous Au thin film 30 nm thickness 

could be used to detect MB at a very low concentration of 10 pM (~10-11) with higher 

enhancement factor (4×108). 

4.6 Combined analysis of all the Si-based SERS-active substrates fabricated by MACE  

Experimental results from SERS measurements indicated that the detection of MB as probe 

material depends on the thickness of the discontinuous noble metal thin film, shape and 

density of the nano/microstructures fabricated on the substrate. In this section, a combined 

analysis is discussed for the detection of MB by using different SERS substrates those were 

fabricated by MACE process. The SERS detections were carried out for ten different 

substrates such as bare Si, Ag NPs on bare Si, Ag NPs deposited on different 

nano/microstructured Si fabricated by MACE and Ag NPs deposited on Au thin film with 

Fig.4.20 : FESEM image of (a) 40 nm Au discontinuous thin film and (b) 50 nm coated on 

nanoporous Si substrate fabricated by Ag assisted MACE process   
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different thicknesses deposited on the nanoporous Si substrate. The details about all the 

process parameters, SERS measurements are mentioned in Table 4.2. 

Table 4.2: Different Si micro/nanostructured substrates used for SERS measurements 

Sl. 

No. 

The process used 

for SERS 

substrate 

preparation 

Fabricated 

Nano/microstructures 

on the 

Si substrate 

Types of noble 

metal used for 

SERS detection 

The lowest 

concentration 

used for 

detection 

SERS 

detection 

(1390 cm-1 & 

1621 cm-1) 

1 Bare Si NA NA 50 nM No 

2 Bare Si NA Ag NPs coated 

on it 

50 nM Yes 

3 20 nm Ag micro-

stripes assisted 

MACE Si 

substrate 

Nanopores 

 

(I) 

Ag NPs coated on 

it 

50 nM Yes 

4 20 nm Au 

micro-stripes 

assisted MACE 

Si substrate 

Inverted pyramid 

structure 

(II) 

Ag NPs coated 

on it 

50 nM Yes 

5 20 nm Ag 

micro-stripes 

assisted MACE 

Si substrate 

Nanopores 

 

(III) 

Combination of 

10 nm 

discontinuous Au 

thin film and Ag 

NPs coated on it 

5 nM Yes 

6 20 nm Ag 

micro-stripes 

assisted MACE 

Si substrate 

Nanopores 

 

(IV) 

Combination of 

20 nm 

discontinuous Au 

thin film and Ag 

NPs coated on it 

100 pM Yes 

   7                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   20 nm Ag 

micro-stripes 

assisted MACE 

Si substrate 

Nanopores 

 

(V) 

Combination of 

30 nm 

discontinuous Au 

thin film and Ag 

NPs coated on it 

10 pM Yes 

8 20 nm Ag 

micro-stripes 

assisted MACE 

Si substrate 

Nanopores Combination of 

40 nm 

discontinuous Au 

thin film and Ag 

NPs coated on it 

10 pM No 

9 20 nm Ag 

micro-stripes 

assisted MACE 

Si substrate 

Nanopores Combination of 

50 nm 

discontinuous Au 

thin film and Ag 

NPs coated on it 

10 pM No 

A consolidated plot is shown for all the above mentioned SERS substrates fabricated by 

different MACE process. In this plot, data used from all the fabricated SERS substrate by 

MACE process and hence the Ag NPs coated bare Si substrate’s result is not included in the 
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plot. A number is assigned to each plot corresponding to the number assigned to each 

fabricated substrate mentioned in Table 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

The final result indicates correlation between detection limit and enhancement factor of the 

SERS-active substrate, and offers the possibility of molecular level detection with higher 

enhancement factor of different chemical species by suitably preparing the SERS-active 

substrate.    

4.7 Conclusions 

SERS measurements for both nano/microstructured Si substrate fabricated by Ag and Au 

micro-stripes assisted MACE process coated with Ag NPs were investigated. In both the 

cases, up to 50 nM concentration of MB was detected, however lower than this concentration 

was not detectable. It was confirmed from the SERS measurement that nanoporous Si 

substrate showed better Raman signal than the inverted pyramid structured Si substrate for 

the same concentration of MB. Subsequently, few more SERS measurements were carried 

out to clarify the role of the nanoporous Si substrates and the Ag NPs which were used in the 

detection process. It was confirmed from the experimental results that by using SERS 

Fig.4.21: A comparative plot of SERS spectra of MB detected by different SERS substrates mentioned in 

Table 4.2 
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technique, neither the nanoporous Si substrate nor the Ag NPs alone sufficient to detect the 

low concentration of the probe molecules (MB). The further experiments for the lower 

detection limit was carried out by depositing a discontinuous Au thin film on the nanoporous 

Si and then depositing Ag NPs. The experimental results indicated that these SERS substrates 

were able to detect 5 nM MB. Moreover, a 10 fold increment was achieved in the 

enhancement factor with this process. Thus, more experiments were carried out by increasing 

the thickness of the Au thin films on the nanoporous Si substrates (10 nm/20 nm/30 nm/40 

nm/50 nm). The SERS measurement results on different SERS active substrates revealed that 

by increasing the Au discontinuous thin film thickness, 10 pM MB could be successfully 

detectable where a combination of 30 nm Au discontinuous thin film and Ag NPs were 

deposited on nanoporous Si substrate. However, further increasing the Au thin film thickness 

to 40 nm or 50 nm, no detection was obtained even at a lower concentration of MB (10 pM or 

100 pM). Hence, nanoporous Si substrate as fabricated by using the 20 nm Ag micro-stripes 

based MACE process, with 30 nm discontinuous Au thin film deposited on the top along with 

the Ag NPs could be the best choice to prepare the SERS substrate to detect lower limit MB 

(10 pM). 
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CHAPTER 5 

Applications of Si nanopores based 

substrates for SERS detection of chemical 

species (MB) 
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5.1 Introduction 

The SERS measurements, as discussed in the previous chapter, it was seen that the 

nanoporous Si substrate showed better improvements in Raman signal than the Si substrate 

consist of inverted pyramidal structures. Previously, the nanoporous Si substrates were 

prepared by MACE process where 20 nm Ag thin film with micron-scale coverage was used 

as catalyst. Therefore, directly nanoporous Si substrates were prepared by choosing the Ag 

NPs as metal catalyst instead of using 20 nm Ag micro-stripe as catalyst and the influence of 

this way of preparation of the SERS-active substrate on the detection limit and enhancement 

factor for detection of MB by SERS technique are discussed in this chapter. 

5.2 Deposition of Ag NPs on Si substrate and its characterisation 

The silver NPs were purchased from Sigma Aldrich, USA which act as metal catalyst for 

nanopores formation in the Si (100) substrate. In the typical experiment, p-Si (100) 

substrate (resistivity 1-10 Ω.cm) was used and cut into 1cm×1cm size by using a diamond 

scriber. All the cut pieces of Si samples were cleaned in the same way which is explained 

in chapter 2. In next step, the MACE was performed in two steps, firstly, uniform 

deposition of Ag nanoparticles on the Si substrate and secondly, chemical etching of the Si 

by using the as-deposited Ag nanoparticles as metal catalyst in the presence of the etching 

solution. For this purpose, commercially procured Ag NPs were dispersed in isopropanol 

(IPA) with the concentration of 0.004 Vol % and subsequently dispersed Ag nanoparticles 

in IPA were coated on the cleaned p-Si (100) substrate. For deposition purpose, two 

deposition processes were used such as dip coating and spin coating to find the impacts of 

these two different processes on the size distribution and nanopores formation in Si. The 

parameters used for a dip and spin coating processes are listed in Table 5.1. 

 

Table 5.1: Details about the coating parameters of dip and spin coating 

 

 

 

 

 

 

Sl. 

No. 

Coating 

Parameters 

Dip Coating Spin Coating 

1 Concentration of 

Ag NPs 

dispersion 

0.004 w/v% 0.004 w/v % 

 

 2 

 

Coating Time (in 

seconds) 

 

10 

Step 1 

@200 

rpm 

Step 2 

@700 

rpm 

10 30 
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5.3 Characterizations of the commercially available Ag NPs  

The shape and size of the commercially available Ag NPs were characterised by using Tecnai 

transmission electron microscope (TEM). Similarly, the elemental composition of the NPs 

was characterised by using energy dispersive X-ray spectroscopy (EDS) manufactured by 

Oxford Instruments. X-ray diffraction (XRD) analysis was carried out by using Bruker D8 

Advance X-ray diffractometer to confirm the NPs as silver and to get the structural 

information of these particles. The morphology of the Ag NPs, which were coated on p-

Si(100) substrates by dip coating and spin coating was characterised by CARL ZEISS field 

emission scanning electron microscope (FESEM). Similarly, the surface topography of the p-

Si (100) substrates after Ag NPs assisted MACE was done by using FESEM. Figure 5.1(a-c) 

depicts the XRD, analysis of the Ag NPs. As shown in Fig. 5.1, five peaks appear at 2θ = 

38.50, 44.60, 64.30, 77.50, 81.80 and indexed as (111), (200), (220), (311), (222) planes, 

respectively. By comparing JCPDS (file no: 04-0783), the typical pattern of Ag NPs is found 

to comprise an fcc structure (with lattice parameter a=b=c= 2.13 Å) 

 

 

 

 

 

 

        

The size and shape of the Ag NPs were analysed by TEM (Fig.5.2 a). Similarly, in Fig.5.2 

(b), an EDX spectrum of these particles is shown. In this quantitative analysis, a typical and 

strong signal peak was found at 3 keV, which corresponds to metallic Ag NPs.  

            

 

    

Element Weight% 

Si K 8.39 

Ag L 91.61 

Totals 100.00 

Fig.5.1: XRD pattern of Ag NPs 

Fig. 5.2: (a) TEM and (b) EDX of the commercial Ag NPs 
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The corresponding atomic percentages are shown in Table 5.2. The particle size was 

calculated by using ImageJ software, and the average size is found to be about 33 nm as 

shown in Fig.5.3. The average NP’s size is calculated based on the values XC and W 

acquired from the curve fitting.  

  

 

 

 

 

 

 

 

 

XC=27.9, W=10.6 

∴standard deviation (σ) = W/2= 10.6/2=5.3 

∴average NPs size = (27.9+5.3) = 33.2 ~ 33 nm 

The Ag NPs were used in MACE of p-Si (100) substrate by depositing two different 

techniques such as dip coating and spin coating, and the distribution of these particles was 

characterised by FESEM which is shown in Fig.5.4(a-d). Comparing both deposition 

techniques, dip coating method showed the better distribution of the NPs than the spin 

coating method on p-Si (100) substrate with 0.004 w/v% of initial concentration of the 

solution for both the deposition process. The possible reason for non-uniformity in Ag NPs 

distribution over Si substrate resulted from the spin coating process is the low initial 

concentration of the solution.  

 

 

 

 

 

 

 

 

 

 

Fig.5.3: Size distribution analysis of Ag NPs 

Fig. 5.4: FESEM images of Ag nanoparticles coated on p-Si (100) substrate by (a,c) dip coating and 

(b,d) spin coating method 
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It is already reported that the thinning of a film in the spin coating process depends upon two 

consecutive mechanisms such as convective radial outflow and the solvent evaporation [111]. 

Similarly, in our spin coating deposition process, two steps with different rotation per minute 

(rpm) values were used to deposit the Ag NPs. In the first step of the spin coating process, the 

convective outflow and solvent evaporation play the main role in the distribution of the NPs 

throughout the substrate. Likewise, as the concentration of the solution is very low and the 

solvent is in use is also volatile (IPA), henceforth during the first step of the spin coating 

process, solution viscosity increases with the increase of solution concentration. Due to this 

increment in the viscosity of the solution and the convective radial outflow encompasses 

centrifugal force which distributes the NPs throughout the substrate non-uniformly which can 

be attributed to Fig. 5.4 (b,d). In the dip coating method, solvent evaporation and draining 

play major roles in the thinning of the film [110]. Unlike the spin coating method where 

centrifugal force is applied in the solution, here in dip coating method such force is absent. 

5.4 MACE of Si by using Ag NPs deposited by dip and spin coating process 

Then MACE of p-Si was carried out with two samples, one dip, and spin-coated Ag NPs with 

the same parameters as mentioned earlier. Then, the morphology of these substrates was 

examined under an electron microscope which is depicted in Fig.5.5 (a,c) and 5.5 (b,d). 

Fig.5.5 (a,c) show the nanopores distribution on the p-Si substrate after MACE was 

performed by dip coated Ag NPs. Whereas, Fig.5.5 (b,d) shows the nanopore on the Si by 

using the spin-coated Ag NPs as a catalyst in the MACE process.  

 

 

 

 

 

 

 

 

 
Fig.5.5: FESEM image of p-Si (100) substrate after MACE by (a,c) dip coated and (b,d) spin coated Ag 

nanoparticles 
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Comparing the nanopores formation during the MACE of Si by both dip and spin-coated Ag 

NPs, it is confirmed the nanopores are uniformly and with equal dimension formed with dip 

coated Ag NPs as compared to the spin-coated process. It has been reported by the Brendan 

D. Smith et al. [74] that not all the deposited NPs on the Si take part in the etching process for 

shorter etching time. This problem occurs mainly due to the presence of the SiO2 shell 

thickness which promotes the non-uniform hole injection into the Si substrate. As our process 

does not involve these, all the NPs deposited on the Si substrate possibly take part in the 

etching process which can be attributed to Fig.5.5. Similarly, Fig. 5.6 (a) and 5.6 (b) show the 

nanopores size distribution on the p-Si substrate after MACE by dip and spin-coated Ag NPs 

respectively. 

 

 

  

 

 

 

 

 

 

It is seen from Fig.5.6a and 5.6b that after the MACE process, the nanopores with uniform 

size and shape (Fig.5.6a) are formed with dip coated than the spin-coated Ag NPs (Fig.5.6b). 

The average nanopore size formed during MACE with dip coated Ag NPs is  

XC=37.3, W =1.04 

∴standard deviation (σ) = W/2 = 1.04/2 = 0.52 ~ 0.5 

∴average nanopore size = (37.3+0.5) = 37.8 ~38 nm (eq.2)      

It is found that the diameter of the nanopores formed by dip coated Ag NPs are little larger 

(~15%) than the size of the NP’s diameter. This resembles the same results reported by C. 

Chartier et al. [25]. In contrast, the size of the nanopores formed by spin-coated Ag NPs 

varies non-uniformly, and the density of the nanopores formed is less compared to dip coated 

Ag NPs. By using any one of this method, nanopores with tens of centimetre coverage on Si 

substrate are possible to form with ease. Moreover, the difficulty associated with the uniform 

size distribution of the NPs formed during the one-step MACE process (e.g. by using AgNO3 

Figure 5.6. Size distribution of nanopores formed on p-Si (100) substrate after MACE by (a) dip coated 

Ag NPs (b) Spin coated Ag NPs 
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as precursor solution) can be controlled more effectively to obtain the non-uniform nanopores 

formation on Si substrates. In this study, it is seen that the nanopores formed by MACE 

process resemble the same size and shape of the NPs used in the process. So, by controlling 

the size and shape of the metal NPs during the synthesis process, it is possible to fabricate 

uniform nanopores on Si substrate by MACE process. Further research can be carried out on 

different NPs deposition techniques and how these techniques influence in nanopores 

formation by MACE process. After the nanopores formation on the Si substrates, both the 

substrates were used for SERS measurement which is discussed in the next section. 

5.5 SERS measurement by nanoporous Si substrates fabricated by Ag NPs assisted 

MACE process 

The SERS measurements were carried out for both the nanoporous Si substrate fabricated by 

dip coated (here onwards SD1) and spin coated (SS1) Ag NPs assisted MACE process. 

Before the SERS measurements, Ag NPs were drop cast on the surface of the nanoporous 

substrate. Then, these two samples were analysed by the same portable Raman spectrometer 

which details are mentioned earlier (Chapter 4). Initially, both the substrates were used to 

detect MB of lower concentrations such as 10 pM, 100 pM and 5 nM respectively. But, no 

Raman signal was obtained to detect such lower concentrations. So, a higher concentration of 

50 nM MB was used for SERS measurements by using the same substrates. In this case, the 

SS1 substrate was unsuccessful to detect the MB whereas the SD1 substrate was able to 

detect that concentration which is shown in Fig.5.7. It is seen from the Raman spectra that the 

two characteristics peaks of MB appear at 1620 cm-1 and 1390 cm-1, those are assigned to C-

C ring stretching and C-N symmetrical stretching. As the detection of the methylene blue was 

successful, the efficiency of these substrates was measured by calculating enhancement factor 

and the details about the calculations are mentioned in the next page. 

 

 

 

 

 

 

 

Fig.5.7: SERS spectra of MB of 50 nM detected by Ag NPs coated nanostructured Si substrate 

produced by dip-coated Ag NPs assisted MACE process   
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EF for this SERS substrate is calculated which is mentioned below— 

ISERS = 125.1 counts/sec, IRaman = 3310 counts/sec, CHC = 0.1 M, CLC = 50 nM 

     ⸫ EF = 
125.1

3310
×

0.1

50×10−9 = 7.6 × 104  

By comparing the result of the SERS signal by the substrate AgSiM and SD1 substrate, it is 

found that the SD1 substrate showed lesser detection and the enhancement is 10 times lower.   

5.6 Conclusions 

The influence of the deposition process of Ag nanoparticles on the Si substrate for nanopores 

formation has been found to be an important parameter in MACE of Si substrate. The 

diameter of the nanopores formed by MACE process is little larger than the NPs diameter. It 

is found that in case of dip-coated Ag NPs assisted MACE; nanopores are formed uniformly 

throughout the Si surface. The spin-coated Ag NPs formed nanopores which are non-uniform 

in size with uneven distribution. Moreover, the density of nanopores formed during the 

MACE process with spin-coated Ag NPs is lower than the dip coated Ag NPs assisted MACE 

process. After the nanopores formation on the Si substrate by Ag NPs assisted MACE 

process, both the substrates SS1 and SD1 were used for SERS measurements and confirmed 

that the SD1 can be used for SERS measurement to detect 50nm MB. However, the Raman 

signal is not that much strong as compared to the samples discussed earlier (Chapter 4). 

Further studies can be carried out to improve the detection limit of these reusable substrates 

as it does not require any sophisticated instruments and also can be fabricated easily. 
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CHAPTER 6 

Summary and Conclusions 
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The first part of this thesis work deals with the fabrication of the Au and Ag micro-stripes on 

Si substrates by incorporating lithography, thin film deposition followed by a lift-off process. 

For this purpose, Au and Ag thin films were successfully deposited on Si substrates by two 

different ways such as RF sputtering and thermal evaporation processes, those acted as the 

metal catalyst for the MACE process. 20 nm thick Au and Ag micro-stripes of length 2500 

µm and width about 3.3 µm were fabricated on the Si substrate by using the thermal 

evaporation process to understand the effect of a different metal catalyst on MACE of Si. 

Furthermore, a few more depositions were also carried out by changing the source to target 

distance during the thermal evaporation, to obtain different growth morphology based Au 

metal catalysts. Later, these metal catalysts were used to etch Si by MACE process. In all the 

cases, the thickness of the micro-stripes was kept about 20 nm which were confirmed form 

the profilometer analysis results. MACE was carried out by using these Au and Ag micro-

stripes as a metal catalyst with 20 nm thickness and also with higher thicknesses such as 40 

nm and 140 nm, to study of thickness effect of the Au metal catalyst on the MACE of Si.   

The experimental results indicated that the presence of nanopores in the Au micro-stripes 

form a rough surface at the bottom of the micro-trench fabricated on the Si substrate along 

with the random distribution of the nanopores at the bottom of the trench. Similar results 

were also found when Ag micro-stripes were used as a metal catalyst for the MACE process. 

Also, it was found that the unwanted nanopores were distributed all over the substrates when 

Ag metal micro-stripes acted as a metal catalyst for the MACE process. This was possibly 

due to the dissolution of Ag catalyst during the etching of Si and redeposited in different parts 

of the substrates. Further studies on the MACE process also indicated that thermal annealing 

of the metal catalyst before the MACE process helped to reduce the nanopores at the bottom 

of the micro-trench and opened a new path for the fabrication of smooth microstructures in Si 

substrate by MACE process.  

Furthermore, the effect of post-deposition thermal annealing of the micro-stripes catalyst on 

MACE of Si was also investigated by the Au micro-stripes fabricated by using the thin films 

deposited by RF sputtering process with 20 nm, 50 nm and 140 nm thick metal micro-stripes 

as a catalyst. The first MACE of Si was carried out by using 20 nm annealed and un-annealed 

thin Au micro-stripes and the FESEM results revealed that annealed micro-stripes formed 

smoother and deeper trenches than the un-annealed one. The obtained results further 

indicated that the nano-pinholes were not present in the micro stripes after thermal annealing 

process. A similar result was also obtained when the annealed and un-annealed 20 nm Au 
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micro-stripes fabricated by using the Au thin film deposited by thermal evaporation. Further 

investigations were also carried out by using 50 nm and 140 nm Au micro-stripes as a 

catalyst and the obtained results indicated that the annealed Au micro-stripes with higher 

thickness etch Si uniformly in comparison to the annealed Au stripes with lower thickness. 

The possible reason for obtained results is discussed in the thesis. In brief, because of the 

absence of the nanopores, etching happened at the edges of the Au stripes where Au-Si 

interface was present. Furthermore, with the increase of the concentration of oxidising agent, 

uniform Si etching was not obtained. Instead, a combination of polishing regions and craters 

were formed in the Si substrate.    

Further studies were also carried out to investigate the growth morphology of the metal 

catalyst on the MACE of Si. For this purpose, 20 nm thick Au micro-stripes were fabricated 

from the thin film deposited by thermal evaporation process and by changing the source to 

target distance. The different Au thin film morphologies were confirmed from the FESEM 

and AFM analysis results. The experimental results indicated different etch profiles formed in 

the Si substrate which signifies the morphological dependency of the catalyst on MACE of 

Si. In the case of Au micro stripes fabricated from the thin film deposited with the shortest 

source to substrate distance, uniform etching occurred and etched micro-trenches with the 

smoother bottom surface in all the areas underneath the metal micro-stripes catalyst. But in 

the case of Au micro-stripes fabricated from the thin film deposited with the longest source to 

substrate distance, different growth morphology, inverted pyramid structures are obtained at 

the edges of the micro-stripes. The Si microstructures those were fabricated by using the 

20nm thick, Ag metal micro-stripes and 20nm thick Au-micro-stripes as a catalyst were 

considered further to apply as SERS substrates for chemical detection.  

In the next part of this thesis work, SERS measurements were carried out to detect MB 

having different concentration starting from 50 nM to 10 pM. SERS measurements for both 

the nano/microstructured Si substrate fabricated by Ag and Au micro-stripes assisted MACE 

process coated with Ag NPs were investigated. In both the cases, up to 50 nM concentration 

of MB was detected and lower than this concentration was not detectable. It was confirmed 

by the SERS measurement that nanoporous Si substrate showed better Raman signal than the 

inverted pyramid structured Si substrate for the same concentration of MB. Subsequently, 

few more SERS measurements were carried out to clarify the role of the nanoporous Si 

substrates and the Ag NPs which were used in the detection process. It was confirmed that 

neither the nanoporous Si substrate nor the Ag NPs alone detects the low concentration (pM) 
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of the probe molecules (MB) by using SERS. The further optimisation for the lower detection 

limit was carried out by depositing a discontinuous Au thin film on the nanoporous Si 

followed by depositing Ag NPs for the SERS measurement. These SERS substrates were able 

to detect 5 nM MB. Moreover, a 10 fold increment was achieved in the enhancement factor 

with this optimisation. Thus, further investigations were carried out by increasing the 

thickness of the Au thin films on the nanoporous Si substrates. In this way, 10 nm, 20 nm, 30 

nm, 40 nm and 50 nm Au thin films were deposited on the nanoporous Si substrate which 

was fabricated by 20 nm Ag micro-stripe as catalyst. The SERS measurement results on 

different SERS active substrates revealed that by increasing the Au discontinuous thin film 

thickness, 10 pM MB could be successfully detectable at 30 nm Au discontinuous thin film 

on nanoporous Si substrate. However, further increasing the Au thin film thickness to 40 nm 

or 50 nm, no improvements in the detection limit was obtained at a lower concentration of 

MB (10 pM or 100 pM). Hence, nanoporous Si substrate which was fabricated by using the 

20 nm Ag micro-stripes based MACE process, with 30 nm discontinuous Au thin film 

deposited on the top along with the Ag NPs could be the best choice to prepare the SERS 

substrate to detect lower limit MB (10 pM) with larger enhancement factor. 

In another study, instead of taking Ag micro-stripes, Ag NPs were directly used as a catalyst 

for the Si chemical etching by MACE process. For this purpose, procured Ag NPs with 

approximately 33 nm diameter were deposited on the Si substrate and subsequently MACE 

was carried out. It is found that in case of dip-coated Ag NPs assisted MACE; nanopores are 

formed uniformly throughout the Si surface. The spin-coated Ag NPs formed nanopores 

which are non-uniform in size with uneven distribution. Moreover, the density of nanopores 

formed during the MACE process with spin-coated Ag NPs is lower than the dip coated Ag 

NPs assisted MACE process. After the nanopores formation on the Si substrates by Ag NPs 

assisted MACE process, these were used for SERS measurements. The results indicated that 

50 nM MB could be detected but the Raman signal was not that much strong as compared to 

the samples discussed earlier (Chapter 4). Further studies can be carried out to improve the 

detection limit of these reusable substrates as it does not require any sophisticated 

instruments and also can be fabricated easily. 

In summary, the lowest detection limit of 10 pM with an enhancement factor of 108 was 

achieved by depositing 30 nm thick discontinuous Au thin film on the MACE Si prepared by 

20 nm Ag micro-stripes. This lowest detection limit further indicated that the fabrication of 

SERS based sensor with ultrahigh sensitivity is possible and also without any further 
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modification of the surface. Forming nanoporous structures on the surface of the Si substrate 

helps to get rid of the “diffusion limit”. Thus our results showed that pM concentration of 

MB could be detected with an enhancement in the enhancement factor up to 108.   

Conclusions and future prospects 

The outcome of this thesis work indicates that the different nano/microstructures fabricated 

on the Si substrate strongly influences the SERS detection limit and also the enhancement 

factor. So, there is a future scope to prepare Si-based SERS-active substrate by fabricating 

different nano/microstructures or the combination of both by suing MACE process. It was 

also observed that the combination of discontinuous Au thin film and Ag NPs showed highest 

detection limit and hence there is another scope to use different sizes of the Ag NPs with a 

combination of Ag or Au thin discontinuous film for the detection of different Raman active 

chemical species. Despite the SERS measurements were carried out to detect a single probe 

material alone, there is a need to verify the ability of the fabricated Si-based SERS substrates 

in detecting a mixture of two or more probe materials at a time. We believe that our 

experimental findings will be more helpful to develop more efficient SERS-active substrates 

for the detection of chemical species at molecular level.  
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