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Raman spectroscopy is a powerful tool for detection of chemical and bioanalytes but lacks 

enhancement required to detect these analytes at the ultrahigh sensitivity needed for many 

applications. Surface enhanced Raman Scattering is a technique by which an analyte signal can 

become greatly enhanced and, near single molecule sensitivity, is achievable. Currently, SERS-

based detection platforms currently rely on noble metal nanostructures as primary enhancing 

sources for the detection of chemical and bioanalytes but have significant limitations in terms of 

reproducibility and biocompatibility. Recent research has shown that semiconductors have the 

ability to exhibit SERS enhancing characteristics that can potentially supplant the use of noble 

metals without the limitations associated with noble metal nanomaterials. This thesis presents, the 

generation of three-dimensional self-assembled hybrid silicon nanostructures though a laser-ion 

plume formation mechanism. These Si nanostructures exhibit high sensitivity SERS enhancement 

characteristics which can be applied for chemical and biosensing applications.  

 

In this thesis, the Raman enhancing characteristics of the hybrid Si nanostructures are examined 

and correlated to the unique physical morphology and material chemistry of these nanostructures. 

These Si nanostructures are shown to be comprised of individual Si nanospheroids that have fused 

to form a highly 3D nanoweb-like self-assembled nanostructures. It is also shown that these 
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nanospheroids are composed of both amorphous and polycrystalline sub-regions, which can only 

be generated within an ion-plume formed by a femtosecond pulsed laser. By programming the 

laser, the nanostructure morphology and hybrid nature can be manipulated and optimized. These 

Si nanostructures are shown to be highly sensitive as SERS platforms for chemical analytes.  In 

addition, it is shown that with the application of noble metal nanoparticles on the surface of the 

3D hybrid silicon nanowebs structures, an additional enhancement boost can be optimized for the 

detection of chemical molecules. With this, the dual contribution to the SERS sensitivity from both 

the primary Si nanostructures and the secondary noble metal nanostructures can be used to detect 

the presence of a biomolecule analyte is shown.     

 

To delve deeper into how these hybrid Si nanostructures cause SERS enhancement of bioanalytes, 

the Si ion interactions within the laser-ion plume were manipulated to induce quantum-scale 

defects within the hybrid Si nanospheroids. By creating both an inert and oxygenated laser-ion 

plumes the formation of sub-nanograins within the nanospheroids and sub-nanovoids on the 

nanospheroid surface is shown to significantly enhance the detection of bioanalyte signal for 

multiple biomolecules which act as signals for various diseases.  Based on the results in this thesis, 

it has been proven that Si-based nanostructures have the capacity to be used as sole SERS 

enhancing sources for chemical and biomolecule analytes. 
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Chapter 1 

 

 

Introduction 

 

 

1.1 Raman Spectroscopy 

 

Many techniques currently exist for identifying and classifying inorganic and organic materials 

based on a unique spectral signature whether it be based on electrochemical [1-1], piezoelectric [1-2], 

pyroelectric [1-3] or optical[1-4] phenomenon. Optical sensing methods, chiefly Raman sensing 

techniques attract a large amount of research due to its ability to detect analyte non-destructively 

and without the need for a conductive substrate while also providing high selectivity between 

analytes and the potential for single molecule concentration sensitivity. Raman photon scattering 

is a phenomenon first discovered by C.V. Raman and K.S. Krishnan in 1928 from the observation 

of light of different colour being scattered through various gases and liquids. Photon scattering 

occurs when an incident photon impinges upon an analyte molecule and excites an electron from 

the ground state to an excited state. These excited electrons will then decay and emit scattered 

photons in one of two ways, elastically or inelastically. Elastically scattered photons will possess 

the same energy as the incident photons due to the electrons decaying back to the ground state; 

these are classified as Rayleigh scattered photons and make up the vast majority of scattered 

photons. Inelastically scattered photons however will have a lower energy than the incident photon 

due to the electron decaying to a virtual vibrational state. These emitted photons are known as 

Stokes, or Raman scattered photons and occur approximately 1 in 1012 scattered photons. Figure 

1-1 shows a schematic depicting the Rayleigh and Raman scattering phenomena.   
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Figure 1-1: Elastic and Inelastic Photon Scattering 

 

These Raman scattered photons will have a difference in energy from the incident photons that is 

dependent on the virtual vibrational state specific to the analyte, and as such will become a unique 

signature of the specific analyte. With Raman scattered photons it is possible to distinguish and 

identify different analytes based on their unique Raman spectral signature. However, as stated the 

frequency of Raman scattering is extremely low and can only provide a very weak signal, thus it 

is an impractical spectroscopic tool without a method to significantly boost the number of Raman 

scattered photons.  

 

1.2. Surface Enhanced Raman Scattering (SERS)   

 

The technique that has been proven to drastically increase the number of Raman scattered photons 

is known as surface enhanced Raman scattering or SERS. The first observed incidence of the SERS 

phenomenon was by Fleischmann et.al [1-5] in 1979 when pyridine adsorbed on roughened silver 

substrates it exhibited significantly increased Raman signal versus an unroughened substrate. 

Since this observation the development of SERS sensitive materials and substrates has been a 

consistent and active source of research with both the development of theories that explain the 

underlying mechanics of SERS enhancement and the creation of SERS materials that have near 

single molecule sensitivity. Currently, the field of SERS sensing focuses mainly on the 
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development of nanomaterials and nanostructures or varying materials and morphologies with a 

primary objective of achieved the lowest limit of detection possible for many different analytes. 

However, the underpinning theories that describe how these nanostructured materials cause SERS 

enhancement have been established and thoroughly proven, with some recent developments that 

has led to new advances in SERS sensing materials.  The underlying mechanisms that govern the 

increase in Raman signal can be separated into two different theories, an electromagnetic theory 

and a chemical theory. These two mechanisms are both diverse in nature, but are not mutually 

exclusive and can be sources of SERS enhancement within the same material.      

 

1.2.1. Electromagnetic Theory 

 

The electromagnetic theory of SERS enhancement states that an increase in Raman scattered 

photons occurs due to an increase in the electromagnetic field caused by the material surface. This 

occurs because the incident light from the Raman laser that strikes the surface of the material, will 

excite localized surface plasmons. A surface plasmon is a coherent collective oscillation of 

electrons on the surface of a material, which creates a localized region of increased electromagnetic 

on the material surface. This increased electromagnetic field is maximized when the incident 

Raman frequency is resonant with the plasmon frequency of the material, a term called surface 

plasmon resonance (SPR). Figure 1-2 show a depiction of the SPR mechanism.   

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Surface Plasmon Resonance; collective oscillation of electrons on NP surface 
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SPR causes SERS enhancement by both magnifying the intensity of the incident Raman laser 

photons and exciting the Raman modes associated with the analyte and by magnifying the intensity 

of the Raman scattered photons from the analyte. Some nanomaterials and nanostructures are 

significantly SERS active because in order to induce an increase in Raman scattering, the SPR 

oscillation is required to be perpendicular to the material surface rather than in-plane, otherwise 

scattering will not occur. Nanostructures and nanomaterials provide significant SERS 

enhancement because the nanoscale features confine surface plasmons to be perpendicular to the 

surface and since the size of these features is so small, the resulting electromagnetic field is very 

intense. The regions of these nanostructures that produce this strong electromagnetic field are 

known as “hot-spots” and are generally features of the nanostructure that are produce the most 

SPR such as the spacing between two adjacent nanoparticles or a nanoscale sharp edge. These hot-

spots are size dependant and creating a uniform spacing or size of hotspots will lead to a greater 

analyte enhancement [1-6].   

Due to the fact that the plasmon frequency is material dependant, not every material has the 

capacity to be a SERS enhancing material. Most Raman lasers are in the visible to near-infrared 

(NIR) wavelength ranges (480-1050nm). As a result, noble metals such as gold and silver are 

typically used as SERS enhancing nanomaterial because their plasmon resonance frequency 

correlates to this wavelength range. As such, noble metal nanostructures are widely researched as 

SERS sensitive materials, with many different fabrication techniques and nanostructural 

morphologies having been studied.   

 

1.2.2. Chemical Theory 

 

The chemical theory of SERS enhancement involves the transfer of charge between the analyte 

molecule and the nanostructure induced by the Raman photons. The chemical component of SERS 

enhancement was initially observed when molecules with very similar vibrational character 

exhibited significantly different intensities under identical experimental conditions. The theory of 

this chemical component developed by Lombardi and Birke[1-7,1-8] states that the source for the 

chemical component arises from electronic transition of electrons from a nanostructure to the 

molecular orbitals of the analyte molecules and vice versa. If the highest occupied molecular 

orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) of the analyte is within the Fermi 
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level of a metal or the bandgap of a semiconductor, the transfer of electrons can occur with about 

half of the energy required within the molecule itself. As a result, electrons excited by incident 

Raman photons can easily transition to the molecular orbitals of the analytes causing an increase 

in vibrational transitions and thus more scattered Raman photons from the analyte. Transitions of 

electrons from the molecular orbitals of the analyte to the nanostructure also increase the Raman 

signal intensity by the same principle.  Figure 1-3 shows the principle of chemical SERS 

enhancement by charge transfer resonance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Charge-Transfer Resonance; incident photon cause electrons to be excite to higher 

energy states allowing for direct transfer to molecular orbitals of analyte molecules  

 

In many cases with noble metal SERS nanostructures it is difficult to separate the electromagnetic 

component from the chemical component of SERS enhancement. The chemical component is 

largely difficult to study because any investigation into varying experimental parameters will 

inevitably change both components.  The chemical component is often not considered due to the 

larger SERS contribution from SPR for these nanostructures compared to the chemical component. 
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1.2.3. Enhancement Factor (EF) 

 

To quantify the enhancement observed from a SERS spectra, a quantity known as the enhancement 

factor (EF) has been developed. The EF quantifies how the SERS spectral intensity compares to 

the spectral intensity of bulk substrate and indicates the level of effectiveness of the SERS substrate 

at producing an enhancement of the Raman signal. There are several equations that have been 

developed that express this intensity, the flowing equation is used as a general standard for 

evaluating SERS enhancement: 

 

𝐸𝐹 =
𝐼𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑢𝑡𝑟𝑒𝑠 𝑁𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑢𝑡𝑟𝑒𝑠⁄

𝐼𝑏𝑢𝑙𝑘 𝑁𝑏𝑢𝑙𝑘⁄
 (Equation 1-1) 

 

Where Inanostructures is the intensity of a chosen analyte peak from the SERS spectra, Nnanostructures is 

the number of molecules on the SERS substrate that contribute to the SERS enhancement, Ibulk is 

the intensity of the same chosen analyte peak from the spectra obtain on the bulk substrate and 

Nbulk is the number of analyte molecules that contribute to the bulk spectra. This equation 

normalizes the intensity of the peaks from the respective Raman spectra by the number of analyte 

molecules that produce the signal. Nnanostrucutres and Nbulk are a necessity when analyzing an analyte 

solution because the number of molecules that contribute to either spectral intensity will be 

different on the nanostructure surface and a reference bulk surface. The determination of the 

Nnanostructures and Nbulk values are dependent on the study and the nanostructure being investigated. 

The complexity to which Nnanostructures and Nbulk are calculated will be the defining factor to which 

the accuracy of the EF calculation can be attributed. In the most basic sense, Nnanostructures and Nbulk 

can be defined as the concentration of the analyte solution added to the SERS or reference 

substrate, the volume the analyte solution occupies and the Raman laser spot area. While valid for 

simple measurements of two-dimensional surfaces, this does not take into account the nature of 

three-dimensional SERS nanostructures, which includes the adsorption of analyte molecules onto 

the nanostructure surfaces, the surface area of the nanostructures and Raman interaction volume. 

For example Cong et.al[1-9] have determined the EF values of R6G molecules on W18O49 nanowires 

using the following equations: 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆

𝑁𝑆𝐸𝑅𝑆
⁄

𝐼𝑏𝑢𝑙𝑘
𝑁𝑏𝑢𝑙𝑘
⁄

 (Equation 1-2) 
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𝑁𝑆𝐸𝑅𝑆 = 𝐶𝑉𝑁𝐴 𝐴𝑅𝑎𝑚𝑎𝑛 𝐴𝑠𝑢𝑏⁄   (Equation 1-3) 

 

𝑁𝑏𝑢𝑙𝑘 = 𝑀𝜌ℎ𝐴𝑅𝑎𝑚𝑎𝑛𝑁𝐴 (Equation 1-4) 

Where C is the concentration of the analyte solution, V is the volume of a droplet of this solution, 

ARaman is the Raman laser spot area (based on 1µm diameter), Asub is the effective area of the 

substrate, M is the molecular weight of the analyte, ρ is the density of the analyte and NA is 

Avogadro’s constant. In this study, the reference for Ibulk is obtained from a Si/SiO2. Using this 

equation they have been able to calculate an EF value of 3.4x105 for R6G on their nanostructures.  

 

In the following studies, the following definition of Nbulk first defined by Maznichenko et.al [1-10] 

is used.  

 

𝑁𝑏𝑢𝑙𝑘 = 𝜋𝑟
2ℎ𝑐𝑁𝐴 (Equation 1-5) 

Where r is the Raman laser spot radius, h is the depth of field of the Raman laser, and c is the 

concentration of the applied analyte. This calculation has been updated in the following studies 

to reflect an interaction volume that is a hemisphere on the wafer surface rather than a cylinder to 

get the following equation: 

𝑁𝑏𝑢𝑙𝑘 =
2
3⁄ 𝜋𝑟3𝑐𝑁𝐴  (Equation (1-6) 

 

The definition of Nnanostructures also established by Maznichenko et.al[1-11] was also used in these 

studies: 

𝑁𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 = 𝑆𝐴𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (𝑐𝑎𝑑𝑠 × 𝑁𝐴
1000𝐿

1𝑚3
)
2
3⁄

  (Equation 1-7) 

 

Where SAeffective is the effective area of the nanostructures that contribute to the Raman signal, cads 

is estimated concentration of adsorption on the nanostructure surfaces. cads is value that is 

determined from literature sources for similar nanostructures and analytes. To calculate the 

SAeffective, the following values need to be determined: 

𝑚𝑏𝑢𝑙𝑘 =
2
3⁄ 𝜋𝑟3𝜌𝑏𝑢𝑙𝑘 (Equation 1-8) 
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𝑚𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 =
𝑚𝑏𝑢𝑙𝑘

(1−
𝑆𝐴1−𝑆𝐴2
2
3⁄ 𝜋𝑟

3 )
 (Equation 1-9) 

 

𝑆𝐴𝑏𝑢𝑙𝑘 =
2
3⁄ 𝜋𝑟3 (Equation 1-10) 

 

𝑆𝐴𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 =
2
3⁄ 𝜋𝑟

3𝜌𝑏𝑢𝑙𝑘

𝜌𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑢𝑡𝑟𝑒𝑠
 (Equation 1-11) 

Where mbulk is the mass of silicon that would occupy the Raman interaction volume, ρbulk is the 

density of silicon, mnanostrucutres is the mass of the Si nanostructures that would occupy the Raman 

interaction volume, SAbulk is the surface area that bulk silicon would occupy, SAnanostructures is the 

volume the Si nanostructures would occupy and ρnanostructures is an estimated density of the Si 

nanostructures based on literature sources.  In these studies ρnanostructures is assumed to be 7.8m2/g 

based on BET measurements of porous Si nanofibres [1-12].   

The effective surface area SAeffective is defined as  

 

𝑆𝐴𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑚𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑢𝑡𝑟𝑒𝑠 × 𝜌𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 (Equation 1-12) 

 

These two approaches to calculate EF values show that EF values can vary greatly and as a result 

should considered to be less of an absolute measure of enhancement and more a measure of 

qualitative comparison. In practice, SERS substrates that are able to produce EF values ~104-108 

are considered significant SERS enhancers, although some EF values as high as ~1010-1012 have 

been reported in literature; these extremely high EF values are often quoted as the theoretical 

maximum achievable SERS enhancement given ideal conditions. [1-13]    
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1.3. Current Advances in SERS Chemical and Biosensing 

 

1.3.1. Noble Metal Nanostructure-based SERS detection and applications 

 

Presently, in the field of SERS chemical and biosensing there are a large number of nanostructures 

being developed, and a large number of analytes are being investigated. The main objective that 

permeates current research is the development of a SERS nanostructure that has an extremely high 

enhancement efficiency and the ability to detect an analyte at very low concentration, with single 

molecule detection an objective in many instances [1-14—1-16]. Noble metal nanostructures (NMNs) 

continue to be a primary focus for many researchers which only some branching out to other SERS 

active semiconductor/metal oxide nanostructures. NMNs of a wide array of interesting 

morphologies are being generated as SERS platforms including nanorods[1-17,1-18], nanopopcorn[1-

19], nanoskittles[1-20], and hollow-nanoparticles [1-21,1-22].  

For example, Song et.al[1-23] have developed an array of silver nanorods on glass slides by oblique 

angle vapor deposition for the detection of Hg2+ ions using immobilized oligonucleotides. The 

single stranded oligonucleotides have a cyanine dye attached to one end and are bonded to the Ag 

nanorod array on the other and give a large cyanine Raman response. However in the presence of 

Hg2+ ions, the oligonucleotides transform into double stranded complexes which moves the 

attached cyanine dye further away from the Ag nanorod array, thus decreasing the observed Raman 

signal. This sensor has achieved a 0.16pM concentration limit of detection and has potential for 

use as a water pollutant detection substrate.  
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Figure 1-4: Ag nanorod array for SERS detection of Hg2+ions (Courtesy [1-23]) 

 

Additionally,  Xu et.al[1-19] have fabricated Au nanopopcorn-like particles through seeded sol-gel 

chemical synthesis for the detection of a chloropyrifos-phsophorothioate organophosphate 

insecticide used in agricultural and pest control applications; the continued build of this insecticide 

has been observed to have toxic effects for nervous system function. These Au nanopopcorns are 

observed to have an enhancement factor of ~105 for rhodamine 6G (R6G) dye and is observed to 

have a 1µM limit of detection for the chloropyrifos insecticide in aqueous solution.  

 

 

 

 

 

 

 

 

 

Figure 1-5: Au nanopopcorn-like particles for SERS detection of chloroptrifos insecticide 

(Courtesy [1-19]) 

 

An increasing amount of interest is directed towards the deposition of traditional Au or Ag 

nanoparticles on nanostructures of other materials such as nanowire arrays[1-24,1-25], graphene 
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sheets[1-26,1-27], or on nanostructures formed by nanolithographic techniques[1-28,1-29]. These 

nanostructures act as a platform or scaffolding for the NMNs to act as primary SERS enhancing 

sources. For example, Dai et.al [1-30] have fabricated a 3D titanium oxide nanostructure by 

hydrothermal reaction in a NaOH solution and ion exchange process in HNO3 solution. The 

subsequent titanite nanosheets had Ag seed deposited on the surfaces and were then illuminated 

by UV light to grow the Ag nanoparticle and anneal the substrate. The resulting TiO2/Ag 

nanosheet-nanoparticle structure was able to detect 4-amniothiophenol (4-ATP) up to a 10-7M 

concentration and was able to detect thiram, a toxic pesticide, up to 10-7M concentration in 

chemical form and up to 10-5M in real samples (apple skin and apple juice). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6: 3D titanium nanosheets with Ag nanoparticles for SERS detection of toxic pesticide 

thiram (Courtesy [1-30]) 

 

 Li et.al [1-31] have developed a silicon nanowire array formed by nanolithography that has been 

coated with a thin film of gold and has had Au nanoparticles deposited on the surfaces. These 

substrates are observed to have a maximum enhancement factor of ~106 of 4, 4’-Bipyridine. 
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Figure 1-7: AuNP decorated Si nanowires for SERS detection of 4, 4’-Bipyridine           

(Courtesy [1-31]) 

 

 

NMNs have been used to detect a variety of biomolecules as well, ranging from colloidal Ag 

nanoparticles use to detect DNA present in nanopharyngeal carcinoma [1-32] to functionalized Au 

and magnetic nanoparticles bonded to salmonella typherium bacteria [1-33]. There are however 

several issues that are consistent with the development of noble metals as SERS active substrates 

that limit their capacity as chemical and biosensors. While NMNs have been widely studied as 

SERS sensitive materials, there are key drawbacks associated with both their fabrication and their 

interactions with analytes that prevent their ubiquity. One of the major problems with using noble 

metals as SERS substrates is that creating a uniform, reproducible and highly sensitive sensing 

platform is very difficult. Since SPR is highly contingent upon how the hotspots generate an 

electromagnetic field, the size and arrangement of these hotspots are crucial to the level of 

achievable SERS enhancement. [1-34] While nanolithographic methods can produce extremely 

precise nanostructure sizes and morphologies, these methods carry with them a high production 

costs and low throughput. Wet chemical techniques can provide nanostructures with high SERS 

enhancement with a low production cost and large sample size, but these methods lack 

controllability of nanostructure size and distribution as well as irreproducibility of SERS 

enhancement.   Additionally, NMNs are often not biocompatible with some biomolecules which 

limits their use as biosensors and in some cases lead to side reactions during SERS measurement.    
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1.3.2. Semiconductor Nanostructure-based SERS sensing and applications 

 

Recently, semiconductor nanostructures have received a considerable amount of attention as 

SERS-active substrates due to observations of SERS enhancement that is comparable to NMN 

enhancement. The observation of Raman enhancement with a semiconductor substrate is not a 

recent discovery and was first reported a few years after the initial SERS observation; Yamada 

et.al observed an enhancement of pyridine spectra on NiO thin films [1-35]. Since then a large array 

of semiconducting materials have been observed to exhibit SERS enhancement including but not 

limited to, ZnO[1-36], TiO2
[1-37], ZnS[1-38], CuO[1-39], Fe3O4

[1-40], CdTe[1-41], and PbS[1-42]. 

Semiconductors exhibit SERS enhancement through the charge transfer mechanism and as a result 

most semiconductor nanostructures do not exhibit plasmon resonance effects. This is due to the 

fact that most semiconductor materials are plasmonically inactive in the visible to NIR wavelength 

range. This results in a reliance on the CT mechanism to produce SERS enhancement for these 

materials.  In the last few years there have been reported semiconductor nanostructures that have 

been developed that are able to achieve enhancement factor values that rival EF values observed 

in NMNs. 

 

For example, Yang et.al [1-43] have fabricated Zn-doped TiO2 nanoparticles that have the ability to 

detect and enhance the spectra of levofloxacin drug molecules which can be found in animal food 

and environmental sources which inhibits DNA replication.  They were fabricated these Zn doped 

TiO2 nanoparticles by sol hydrothermal synthesis and dispersed in ethanol solution and were able 

to optimize the synthesis of the nanoparticle to achieve a detection limit of ~10-7M for the 

levofloxacin molecule. They concluded that the charge transfer mechanism was responsible for 

the observed enhancement because the defect structure and bandgap-to-HOMO/LUMO energy 

difference made electrons transitions possible. 
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Figure 1-8: Zn-dope TiO2 nanoparticles for SERS detection of levofloxacin (Courtesy [1-43]) 

 

Additionally, Cong et.al [1-9] have developed a non-stoichiometric W18O49 tungsten oxide sea 

urchin-like nanowire structure that is able to detect R6G dye molecules up to an enhancement 

factor of ~105 and with a detection limit of 10-7M concentration. Formed through hydrothermal 

reaction, this tungsten oxide nanostructure is able to achieve the observed enhancement of the R6G 

dye due to oxygen vacancy defects and charge transfer between the nanostructure and the dye 

molecule.    

 

 

 

 

 

 

 

 

 

Figure 1-9: Sea urchin-like W18O49 nanostructures for SERS detection of R6G dye         

(Courtesy [1-9]) 
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Semiconductor nanostructures have several distinct benefits compared to noble metals that make 

them more advantageous as SERS-active substrates in several applications. Semiconductors are 

advantageous because they can be degradation resistant, have programmable surface 

characteristics and physical morphology, can be doped with other elements to change their 

electronic character, and it is possible to control their physical and chemical properties, band gap 

an stoichiometry; all of which are not easily controlled when fabricating NMNs. Since 

semiconductors do not exhibit SERS enhancement through SPR, the need for precise nanostructure 

size to achieve high nanogap consistency is not a necessity for semiconductor SERS substrates. 

However, there have been some recent studies that have shown that plasmonically active 

semiconductor materials can be formed through doping of free carriers and phase transitions but 

is still in the nascent stages of development [1-44].  In addition most semiconductor materials are 

considered biocompatible, which leads to their increased potential as biosensing substrates. For 

example Han et.al[1-45] have fabricated TiO2 nanostructures through anodizing a Ti substrate and 

have been able to detect cytochrome b5, a hemoprotein present in human cell membranes.  

 

1.4. Nanostructure formation using ultrafast femtosecond pulsed laser ablation 

 

As shown previously, there are a great number of different nanostructures being developed as 

SERS-active substrates each being formed using a different technique; these range from gold[1-46] 

or silver[1-47] nanoparticles formed through chemical synthesis methods to a bottom-up approach 

to growing Si nanowires that are then coated with silver nanoparticles [1-48] to ZnO nanoparticles 

being deposited onto carbon nanotube fibres[1-36]. Both bottom-up and top-down approach can 

yield highly SERS active substrates for given applications. In this thesis it is presented that by 

using an ultrafast femtosecond pulsed laser ionization mechanism, it is possible to active the SERS 

enhancing characteristics of a material, silicon, that have yet to be reported in literature. The 

impetus for using this nanostructure technique as a potential method to generate a new 

nanostructured material that has enhanced SERS properties was the works by Maznichenko et.al.[1-

10,1-11] In these studies an ultrafast femtosecond pulsed laser ionization mechanism was employed 

to ionize a bulk Ti substrate to form linked multiphase TiO2 nanoparticle nanofibre network.  By 

modifying and optimizing the control parameter of the femtosecond laser, they were able to finely 

control the amount of each TiO2 phase (anatase and rutile) within the nanofibres as well as the 
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physical morphology of the nanofibres (nanoparticle size/ size distribution and porosity of the 

nanofibre network). They were able to detect CV dye and environmental contaminants, bisphenol 

A and diclofenac sodium salt, with a maximum observed EF of ~106.  With this proven ability to 

create a unique nanostructure that is highly SERS-active, and the proven ability of similar Si 

nanostructures to be used as sensing materials by Alubaidy et.al,[1-49] and their biocompatibility by 

Premnath et.al,[1-50] demonstrate that this ultrafast laser ionization method was chosen to fabricate 

Si nanostructures for chemical and biosensing applications.    

The aspects of ultrafast femtosecond pulsed laser ionization of silicon and how the resulting 

nanostructures produce SERS enhancement will be delineated in greater detail in later chapters, 

but a very brief description will be given here. This fabrication process involves impinging 

femtosecond laser pulses onto a substrate surface. These pulses will immediately begin to ionize 

the substrate surface causing ions to be ejected from the substrate. These ions form a plume above 

the substrate surface wherein the ions from the substrate and ions and molecules from the 

surrounding atmosphere will react and bond with each other to form ionic cluster and grow to form 

nanoparticles. These nanoparticles then condense and fall back to the substrate surface, build up 

and fuse together to form a three-dimensional nanonetwork of fibre –like nanostructures. Figure 

1-10 shows a schematic of the ultrafast femtosecond pulsed laser ionization mechanism and the 

nanostructure formation.  

   

 

 

 

 

 

 

 

 

 

 

Figure 1-10: Ultrafast femtosecond pulsed laser ionisation and nanostructure formation 
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Unlike nanolithography or wet chemical synthesis that make nanostructured versions of bulk 

materials this nanostructure generation technique fundamentally creates new materials from bulk 

substrates. This is because the femtosecond pulsed laser breaks down a bulk substrate into its ionic 

components and the ions then reform into completely distinct nanomaterials which are not possible 

to fabricate using conventional techniques.  

 

1.5. Summary 

 

SERS-active nanomaterials exist in a variety of forms and many different materials can exhibit 

SERS enhancing properties. These nanostructured materials have been shown to produce 

significant enhancement in detection of chemical and biomolecules alike. The disadvantages of 

noble metal based SERS substrates has led to the current interest in developing semiconductor 

nanostructures as SERS-active materials and semiconductor/metal oxide nanomaterials as SERS 

substrates are an emerging field of research. There is, however, a current lack in studies that are 

developing Si-based semiconductor SERS substrates for both chemical and biosensing 

applications. It will be demonstrated that a SERS-active Si nanostructure generated using an 

ultrafast femtosecond pulsed laser ionization mechanism can exhibit significant SERS enhancing 

characteristics. These Si nanostructures are able to overcome the drawbacks associated with noble 

metal SERS nanostructures while producing comparable SERS activity. As such these Si 

nanostructures have been established in this thesis as viable SERS chemical and biosensing 

platforms.  
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1.6. Research Objectives 

 

Si-based SERS nanostructures generated through ultrafast pulsed laser ionization offer promise as 

chemical and biosensing substrates.  This fabrication technique is able to generate a unique 

nanostructure with nanoweb-like morphology as is able to be fine-tuned to modify the material 

chemistry of the silicon within the nanostructure. This controllability of this laser-ion fabrication 

technique allows for the optimization of the SERS enhancing characteristics for chemical and 

bioanalyte detection.  

 

The main objective of this thesis is to generate a SERS-active Si nanostructure using the laser-ion 

fabrication method and to establish a Si-only nanomaterial as a viable SERS sensing platform. 

With the establishment of a Si nanostructure as a highly SERS active substrate, the next goal is to 

further enhance the SERS sensing capabilities of the Si nanostructure through additional 

enhancement mechanisms and modification of the nanostructure formation mechanism, to 

determine its viability as a biosensing platform. This will be accomplished through sub-objectives 

with individual tasks: 

 

Sub-objective 1:  Generate a SERS-active Si nanostructure using ultrafast femtosecond pulsed 

laser ionization 

Task 1:  Fabricate a silicon nanostructure using the ultrafast femtosecond pulsed laser technique 

and explore who the laser characteristics can be controlled to generate varying nanostructure 

formations 

Task 2: Characterize the nanostructure in terms of the physical morphology and the material 

chemistry in order to classify how the laser-ion formation mechanism generates nanostructures 

 Scanning electron microscopy (SEM) for overall nanostructural morphology 

determination, X-ray diffraction crystallography (XRD) to determine the crystallographic 

nature and composition of the nanostructure, transmission electron microscopy (TEM) for 

nanospheroid size and size distribution analysis, and nanospheroid morphology analysis 

Task 3: Determine the Raman characteristics of the fabricated nanostructures through nano-Raman 

spectral analysis of the Si nanostructure 
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Task 4: Study and evaluate the SERS enhancing properties of the Si nanostructure by the spectral 

response to chemical dyes rhodamine 6G (R6G) and crystal violet (CV)   

 

Sub-objective 2: Determine the SERS enhancing characteristics of a semiconducting Si 

nanostructure with additional noble metal nanostructures for chemical sensing and potential 

biosensing applications 

Task 1: Fabrication of the silicon nanoweb structure using ultrafast pulsed laser-ion technique and 

subsequent ornamentation of gold nanospheres on nanoweb surface at varying time scales 

Task 2: Characterize the Au ornamented nanoweb structures in terms of physical morphology and 

material chemistry using TEM imaging, x-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy.  

Task 3: Determination of the effects of Au nanosphere concentration on the Raman enhancement 

of the nanostructures compared to bare Si nanostructures.  An evaluation of the SERS enhancement 

produced by the Au ornamented nanoweb of chemical dye CV and bio-label molecule R6G 

 

Sub-objective 3: Determine the function of a dual mechanism SERS enhancement with a Si 

nanostructure and an Au-Au/Pd boosting source for biosensing applications 

Task 1: Synthesis of a hybrid Si nanostructure using the ultrafast pulsed laser ionization technique 

and physical deposition of Au and Au/Pd nanospheres on Si nanostructure surface. 

Task 2: Material characterization of the nanostructures using TEM imaging, XRD, and Raman 

spectral analysis 

Task 3: Evaluation of the Raman spectra produced by the Au and Au/Pd coated Si nanostructures 

relative to the bare Si nanostructures to determine primary and secondary boosting potential. 

Application of a protein biomolecule L-glutathione (GSH) onto these nanostructure surfaces to 

determine potential as SERS biosensing platform and the boosting efficiency of the Au and Au/Pd 

nanospheres    

 

Sub-objective 4: Evaluate the role of introducing quantum-scale defects into the Si nanospheroid 

has on the SERS-based biomolecular diseases signalling.  

Task 1: Induction of quantum scale defects into Si nanospheroids by amendmentation of ion-

interactions during ultrafast femtosecond laser ionization 



20 
 

Task 2: Characterization of the resultant nanostructures using TEM/HRTEM image analysis, XRD 

and Raman spectral analysis 

Task 3: Development of a theoretical understanding of how the quantum-scale defects within the 

resulting Si nanostructures cause Raman activation and SERS detection of biomolecule analytes 

Task 4: Determine potential of Si nanostructures with quantum scale defects as an early s-tage 

universal biomolecular SERS nanoprobe by high sensitivity detection of disease signalling 

analytes.    

   

1.7. Organisation of the Dissertation 

 

Chapter 2 describes the synthesis of Si nanowebs structures using the ultrafast femtosecond pulsed 

laser ionization mechanism and how these hybrid Si nanostructures exhibit SERS enhancing 

characteristics   

 

Chapter 3 describes the use of SPR through Au nanoparticle ornamentation to add an additional 

layer of SERS enhancement to the hybrid Si nanostructures and how this Au ornamentation 

process can be optimized to maximize the additional enhancement to the detection of chemical 

and bio-label molecules.  

 

Chapter 4 describes how Au and Au/Pd nanospheres on the surface of the hybrid Si nanoweb 

structure give a secondary SERS boosting source to the primary Si nanoweb boosting source for 

the detection of a protein biomolecule L-glutathione 

 

Chapter 5 delineates the generation of quantum-scale defects within the Si nanostructures by ion-

interaction amendmentation and the effects these defects have on the detection of disease 

signalling biomolecules. 

 

Chapter 6 summarizes the results of these studies, and proposals for the future direction of this 

research.  
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1.8. Candidate Contribution 

This thesis dissertation presents work performed by the candidate and supervisors in the form of 

published journal articles, journal articles under peer review and manuscripts pending review for 

submission to peer-reviewed journals. The contribution form the candidate for each of these 

studies was to perform sample preparation, obtain experimental results, graph and evaluate 

experimental data, illustrate conceptual diagrams and schematics, and write and edit manuscripts 

for submission to peer reviewed journal. The contributions from the candidates supervisors was to 

advise the candidate on the concepts and design of the experimental studies, aid in interpreting 

results and, to revise and comment on written work. As such, the candidate is the primary author 

for all published works, submitted works and works pending submission.     
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Chapter 2 

 

Programmable SERS active substrates for chemical and biosensing 

applications using amorphous/crystalline hybrid silicon nanomaterial 

Published in Nature Scientific Reports, January 2016 

 

SERS sensing techniques offer a non-destructive and highly sensitive method for detecting 

chemical and biomolecules for various applications. However, the majority of SERS sensing 

nanomaterials rely solely on noble metal nanostructures as the primary SERS enhancement source; 

noble metal nanostructures require highly precise feature size and distribution to obtain significant 

and reliable SERS enhancement. Recent advances have shown that semiconductor nanostructures 

have the potential to exhibit SERS enhancing characteristics on par or greater than similarly 

fabricated noble metal nanostructures.  In this chapter, the creation of a SERS-active hybrid Si 

nanoweb structures using an ultrafast femtosecond pulsed laser ionization technique. By using the 

flexibility that this technique allows in terms of modifying the properties of the pulsed laser, the 

generated Si nanoweb structure can have highly programmable physical morphology and material 

chemistry. These physical and material properties govern how this nanostructure is able to produce 

for the first time SERS enhancement of chemical analytes using only a Si nanostructured material.  

 

2.1. Introduction 

The field of nano-Raman sensing is growing year by year with further advancements to 

enhancement of well-established sensing materials.[2-1,2-2] Raman scattering is an important 

technique in the field of chemical and bio-sensing because it offers the ability to detect these 

analytes at single molecule concentrations.[2-3]  Nano-Raman techniques also have the ability to 

detect a wide breadth of analytes; not only can nano-Raman device detect various chemicals 

including, pollutants in water supplies, [2-4] explosive chemicals, [2-5] and for pharmaceutical 

chemical identification, [2-6] nano-Raman has the ability to be used a sensing technique for many 
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biomolecules as well. Nano-Raman sensors also have the capability to detect various cancer cells, 

[2-7,2-8] bacteria, [2-9] RNA and DNA, [2-10,2-11] and viruses. [2-12] 

The primary issue nano-Raman scattering observation is the intensity of the scattered signal; only 

10-12 incident photons [2-13] will inelastically scatter resulting in Raman characterization being an 

impractical tool without significant enhancement in signal. SERS enhancement serves as a main 

focus for current research as nano-Raman sensing due to the extremely high enhancement factor 

and the exceptional sensitivity that SERS activation can achieve. It has been established that the 

main source of SERS enhancement for metallic nanomaterials comes from a phenomenon known 

as surface plasmon resonance (SPR); which is the collective oscillation of electrons about atomic 

nuclei caused by incident electromagnetic radiation. The increase in sensitivity to an analyte 

originates from the enhancement of electric field caused by SPR which is transferred to an analyte 

molecule resulting in a larger cross-section of Raman scattered photons. [2-14] Noble metals (gold, 

silver, etc.) have been predominantly used as SERS materials since they have a well-established 

property of exhibiting surface plasmon resonance (SPR) in the visible and near-infrared (NIR) 

spectrum, the wavelength range for most Raman lasers[2-15]. While SPR is the major source of 

Raman enhancement, it alone cannot provide the tremendous observed enhancement factors of 

these nanostructured materials; the physical morphology plays an important role as well and works 

in concert with SPR. Many different nanostructures have been created and have demonstrated 

enhanced Raman scattering, including nanostars, [2-16] nanofilms on arranged arrays of nanowires, 

[2-17] hollow or solid nanocubes [2-18] or nanoshells. [2-19] The common origin of enhancement for 

most of these nanostructures is the creation of localized regions of concentrated electromagnetic 

field, which are known as Raman or plasmonic hotspots. Hot spots usually form in the nanogaps 

between two nanostructures [2-20], the simplest being the gap between two nanoparticles [15] but can 

be formed between nanostructures of many types; [2-21] this means however, that the creation of 

nanogaps is highly dependent on the nanostructure size, the wavelength of Raman laser and the 

analyte molecule size, [2-13] but with precise control single molecule detection is possible. [2-3]  

There is however, a significant lack of research focus on developing materials that utilize 

semiconductor based nanomaterials, specifically silicon, for use as SERS enhancement substrates. 

This is due to nanostructured silicon materials being relatively dormant in terms of direct SERS 

activation when fabricated using conventional synthesis techniques. For example Wells et.al have 
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achieved an EF value of 510 for the detection of Zn phthalocyanine on a Si nanopillar array 

fabricated using nanolithography techniques [2-22]. Other researchers have also reported EF values 

8-28 [2-23], 7.1-70 [2-24], and 103[2-25]. While substantial achievements in Si-based SERS activation, 

these EF values are orders of magnitude lower than the EF values reported from noble metal 

nanostructures; for example Garcia-Leis et.al[2-26] have reported an EF value of 1.72x105 for Ag 

nanostars, Wang et.al [2-27] have reported a maximum EF value of 107 for gold nanoparticle arrays 

and  Tao et.al [2-28] have reported an EF value of 2x109 for Ag nanowire monolayers.  As such, of 

the currently researched SERS nanomaterials, nanostructured silicon is employed primarily as a 

scaffold or substrate for noble metal Raman active nanostructures [2-29 – 2-31]; nanostructured silicon 

does not play a major active role in Raman enhancement. There is a significant incentive to fill 

this void of SERS active silicon nanomaterials because silicon is the building block material for 

all existing electronic devices and having access to a Raman active nanostructured silicon material 

would not require the development of new integration techniques for creating Raman sensing 

devices. A sizable amount of research has been conducted to investigate the Raman activity of 

semiconductor nanomaterials yielding promising results. SERS enhancement has been observed 

in ZnO[2-32], ZnS[2-33], CdS[2-34] and CuO[2-35], each in colloidal suspension. Competitive EF values, 

on the order of 106 have also been observed in three dimensional TiO2 nanostructures. [2-36, 2-39 – 2-

46] These semiconductor materials and to a greater extent silicon, are more attractive as SERS 

materials due to the breadth of controllability over material properties (including band gap, 

dopants, physical morphology, stoichiometry, phase crystallinity, nanostructure size distributions 

etc. [2-40]) that semiconductors have over metals.  Therefore a highly SERS active Si nanomaterial 

opens up new opportunities to use as  a SERS sensing substrate rather than cost-prohibitive, 

difficult to fabricate noble metal SERS nanostructures that lack depth of control over material 

properties and physical morphology.  The use of Si based SERS nanomaterials could lead to the 

proliferation of economical SERS detection devices for a vast array of applications. 

With this current research, a new phenomenon for SERS activation using nanostructured Si that  

can be precisely controlled with the formation mechanism that allows for the creation a SERS 

active material from a dormant Raman Si wafer material. In this study, an entirely new type of 

nanomaterial has been crated which is as to yet, not producible by other methods; the creation of 

hybrid crystalline/amorphous Si nanospheroids within a laser ionization plume, which fuse and 

deposit onto the silicon substrate as an interconnected nanoweb network. Rather than individual 
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crystalline and amorphous nanoparticles, with the ultrafast femtosecond laser synthesis it is 

possible to create nanospheroids that have regimes of crystalline and amorphous silicon throughout 

individual nanospheroids. By altering the ionization mechanisms and temperature within the laser 

plume, the structural arrangement of the silicon ions to form this hybrid silicon nanomaterial can 

be precisely controlled. Not only can the crystalline/amorphous content of the individual 

nanospheroids be programmed, the morphology of the nanospheroids and how they will arrange 

themselves when deposited on the substrate surface can be manipulated. Due to this unique particle 

formation mechanism, these formed nanospheroids are distinctive in their structural character 

which allows them to be much more SERS active than bulk single crystal Si due to a higher 

concentration of grain boundaries within the nanospheroids. This combination of 

amorphous/crystalline grains within individual nanospheroids of an interconnected nanospheroid 

network is an entirely new concept for nano-Raman activation. Figure 2-1 is an overall schematic 

and SERS enhancement figures for molecular dyes on Si nanoweb structures. 
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The goal with this research is to demonstrate the ability to synthesize an entirely new silicon 

nanomaterial has SERS enhancing properties not present in bulk silicon material or other 

nanostructured Si materials and that precision control of the production of this unique nanomaterial 

can be achieved, which is unattainable with other nanomaterial formation mechanisms. In addition, 

a demonstration of the viability of a Si Raman active nanomaterial as a chemical sensing substrate 

without the need for traditional noble metal SERS activation is observed.  

2.2. Experimental Method 

2.2.1. Laser Ablation/Raman analysis/Material characterization 

A pulsed Yb-doped fibre amplified femtosecond laser was used to fabricate the silicon 

nanostructures. In order to maximize the control over the nanoweb fabrication, some of the 

parameters of the laser need to be fixed, in this experiment the laser wavelength (1030nm), 

polarization (circular) and the laser power (16W) were fixed. The parameters that were varied were 

the repetition rate, dwell time and pulse width.  

The nanostructures were created on a 5x5mm array of points with a 50µm point spacing; the array 

was plotted using EzCAD software and controlled using a piezo-driven raster scanner. The silicon 

substrates that were used were crystalline silicon wafers with orientation <110>. 

Each ablation area was examined before and after a dye was coated onto the ablation using a B&W 

Tek, Inc NanoRam® handheld Raman system. The Raman excitation laser used has a wavelength 

785nm at a power of 350mW. The bare nanofibre ablation areas were analyzed using the Raman 

laser to determine how the nanostructures change the Raman spectra compared to the unablated 

substrate in terms of the Raman intensity as well as any structural/compositional changes caused 

by the ablation. The dyes used to test the SERS enhancement factor of the silicon nanostructures 

were Rhodamine 6G and Crystal Violet, which are popular dyes for SERS analysis due to their 

large Raman cross-section. To determine a sensitivity range for the Si nanoweb structures, each 

dye was coated onto individual ablation areas at two different concentrations, 8x10-3M and 8x10-

6M. A single drop of each dye concentration for both dyes was applied to a separate ablation area 

prior to Raman analysis. Each resultant Raman spectra were obtain at 3s collection time and 

repeated in triplicate then averaged.   
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To confirm the presence of and characterize the structure of the silicon nanoweb networks, high-

resolution scanning electron microscopy (HRSEM) was used. SEM was used to determine the 

nanospheroid size distribution and nanogap size distribution for each ablation area. Using the 

HRSEM images of the nanoweb substrates and ImageJ image processing software, the average 

size of the nanospheroid was calculated. Using ImageJ, the particle size is calculated manually; 

first the scale is adjusted based on the magnification of the image then the spheroid size is 

measured from the outer diameter of each spheroid; the nanogap size distribution was measured 

using the same technique. To obtain cross-sectional images, substrates were split down the middle 

through an ablation area, and the nanofibres were imaged at an angle.  Gold sputtering of the 

nanoweb was necessary because of excessive charging due to the fibres being composed of silicon.  

High-resolution transmission electron microscopy (HRTEM) was also used to image and analyze 

the nanoweb and nanospheroid shape and size. HRTEM involves using a carbon grid to swab the 

sample to attach nanospheroid clusters to the grid and then the grid is scanned. Using the fast 

Fourier transform (FFT) analysis the crystal orientations present within each nanospheroids was 

determined.  

X-ray diffraction was used to analyze the composition of the nanostructures as well as the relative 

proportion of crystalline and amorphous content of the nanostructures.  The XRD data was 

collected using a Bruker AXS D8 Advance microdiffraction system equipped with a Cu-K source 

and graphite monochromator to eliminate unwanted Cu-K-beta lines. In order to obtain the relative 

proportion of crystalline to amorphous content, the XRD data underwent Reitveld analysis.  

2.3. Results and Discussion 

2.3.1. Hybrid Nanospheroid formation 

The unique nanomaterial created with the ultrafast femtosecond laser is a material that, according 

to literature, cannot be formed using any other fabrication technique; lasers with longer pulse 

widths (nanosecond, picosecond, etc.) are unable to create this material because only a laser with  

femtosecond pulse width is able to cause such high temperatures that when the pulses strike the 

silicon surface,  Si atoms are immediately ionized and form an ion plume above the silicon surface 

without the loss of energy to heating of the substrate. [2-41] Figure 2-2 is schematic showing the 

laser ion plume formation mechanism with SEM images of formed nanoweb structures. The 
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observed nanomaterial is an interconnected network of hybrid amorphous/crystalline 

nanospheroids to form a nanoweb structure.  Figure 2-3 shows the nanoweb structure and the 

interconnected nanospheroid nature of the nanoweb material.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2: a) Schematic representation of ion plume nanospheroid formation mechanism, b) 

representation of nanoweb layer on substrate surface, c) SEM images of nanoweb layer  
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Figure 2-3: HRSEM images of hybrid amorphous/crystalline silicon nanoweb structures showing 

a) 3D nanoweb morphology and b) individual fused nanospheroids with zoomed images c), d)  to 

show detail 

It is hypothesized that this hybrid of crystalline and amorphous phases within individual 

nanospheroids is due to the rapid fluctuation of temperature of the plume caused by the laser 

pulses. The plume temperature is quickly shifting creating moments of higher temperature and 

relatively lower temperature. [2-42] At higher temperatures, the Si ions when interacting are more 

likely to arrange themselves into amorphous structures because they will have higher thermal 

energy and as such will behave in a less organized fashion, [2-43] resulting in a more random 

assembly. Between pulses however, the plume temperature will be lower [2-42] because the laser is 

not providing additional thermal energy, therefore the Si ions will be less energetic and assemble 

themselves into a more organized and lower energy arrangement, resulting in a crystalline 

structure. As time passes, these Si atoms that have formed amorphous or crystalline arrangements 

will collide and bind together to form random arrangements of amorphous and crystalline 

nanograins. These will then coalesce and deposit themselves onto the substrate surface as 

a) b) 

c) d) 
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nanospheroids that have regions, within the same spheroid, of amorphous and crystalline silicon.  

Figure 2-4 is a schematic diagram of this process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Schematic representation of theoretical hybrid amorphous/crystalline nanospheroid 

formation mechanism 

The XRD results (Figure 2-5) show that within the nanoweb samples the observation of the 

presence of both crystalline and amorphous Si and amorphous SiO2. These spectra also show three 

sharp peaks indicating the presence of multiple orientations of crystalline Si. There is a sharp peak 

for single crystal Si from the [111] plane for each sample and sharp peaks for the [220] and [311] 

planes. The existence of these multiple orientations of crystalline Si supports the hypothesis that 

nanospheroids with randomly oriented grains of Si are being created. These peaks are present for 
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each XRD spectra in Figure 2-5; therefore regardless of plume conditions nanospheroids with 

randomly oriented Si grains are generated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: XRD Spectra for nanoweb structures 

The other major observation from the XRD spectra is that each nanoweb layer has a significant 

portion of amorphous content, from which it can be surmised that in addition to the multiple 

crystallographic orientations of Si present in each particle, amorphization of silicon is occurring 

during the particle formation process as well as an oxidation process which forms amorphous SiO2. 

[2-43] This coincides with the proposed mechanism, in which the individual nanospheroids consist 

of Si grains with different crystallographic orientations and amorphous Si grains.  

Using Reitveld analysis the proportion of crystalline to amorphous material is present within the 

nanospheroids is determined (Figure 2-6). Reitveld analysis spectra for 214fs at 4MHz are not 
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included due to equivalent sample compositions between 214fs and 1428fs at 4MHz. The sample 

spectra for 1478fs at 26MHz are not included for the same reason. The Reitveld analysis shows 

that at 214fs the sample is 76% amorphous and 24% crystalline and at 1428fs the sample is 40% 

amorphous and 60% crystalline.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6: a) Schematic showing hybrid nature of nanospheroids with HRSEM and HRTEM 

images showing nanoweb structure and b) amorphous/crystalline grains within a nanospheroid 

and Rietveld spectra for nanoweb created at c) high peak power and d) lower peak power 

With the level of control that over the conditions within the Si ion plume, it is possible to influence 

the particle formation mechanism in order to construct a selected physical morphology of the 

deposited nanoweb layer. The two aspects of the physical morphology that are highlighted in this 

research are the diameter of the deposited hybrid nanospheroids and the thickness of the nanoweb 

layer on the substrate surface. To design the morphology of the nanoweb layer a modification of 

the laser interactions with the substrate surface is necessary; control over the time interval of each 

laser pulse, known as the pulse width, the time between the laser pulses, known as the repetition 

c) 

a) b) 

d) 
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rate and the time spent ablating each ablation point known as the dwell time each contribute to 

observed changes in the nanoweb morphology.  

As with the hybrid structure formation, controlling the morphology of the individual 

nanospheroids, specifically the diameter of the nanospheroids, is dependent on the temperature 

within the ion plume. At high plume temperatures, enough energy is supplied to the nanograins so 

that they can continue to grow and bind with other nanograins, [2-44] and thus increase in size. 

However, when the temperature of the plume decreases below a certain point the growth rate of 

the grains is inhibited, effectively quenching grain growth [2-41] and initiates the nanospheroids 

formation stage and defining the particle size. Since the laser attributes define the plume 

temperature, direct control over the diameter of the nanospheroids is observed.  

This change in particle size is due to the effects of the repetition rate and the pulse width on the 

temperature within the ion plume in which the particles are forged. By changing the repetition rate 

and the pulse width, the number of pulses that strike the sample surface every second and the time 

between laser pulses striking the substrate are programmed respectively. Both of these laser 

parameters will affect the peak power of the laser pulses and thus the energy of the pulses. Peak 

power and pulse energy are calculated using the following two equations: 

𝑃𝑝𝑒𝑎𝑘 =
𝑃𝑎𝑣𝑔

𝑡𝑝𝑓𝑝
     (Equation 2-1) 

𝐸𝑝 = 𝑃𝑝𝑒𝑎𝑘𝑡𝑝    (Equation 2-2) 

Where Ppeak is the peak power Pavg is the average power, tp is the pulse width, fp is the repetition 

rate and Ep is the pulse energy 

At higher energy, it is expected that the plume will have a higher overall temperature, due to the 

fact that more energy can be transferred to the substrate thus allow for larger excitation of phonons. 

When the average plume temperature is high, the growth rate of the nanoparticles is high resulting 

in larger particles at higher plume temperatures. This is due to the temperature dependence of 

particle growth rates. Particle growth is expressed by the following equation: 

𝑟𝑔𝑟𝑜𝑤𝑡ℎ = 𝐴𝑒𝑥𝑝
−
𝑄

𝑘𝑇                  (Equation 2-3) 
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Where rgrowth is the growth rate, A is an independent coefficient, Q is the activation energy required 

to initiate particle growth, k is Boltzmann’s constant, and T is the temperature. [2-49] As the 

temperature of the system increases the growth rate will have an exponential increase, therefore 

by increasing the peak power, more energy is transferred to the substrate and the laser plume thus 

increasing the plume temperature and increasing the growth rate and the size of the formed 

particles. As a result, both the repetition rate and the pulse width of the laser pulses will have a 

significant effect on the particle size.  

These results show that precise control the material structure of the individual nanospheroids as 

well as the morphology of the nanospheroids and nanoweb layer cane be achieved by manipulating 

the interactions between the ultrafast laser pulses and the substrate material. As such direct 

regulation over the spheroid formation mechanism within the ion plume is possible. The Raman 

characteristics of the formed nanoweb layer are dependent on several different sources, each of 

which can be manipulated by controlling the nanospheroid formation mechanism.  

Another of the critical features of the formation mechanism that proposed in this study, is the 

presence of polycrystalline grains and amorphous grains within individual nanospheroids. To 

confirm the crystalline/amorphous grains within the nanospheroids, TEM imaging of dispersed 

nanospheroids is required to determine crystal orientations and amorphous regions.  

2.3.2. SERS Enhancement from hybrid nanostructures 

2.3.2.1. Raman Enhancement from hybrid nanostructures: 

The SERS and Raman enhancement from this unique nanomaterial is two-fold; the hybrid structure 

of the individual nanospheroids, as well as the physical morphology of the nanospheroids on the 

substrate surface contributes to the detection of the analyte. The sum of these contributions leads 

to the observed enhancement of the Raman signal of the silicon or any deposited analyte. To 

quantify this enhancement, the following equation was used. [2-62] 

𝐸𝐹𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 =
𝐼𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒⁄

𝐼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑁𝑏𝑢𝑙𝑘⁄
 (Equation 2-4) 

Where 𝐸𝐹𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒  is a proportionality that quantifies the Raman enhancement between the 

substrate and the nanostructures by comparing the intensity of the peaks at a characteristic Raman 

shift of the analyte for both the substrate  𝐼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 and the nanostructured surface  𝐼𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒. 
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The 𝐸𝐹𝑛𝑎𝑛𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 proportionality requires a factor that takes into account the interaction volume 

of the Raman laser and the number of dye molecules within this volume which contribute to Raman 

enhancement; these factors are 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑁𝑏𝑢𝑙𝑘 for the nanostructures and substrate, 

respectively. 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒takes into account the effective surface area of the nanostructures and the 

absorption of dye into the nanoweb structure within the Raman interaction volume. Some 

assumptions were made when calculating 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and  𝑁𝑏𝑢𝑙𝑘;  the density of the nanostructures 

is assumed to be identical to crystalline silicon, the dye absorption and surface area are assumed 

to be similar to the values established by Maznichenko et al. [2-46] due to the same ion plume 

formation mechanism is employed to create both the TiO2 and hybrid Si nanostructures.  

2.3.2.2. Raman Results for bare substrates: 

A schematic of this portion of the experiment, the Raman spectra of nanoweb structures compared 

to a bulk Si wafer substrate spectra, the Raman spectra of each nanoweb structure with zoomed 

spectra for the 520 cm-1 Si peak, and the enhancement factors for each substrate are demonstrated 

in Figure 2-7. 

2.3.2.3. Raman Results for dye-coated substrates: 

A schematic of this portion of the experiment with a molecular dye, the Raman spectra of the  dye-

coated substrates, the Raman spectra of each nanoweb structure with zoomed spectra for the 1360 

cm-1 R6G peak and for the 1621cm-1 CV peak at both 10-3M and 10-6M concentrations, and the 

enhancement factors as function of peak power for each concentration on the nanoweb substrates 

are shown for both R6G (@ 1360cm-1) and CV (@ 1621cm-1) in Figure 2-8.  
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Figure 2-7: a) Schematic of Raman enhancement of bare Si nanowebs, b) Raman spectra silicon 

peaks on Si nanoweb and Si wafer substrate, Raman spectral peak 520 cm-1 for Si on Si 

nanowebs formed at c) low peak power and d) high peak power, and e) EF values at 520 cm-1 for 

Si on Si nanowebs as a function of Peak Power 
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b) 
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Figure 2-8: a) Schematic of Raman enhancement sensing with a molecular dye on Si nanowebs, 

Raman spectra of b) R6G and c) CV dye on Si nanoweb and Si wafer substrate, Raman spectra 

for d) R6G and e) CV on Si nanowebs for each laser ion plume condition 
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Figure 2-9: EF values for R6G and CV dyes on Si nanoweb structures at 10-3M and 10-6M 

concentrations as a function of peak power 

From the Raman spectra and EF values (Figures 2-8, 2-9), it has been observed that a significant 

enhancement in intensity of the characteristic Raman peaks of both dyes on the nanoweb layer 

substrates compared to dyes on the Si substrate. When coated with the either the R6G dye or the 

CV dye, it has been observed that the bulk Si substrate spectra has no response to the presence of 

a dye; however when a dye is coated onto the nanoweb layer substrates, the characteristic peaks 

of the associated dye are clear well-defined. A maximum enhancement of 5.21x106 and 3.72x106 

for both R6G and CV dyes respectively are observed at 10-3M concentration at a peak power of 

18.7MW. For 10-6M concentration of both R6G and CV the EF values while several orders of 

magnitude lower than the EF values at higher dye concentration, the Si nanoweb structures there 

remains observable enhancement of each dye spectra.  This lends credence to the theory that this 

new nanomaterial is highly Raman active and is able to detect an analyte much more readily than 
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bulk silicon. While it has been proven that roughened noble metal substrates exhibit SERS 

enhancement [2-47] compared to noble smoother substrates, these results show that the Si nanoweb 

structures alone are able to enhance the detection of a molecular dye without the aid of noble metal 

SERS enhancement.    

2.3.4. Semiconductor SERS enhancement 

Due to current theoretical advances, the observed SERS enhancement can be attributed to a series 

of linked resonances only possible with semiconductor nanomaterials.[2-32 – 2-35] The resonances 

that work in tandem to achieve an observed EF are surface plasmon resonance, molecular 

resonance, charge-transfer resonance and exciton resonance.  

2.3.4.1. SPR contributors: Hybrid Structure enhancement 

The amorphous/crystalline hybrid structure of the individual nanospheroids provides a distinct 

source of Raman enhancement due to its unordinary structure.  The hybrid nanograin structure of 

the nanospheroids results in a high concentration of grain boundaries between grains with different 

orientations of crystalline silicon ([111], [220], [311]) and grain boundaries between crystalline 

silicon grains and gains of amorphous silicon within each nanospheroid. With TEM imaging, FFT 

analysis and XRD spectra, it has been observed that the presence of grains of multiple orientations 

of crystalline silicon and amorphous silicon in each nanospheroid. The grain boundary 

concentration affects how the light from the Raman laser scatters within the nanospheroid 

structure. Veprek et al., have demonstrated that grain boundaries in nanocrystalline silicon films 

exhibit enhancement in Raman scattering intensity, but is limited to processes that involve 

coupling of the electromagnetic field via charge density fluctuations in the grain boundaries to the 

bulk of the crystallites. [2-50] Due to the bond stretching and compression (bond dilation) that occurs 

at the grain boundaries, a local electric dipole moment is formed which results in enhanced 

coupling with the EM field. Therefore with larger grain boundary concentration, the stronger the 

coupling with the EM fields thus more Raman enhancement. At higher peak power, a greater 

amount of amorphous content is present within the nanospheroids which can be inferred to as a 

greater concentration of grain boundaries; the nanoweb substrates created at higher peak power 

have the largest observed Raman enhancement of all the formed nanoweb structures in this study.    

 



41 
 

2.3.4.2. SPR contributors: Nanospheroid Size and Nanogap Enhancement 

The material structure of the nanospheroids is not the only source of Raman enhancement for our 

material, the nanospheroid size and the assembly of nanospheroids on the substrate surface provide 

enhancement as well. By changing the laser parameters to control the peak power, the spheroid 

size distribution of the silicon nanospheroids within the nanoweb can be adjusted. Figure 2-10 

shows the nanospheroid size distributions for different nanoweb structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-10: a) HRTEM images of Hybrid Amorphous/Crystalline nanospheroids, and b) a 

schematic of Grain Boundary Raman Scattering within a Single Crystalline Nanospheroid, an 

Amorphous Only Nanospheroid, a Polycrystalline Nanospheroid and a Hybrid 

Amorphous/Crystalline Nanospheroid 

a) 

b) 
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Figure 2-11 shows that as the peak power decreases, the distribution of nanospheroid sizes 

broadens and the median value shifts to larger spheroid size. This result is congruent with the 

knowledge of the femtosecond lasers effect on the plume temperature, and the condensation and 

grain growth of nanostructures. The Raman spectra enhancement factors for the R6G dye and CV 

dyes on the silicon nanowebs (Figure 2-11)  indicate that as the distribution of nanospheroid size 

increases and an effectively larger volume of large nanospheroids is generated, the enhancement 

of the  dye peaks diminishes; therefore at large peak power, larger nanospheroids which cause 

greater enhancement of the dye molecules. This correlation however requires further study because 

not only do the nanospheroids decrease as peak power increases but the nanogap size decreases as 

well. (Figure 2-11) 

 

 

 

 

 

 

 

 

 

 

Figure 2-11: a) Nanospheroid size distribution and b) Enhancement Factor as a function of peak 

power at 0.431MW, 2.88MW and 18.7MW 

2.3.4.3. SPR contributors: Nanogap/Raman hot-spot enhancement 

It has been shown and well established, that the size of the nanogaps between Raman active 

nanostructures has a direct and crucial influence on the Raman enhancement factor of a material. 

[2-44,2-50]    

a) 

b) 
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The unique structure of the nanoweb layer adds additional enhancement effects due to the 

formation of nanogaps between individual nanospheroids. These nanogaps are formed when the 

Si nanospheroids fuse together on the substrate surface to create fibre-like structures. These 

nanogaps allow for a concentration of electromagnetic field which allows for an amplification of 

the SERS enhancement. [2-51] It has been shown that when the nanogap size is significantly reduced, 

an order of magnitude enhancement is observed. [2-20, 2-43, 2-52]  The nanogaps for three different 

nanoweb layers each created at different peak powers have been measure and the nanogap size 

distributions are displayed in Figure 2-12.  

 

 

 

 

 

 

 

 

 

 

Figure 2-12: a) Nanogap size distribution and b) Enhancement Factor as a function of peak 

power for nanowebs created at 0.431MW, 2.88MW and 18.7MW 

These distributions clearly show that as the peak power is reduced the nanogaps between the 

nanospheroids increase in size and become less uniform. This increase in size correlates to a 

decrease in Raman enhancement seen in Figure 2-12.  The maximum EF is obtained at a peak 

power of 18.7MW and the median nanogap size observed with this specific nanoweb is 

approximately 5.15nm. While this value is dissimilar to reported optimal nanogap sizes [2-53] for 

other SERS active nanomaterials [2-51 – 2-58], this hybrid nanoweb material has a distinction in 

material character and a contribution to EF by the grain boundary scattering of the individual 

b) 
a) 
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nanospheroids, which divorces currently established values for optimal nanogap size for noble 

metal nanostructures from our truly silicon based Raman active material. The role of the nanogap 

distribution also plays an important role in the SERS enhancement [2-59 – 2-61]; the nanogap 

distribution observed in Figure 2-12 shows clear evidence of a broadening of nanogap size as peak 

power increases. While the observed nanogap size cannot be held to a standardized value for other 

nanomaterials, the principle governing Raman enhancement from a narrow distribution of nanogap 

sizes [2-53] can still be applied to the nanostructures. As observed from Figure 2-12, the 

enhancement factor decreases as the breadth of the nanogap distribution increases. This is due to 

a lack of efficiency in Raman scattering from the nanogaps [2-62] and a smaller concentration of 

nanogaps within the optimal range for our hybrid Si nanomaterial.    

2.3.5. Molecular, Charge-Transfer, and Exciton Resonance Contributors 

Lombardi and Birke [2-40] have established a comprehensive theory to describe and predict the 

SERS scattering in semiconductor materials. Their theory states that observed SERS enhancement 

with semiconducting nanomaterials are not mainly attributed to SPR, as in the case of metallic 

nanomaterials, but also ascribed to linked resonances between molecular resonance, charge-

transfer resonance and exciton resonance. Their theory also suggests that not only are 

semiconductors capable of achieve EF values comparable to those of noble metal nanostructures, 

but semiconductor nanomaterials have the capacity to attain single molecule sensitivity for 

chemical sensing applications.  

The contribution to SERS enhancement from molecular and charge transfer resonance occurs 

when the valence and conduction bands of the semiconductor nanomaterial are similar in energy 

level to the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 

(HOMO), respectively. When this similarity in energy level occurs, a charge transfer can occur 

between the valence band edge and the LUMO or the conduction band edge and the HOMO 

resulting in a SERS enhancement, the most intense of which occurs when transitions terminate at 

band edges. In addition exciton resonances occur when excitons (electron-hole pairs) created in 

the semiconductor nanomaterial by optical absorption. These excitons created form exciton levels 

from below the conduction band to above the valence band which forms a sequence in the 

absorption spectra.  When the nanoparticle size decreases below the Bohr radius for the 

semiconductor material, the exciton levels diverge, due to quantum confinement, leading to a 
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dependence of the SERS enhancement spectra on the semiconductor nanoparticle size. Each of the 

contributions to semiconductor SERS enhancement will be explored as research topic with the 

further development of these hybrid Si nanostructures.    

 

2.4. Summary 

In this study is has been demonstrated the unique ability to create a Raman active nanomaterial 

from an inactive Raman bulk material. This silicon based Raman active material, is uniquely able 

to increase the cross-section of Raman scattered photons without the use of well-established SERS 

active nanomaterials. Not only can the Raman sensitivity be activated with the nanoweb material, 

the formation mechanism can precisely tune the Raman activity of this nanomaterial by controlling 

the ion plume formation mechanism, by controlling the laser/substrate interaction parameters. The 

material formed is a nanoweb material composed of an interconnected network of hybrid 

amorphous/crystalline nanospheroids. The hybrid nature of the individual nanospheroids and the 

nanogap concentration of the nanoweb structure and the linked resonances present in this SERS 

active Si nanoweb semiconductor material are the major contributors to the increase in Raman 

activity. It has also been proven that this nanomaterial has the potential to be used as a chemical 

sensing device with the observation of a maximum enhancement factor of 5.38x106 for chemical 

dye R6G and 3.72x106 for CV dye. With these results, a new avenue for the use of silicon as a 

Raman active material for chemical sensing devices has been opened.   
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Chapter 3 

Hybridized Enhancement of SERS Detection of Chemical and Bio-marker 

Molecules Through Au Nanosphere Ornamentation of Hybrid 

Amorphous/Crystalline Si Nanoweb Nanostructure Biochip Device 

Published in The Journal of Material Chemistry B, 2016 

 

In this chapter, the fabrication of hybrid Si SERS nanobiosensor biochip device. The biochip 

exhibits a proposed hybridized SERS biomolecule sensing phenomenon with the creation of a 

SERS-active 3D amorphous/crystalline silicon nanoweb that has undergone nano-ornamentation 

with gold nanospheres. The underlying interconnected 3D hybrid Si nanospheroid network created 

by a laser-ion plume formation mechanism is nano-ornamented with gold nanospheres using a 

physical ion plasma deposition method to enhance the nano-Raman sensitivity of these 

nanostructures. It is observed that a tunable hybridized enhancement of analyte detection as a result 

of paired SERS mechanisms arising from a Raman active nano-hybrid Si nanoweb structure and 

Au nanosphere ornamentation. This hybridized enhancement has to date, yet to be reported for 

biosensing with SERS semiconductor materials.  By linking the SERS enhancing effects of the 

base nano-hybrid Si nanoweb material with the SERS enhancing characteristics of gold 

nanospheres, a significant increase in sensitivity for the detection of chemical and bio-label 

molecules is observed. Through manipulation of the hybrid Si nanoweb structure formation in 

coordination with modulation of the nano-ornamentation process, hybrid nanostructured SERS-

active nanomaterial can be tailored specifically for biosensing applications. A calculated 

enhancement factor (EF) for chemical molecule Crystal Violet (CV) of 3.0x107 and an EF value 

for bio-label molecule Rhodamine 6G (R6G) of 1.4x107 taking an Au nanosphere ornamented Si 

wafer as a benchmark.  

3.1. Introduction 

Biosensing is a broad field of research where multiple avenues of detection are used for the same 

applications and analytes. Among these sensing mechanisms, which include electrochemical 

sensing [3-1] field-effect transistor (FET) sensing [3-2], and piezoelectric sensing [3-3], optical sensing 
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includes several powerful and versatile techniques [3-4,3-5] that are currently attracting a large 

amount of scientific interest. Optical sensing techniques can provide data regarding a bio-analyte 

with extreme sensitivity and precision while being a non-destructive and cost effective analysis 

tool [3-6]. Of the techniques that are classified as optical sensing mechanisms, Raman sensing is 

one of the most valuable due to the depth of information provided by a Raman spectra, as well as 

the potential sensitivity that can be attained through enhancing a Raman bio-transducers’ sensing 

potential with the use of nanostructured materials[3-7,3-8] .  

The use of nanostructured materials for enhancing the nano-Raman sensitivity for bio-analyte 

detection is a field of research that has become well-established and grown profoundly with recent 

advances.[3-9 – 3-11] Surface enhanced Raman scattering (SERS) enhancement techniques have 

allowed for a unprecedented increase in the sensitivity of detection across a vast array of 

applications; not only are SERS active materials able to enhance the detection and characterization 

of chemical analytes[3-12 – 3-14], but these materials can be utilized for detection of explosive 

materials [3-15], pharmaceuticals [3-16], water pollutants [3-17,3-18], and a large variety of biomolecules 

[3-19 – 3-23], all at very low concentrations [3-26 – 3-29] with the possibility of single molecule detection 

an obtainable goal in some cases. [3-28 – 3-30]    

It has been shown that noble metal nanostructures (NMNs) can play key role in the SERS 

enhancement for analyte detection and  in many cases, provides the singular source of Raman 

scattering enhancement.[3-31 – 3-33] NMNs such as nanoparticles[3-10,3-34 – 3-36], nanostars[3-37,3-38], and 

nanorods[3-39 – 3-42] have proven enhancement characteristics due to the phenomena known as 

surface plasmon resonance (SPR). This phenomenon is unique to these gold and silver NMNs 

because noble metal surface plasmons become resonant when excited by photons within the 

wavelength range used for Raman lasers (532-785nm). As a result, the level of observable SERS 

enhancement from NMNs has been reported with enhancement factors (EF) that range from 106 

[3-43] to 1010 [3-44]. In many cases these NMNs have been able to have limits of detection from 10-

14M analyte concentrations [3-45] to near single molecule detection [3-28].  

However, noble metal only SERS sensing nanomaterials have several severe limitations that cause 

these materials to be undesirable in many applications. Many methods that are commonly used to 

form these NMNs are unable to create a consistent particle size which is necessary for a stable 

SPR enhancement and for reproducibility of SERS signal.[3-46] Moreover, noble metal substrates 
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can be highly expensive to fabricate and have undesirable biocompatibility, which limits their use 

as sensing materials for low-cost sensing platforms and for the detection of many biomolecules.[3-

47] As a result, the need for SERS active nanostructured materials that have reproducibility of SERS 

enhancement as well as strong biocompatibility is paramount for biosensing applications.  

Recent theories and developments [3-46] have shown that NMNs are not the only materials that can 

provide significant enhancement in Raman sensitivity. There have substantial advances towards 

using semiconductor nanostructures as a primary source of SERS enhancement. Semiconductor 

nanomaterials such as TiO2,
[3-3,3-48], NiO[3-49], GaP[3-50], CuTe[3-51] and ZnSe[3-52] have observable 

enhancement factors above 106, EF values that are competitive with NMNs in terms of SERS 

intensity. Lombardi and Birke [3-54] have theorized that, rather than SPR being the primary source 

of Raman enhancement in semiconductor materials, semiconductor SERS occurs due to a series 

of linked resonances that each contribute to the enhancement of analyte detection.  These 

resonances include exciton resonance (electron-hole pairs created by optical excitation causing 

changes in quantum confinement of the nanomaterial), plasmon resonance (collective oscillation 

of electrons on the surface of the nanomaterial) and charge-transfer resonance (the transfer of an 

electron from the valence band of the semiconductor to the lowest unoccupied molecular orbital 

of the analyte molecule). 

While current research in semiconductor SERS nanomaterials for biosensing applications is 

progressive, the nanostructures of these Raman active semiconductors remain similar to traditional 

SERS NMNs. The works by Jiang et.al [3-54] Chang et.al [3-55] and Livingstone et.al [3-56], each report 

large enhancement of analyte detection with Cu2O nanospheres, ZnMgO nanoparticles, 

CdSe/ZnBeSe quantum dots respectively. These nanostructures are very similar to those used by 

other NMN research groups. The development of new 3D semiconductor-based nano-architectures 

remains vastly under researched and has the potential to provide enhancement for SERS biosensing 

not achievable with 1D nanoparticle enhancement. Research regarding 3D nanostructures for 

SERS activation is mainly isolated to top-down approaches with limited enhancement [3-57] or to 

3D nanostructures that use NMNs as primary enhancement sources.[3-59 – 3-61] Bottom-up SERS 

active nanomaterials are mostly limited to noble metals only. [3-62 – 3-64] By using a laser-ion plume 

mechanism, it is possible to generate a hybrid-Si nanomaterial that has highly 3D nanostructure; 

the ion-plume formation mechanism creates an interconnected nanonetwork of branched fused-
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nanospheroids from a standard Si wafer substrate. To our knowledge this type of hybrid-Si 

nanoweb material has yet to be used by other research groups for use as a highly active SERS 

biosensing platform.  In the previous study [3-64] it has been observed that an enhancement of SERS 

sensing using a unique semiconducting hybrid amorphous/crystalline Si nanoweb material, with a 

maximum EF of 106, a level enhancement not observed with other Si-only nanomaterials. [3-65 – 3-

67]   

With this current research, a significant increase in SERS enhancement of bio-molecule analytes 

with the hybrid Si nanoweb material is achieved by exploiting both the SPR from NMNs and the 

linked resonance enhancement of the underlying Raman-active semiconductor nanostructure, a 

hybrid crystalline/amorphous Si nanoweb material. While others researchers develop a biosensing 

platform through the modification of pre-existing or chemically synthesized nanomaterials [3-68, 3-

69] in order to achieve a large EF, in this study the synthesis of a SERS biosensing nanomaterial 

from a base Si wafer and with subsequent nano-ornamentation with Au nanospheres, the creation 

of a biochip nanomaterial that can easily be introduced into a nanobiosensor fabrication process to 

greatly enhance the sensing capabilities of biosensing devices.  In this study, using a laser-ion 

plume formation mechanism to form the nano-hybrid Si nanoweb material and an ion-plasma 

physical deposition method for ornamenting the interconnected hybrid Si nanospheroid network 

with gold nanospheres, a SERS enhancement that exceeds that of the nano-hybrid Si nanoweb 

alone has been achieved. By varying the ion formation environment within the laser-ion plume, 

precise control of the creation of a hybrid Si 3D nanoweb architecture as well as the composition 

of the individual hybrid-Si nanospheroids that comprise this nanostructure is reported; control over 

nanostructure formation is required in order to activate the linked resonance enhancement 

mechanisms that makes this a SERS sensitive material for biosensing applications [3-64]. By 

ornamenting this nanoweb structure with Au nanospheres, the SPR enhancing phenomena is 

employed to further increase the SERS enhancement of biomolecules with the hybrid Si nanoweb 

structure. It is proposed that these two mechanisms work harmoniously to increase the intensity of 

bio-analyte spectra.  

The goal with this study is to establish an Au nanosphere ornamented hybrid Si nanoweb material 

as a biochip sensing platform for chemical and bio-sensing applications through potential 

integration into with a biosensor device. The effects of both the linked resonance SERS 
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enhancement and the SPR SERS enhancement have on the sensing of chemical and bio-label 

molecules are studied. In addition, the dynamic nature of the laser-ion plume formation and the 

nano-ornamentation process to create a nanomaterial, displays a harmonization of the linked 

resonance enhancement and the SPR enhancement mechanisms for increased bio-analyte 

detection. This new nanomaterial on a Si wafer becomes a semiconductor-based SERS biochip 

that can offer compatibility with existing sensor fabrication techniques.   With these results the 

establishment of this biosensing nanomaterial as a highly SERS-active biochip sensing platform 

for many biosensing applications is realized. Figure 3-1 shows a schematic of the overall 

experimental concept for this study.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Overall concept of SERS-active biosensing nanomaterial study; a hybrid Si 

nanospheroid network ornamented with Au nanospheres as a SERS biochip sensor 
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3.2. Experimental Method 

For the creation of the underlying hybrid Si nanoweb structures, a Clark-MKR IMPLUSE pulsed 

Yb-doped fibre amplified femtosecond laser was used to ionize the 0.02-Ω cm p-type silicon (100) 

wafer substrate. To take full advantage of the control over the nanoweb fabrication in this 

experiment, the laser wavelength (1030nm), polarization (circular), dwell time (0.5ms) and the 

laser power (16W) were kept static. The varied laser parameters in this study were the repetition 

rate and pulse width, with which the laser fluence (Flaser) of the laser ion plume can be controlled. 

The nanoweb structures were generated using a 300x300 point array with 25 micron point spacing 

to create a uniform distribution of nanostructures on the base Si wafer; using EzCAD software this 

array was designed and a piezo-driven raster was used to move the laser beam across the substrate 

surface.  

The formed nanostructures were ornamented using a physical deposition method; a 99.9% pure 

Au target was bombarded with ion particles with an atmosphere of Argon gas to ionize the Au 

target. The Au ions then physically deposit onto the surface of the nanoweb structures for a set 

time. Three deposition times as specified by the sputter coating device, 15s (short), 30s (moderate) 

and 45s (long) are used to increase the amount of ornamentation on the surface of the Si 

nanostructures.     

A Raman spectrum was taken on each nanostructure before and after coating with analyte solutions 

using a Bruker Optics SENTERRA Raman microscope. A Raman laser wavelength of 785nm at a 

power of 25mW with 3 iterations at and integration time of 10s to obtain the Raman spectra and 

to ensure repeatability of the spectral results. For the first experiment set, the chemical dye used 

to test the enhancement capability of the Au-NP ornamented nanoweb structures was crystal violet 

(CV), which is a common dye for SERS analysis due to its large Raman cross-section. For the bio-

label sensitivity experiment set, rhodamine 6G (R6G) was applied to each nanoweb surface at 

varying concentrations.  For CV a single drop of the dye at 10-3M was applied to a separate 

nanostructured area and for R6G a single drop of at 10-6M bio-label was applied to each nanoweb 

area prior to spectral analysis.  
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For characterization of the ornamented nanoweb structures, High-resolution tunneling electron 

microscopy (HRTEM) imaging was used to determine the physical morphology of the nanoweb 

structures and to analyze the size of the Au-NP ornamenting the nanospheroids.  

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental composition of the 

nano-ornamented Si nanowebs and the relative amount of gold ornamented on the surface of the 

nanoweb structure. The XPS data was collected using a Thermo Fisher K-Alpha XPS system using 

a monochromated Al K-alpha x-ray source with a 2:1 ellipse spot size was 400µm as the major 

axis Regional scans were performed at 50eV pass energy and 0.1 eV point spacing to give better  

energy resolution and peak shape definition. Using the Avantage software, the quantification of 

Si, O, and Au was obtained.  

3.3. Results and Discussion 

3.3.1. Silicon Laser-Ion Plume Nanospheroid Biosensing Material Formation and Ornamentation  

As has been shown in previous research [3-70 – 3-73], the formation of these nanoweb structures is 

unique to the laser-ion plume formation mechanism. The pulse energy provided by the 

femtosecond laser pulses readily surpasses the ionization threshold for the silicon wafer substrate 

allowing for immediate ionization of the solid crystalline silicon structure and the formation of an 

ion plume, containing Si+ ions and O2- ions which are created by the ionization of the ambient air 

surrounding the wafer substrate. Within the ion plume it has been theorized [3-64] that, the Si+ ions 

are amassing to form nanoclusters of amorphous or crystalline Si, which then become ejected from 

the plume. These nano-aggregates then condensate and fall to the wafer surface as hybrid 

amorphous/crystalline nanospheroids, where upon these nanospheroids fuse together to form a 

nanoweb network structure on the material surface. Figure 3-2 shows a schematic of this formation 

mechanism. It has been shown [3-64] that this nanomaterial has enhancing characteristics 

comparable to that of traditional noble-metal based SERS enhancing materials, by achieving an 

EF value on the order of 106; the same laser-ion plume formation mechanism is employed in this 

study.  

In this study, the ability to program the structure of the nanoweb material by modifying the laser 

ion-plume formation environment to tune the material for biosensing characteristics is observed. 

The nanomaterial structure and composition generated by the laser ion-plume formation 
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mechanism are governed by several different contributing factors, those being the laser parameters 

including the repetition rate, pulse width, dwell time, spacing of points etc.; however speaking in 

terms of the plume energy, plume temperature and condensation rate within the plume itself is 

more useful for explaining how the material is formed and how this nanomaterial can be modified 

to allow for greater SERS enhancement.  As such, it is necessary to evaluate the enhancing 

characteristics of this nanomaterial in terms of the material composition and the unique physical 

morphology of the nanoweb structure. Therefore a chosen selection of laser plume conditions that 

provide varying physical morphologies and material compositions in order to determine how these 

factors play a role in SERS enhancement for this nanoweb structure.     
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Figure 3-2: a) The hybrid crystalline/amorphous Si nanoweb formation by laser-ion plume 

formation mechanism and b) the deposition of Si nanospheroids onto Si wafer surface 

3.3.2. SERS augmentation through an Ornamentation Process 

A physical ornamentation process by which gold nanospheres are deposited onto the surface of the 

nanospheroid networks in order to take advantage of the SERS characteristics of NMNs and to 

generate a two-fold hybridized Raman enhancing nanostructure. The advantage of Au nanosphere 

ornamentation is the addition of a SPR contribution to the enhancement of the analyte spectra. 

Most semiconductor nanostructures do not exhibit significant SPR effects within the proximity of 

the Raman laser excitation range, but they do exhibit other enhancement mechanisms [3-53]. The 

goal of using Au nanospheres in this study is to determine how the enhancement of analyte spectra 

can be bolstered by creating a hybridized enhancement source.    The ornamentation process used 

in this study is a sputtering process wherein the nanoweb substrates are placed within a HV 

chamber and subjected to an argon rich atmosphere. A current is passed through the chamber which 

ionizes the Ar molecules to form Ar+ ions, while an Au target is negatively charged, causing the 

Ar+ ions to bombard the Au target. This bombardment ejects Au nanospheres from the target 

molecule towards the nanoweb substrate leading to a physical deposition of these Au nanospheres 

onto the nanoweb surface; the amount of Au nanospheres that ornament the nanoweb surface is 

dependent on the amount of time the Au target is bombarded, referred to here as the ornamentation 

time (OT). Figure 3-3 is a schematic of this process with an HRTEM image of an ornamented 

nanoweb cluster.    
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Figure 3-3: a) Ornamentation of hybrid Si nanoweb with Au nanospheres using physical 

deposition method with b) an HRTEM image of ornamented nanoweb material 

 

Figure 3-4 shows the Raman spectra of each SERS biochip substrate and the EF values associated 

with these nanoweb structures.  
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Figure 3-4: a) Raman spectra of ornamented hybrid Si nanoweb materials and b) EF values of 

each SERS biochip nanomaterial compared to bare Si wafer substrate 
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It is clear from these spectra, that the hybrid Si nanoweb structure and the nanosphere 

ornamentation have a significant influence on the activation of Raman enhancing mechanisms. 

These spectra show that for the 520cm-1 peak characteristic to Si, when ornamented with Au 

nanospheres, becomes muted compared to the Si wafer and that compared to the nanoweb 

structures created from the Si wafer, this peak becomes substantially enhanced compared to the Si 

wafer itself, a result consistent with our previous studies [3-64, 3-74, 3-75]. The most interesting finding 

is that, this peak becomes even more enhanced for the Au ornamented nanoweb than just the 

nanoweb alone. This result signifies that not only is the nanoweb material able to cause a 

significant enhancement but the ornamentation of Au nanospheres is able to amplify this 

enhancement to a large degree, by a factor of 35 in the EF plot. It is postulated that there are 

multiple mechanistic sources at play that work cooperatively to allow for a hybridized SERS 

enhancement and that this multi-sourced enhancement will be able to greatly improve the detection 

of many chemical and bio-analyte molecules.    

 

3.3.3. Semiconductor and Metallic SERS Enhancement  

It has been well established by many other researchers that noble metal nanoparticles and 

nanostructures are able to drastically increase the SERS detection of analytes due to the 

electromagnetic enhancement mechanism known as surface plasmon resonance (SPR) [3-53].  With 

SPR as the sole SERS enhancing mechanism, researchers in this field have been able to observe 

EF values on the order of 106 to 1010 [3-76, 3-77]. In addition, it has been theorized by Lombardi and 

Birke[3-53], with observations from several of their contemporaries, that semiconductor 

nanostructured materials can be used as powerful SERS sensing platforms in and of themselves. 

They have theorized that the SERS enhancement observed in these semiconductor nanomaterials 

is due to several linked resonances each contributing to the observed enhancement. These 

resonance contributors include exciton resonance, plasmon resonance and charge transfer 

resonance.  TiO2 
[3-48], Sn:ZnCdO [3-78],W18O49 

[3-79] and other semiconductor nanomaterials have 

been observed to have enhancement factors of 104, 105 and 105 respectively. While NMNs have 

been coated or deposited onto semiconductor [3-80] or metal oxide [3-81] nanostructures in many 

studies, these semiconductor templates act only as scaffolding for the SERS active NMNs and are 

not considered as primary contributors to the observed enhancement. As a result, few substantive 
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studies have been conducted to determine how SPR from NMNs and the linked resonances from 

the semiconductor nanostructures can be combined to further increase enhancement proficiency 

and detection sensitivity.  

In this study, a formulated nanomaterial with two SERS active nanostructures are combined 

together to create a semiconductor based SERS biochip sensing material with a two-fold 

contribution to  SERS detection sensitivity; these enhancements arise from SPR of the ornamented 

Au nanospheres and from the linked resonances enhancement from the underlying hybrid Si 

nanoweb. Previously, it has been shown that this hybrid Si nanostructure formed using the laser-

ion plume formation mechanism is able to enhance the detection of chemical analytes, without the 

aid of SPR noble metal nanostructures; the Si nanoweb itself has an observable EF value on the 

order of 106, which is comparable to many primarily noble metal based SERS enhancing 

nanomaterials [3-64]. The goal in this study was to determine the impact of combining the 

electromagnetic enhancement of the Au nanospheres and the linked resonances of the Si nanoweb 

structure has on the detection of chemical and bio-marker analytes in order evaluate this materials 

potential as a biocompatible SERS biochip sensing platform. 

The observations of the Raman spectra nanostructures themselves have yielded results that are 

indicative of a hybridized enhancement from both the hybrid Si nanoweb and the Au nanospheres. 

Figure 3-4 shows the Raman spectra of the Si Wafer substrate, an Au ornamented substrate, a Si 

nanoweb substrate and an Au ornamented Si nanoweb substrate along with a simplified 

enhancement factor (EF) plot of the Raman response of the 520cm-1 peak characteristic to Si.  

These plots clearly show that the Si nanostructured surface has a substantial enhancement 

compared to the Si wafer substrate and that when ornamented with Au nanospheres the Si peak 

becomes muted on the ornamented nanoweb substrate.  The Raman spectra and EF values in figure 

3-4 show that indeed the ornamentation of the SERS active hybrid Si nanoweb with the Au 

nanospheres leads to a sizable increase in the nano-Raman activity of the material. It is theorized 

that the multiple SERS contributions lead to a highly sensitive platform for analyte sensing; the 

SPR from the Au nanospheres and the linked resonances from the Si nanoweb enhancement work 

harmoniously to increase the nano-Raman intensity.  

NMNs are used a singular source for Raman enhancement contributor in most SERS and SERS-

related research [3-82 – 3-84]. NMNs have the unique characteristic of exhibiting the phenomena 
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known as surface plasmon resonance (SPR) in the visible wavelength range, the same wavelength 

range used for Raman spectroscopy lasers. SPR occurs when incident photons cause a collective 

oscillation of electrons on the surface of a nanoparticle which in turn creates an electric field 

surrounding the nanoparticle [3-85]. If these nanoparticles are spaced at the correct distance from 

each other, the induced electric fields will overlap to create what is known as a “hotspot” [3-86]. 

These “hotspots” will scatter a larger percentage of photons which increases the observed Raman 

signal. A large variety of NMNs can be created using any number of fabrication techniques, each 

yielding an enhancement in Raman intensity. For example, researchers [3-87] have fabricated Au 

nanostars with the ability to detect 1,4-aminothiophenol with an enhancement factor of 107 while 

others[3-88] have observed Ag nanoparticles with the ability to detect 2-amniobiphenyl with an 

enhancement factor of 107.  

The underlying Si nanoweb material has been proven as a highly SERS active material without 

additional noble metal nanostructures. The Si nanoweb Raman active due to the SERS enhancing 

phenomena associated with semiconductors which are known as linked resonances [3-53]. These 

linked resonances include, exciton, molecular and charge-transfer resonance, which have 

previously been termed as the chemical enhancement contribution to SERS [3-53]. This chemical 

enhancement contribution is more often than not ignored when dealing with primarily noble metal 

because the electromagnetic contribution overwhelms any chemical contribution to enhancement 

[3-89]. However, with SERS-active semiconductor nanomaterials, the chemical contribution 

becomes the main contributor to enhancement and the electromagnetic contribution can be 

ignored. This is due to the relative photostability of semiconductors over the visible wavelength 

range with any induced SPR occurring in the infrared wavelength range.[3-90] The chemical 

contribution to enhancement can be separated into several linked resonances but for this study a 

focus on the charge-transfer resonance for its relevance to the chemical and biosensing 

applications.  

Charge-transfer resonance occurs when an analyte molecule, in close proximity to a nanostructured 

surface, is excited by a photon source. Although chemisorption is not required, the valence band 

(VB) and conduction band (CB) energy levels of the semiconductor substrate should be relatively 

comparable to the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular 

orbital (HOMO) respectively. If these energy levels are within range of each other, and the incident 
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light has enough energy, via a chemical bond, from either the semiconductor to the molecule or 

vice versa.  The photons can excite an electron from the VB to the CB which due to the close 

proximity and comparable energy level to the LUMO, is transferred to the LUMO through resonant 

tunneling. This electron then decays back to the CB, first transfers energy to a vibrational state of 

the molecule, which causes a Raman photon to be emitted from the molecule. Similarly, an electron 

can be excited by a photon from the HOMO energy level to the LUMO energy level and transferred 

to the CB of the semiconductor by resonant tunneling. The electron will then decay to the ground 

energy level of the molecule, transfer energy to the vibrational state of the molecule, and then the 

molecule will emit a Raman photon.   

Figure 3-5 shows a schematic representation of the hotspot enhancement mechanism SPR metallic 

nanostructures and of the charge-transfer resonance of semiconductor nanostructures. 
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Figure 3-5: a) Schematic of SPR enhancement phenomenon and b) charge-transfer resonance 

principles 

3.3.4. SERS Biochip Enhancement Efficiency Analysis using CV dye   

The proposed primary use for this Au-NS ornamented hybrid Si nanoweb SERS biochip 

nanomaterial is for the detection of analytes at low concentration for chemical and biomolecule 

sensing applications. To determine this nanomaterials’ capacity as a SERS biochip biosensing 

platform, it is required to observe if the ornamented nanoweb material is indeed able to sense the 

presence of a chemical analyte when coated onto its surface. To do this CV dye is coated on to the 

various biochip nanoweb structures that have been generated and taken the resultant Raman 

spectra. CV is chosen as a test analyte due to its high Raman cross-section, which enable for an 

easy evaluation of the sensing capabilities of the nanoweb structures. The level of enhancement 

generated by the nanoweb structures is quantified by calculating the enhancement factor (EF) 

value. This quantity is a ratio that compares the intensity at a characteristic peak value on the 

Raman spectra of the CV dye coated on the Au-NS ornamented Si-wafer substrate to the Au-NS 
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ornamented hybrid Si nanoweb biochips, normalized by the number of analyte molecules on each 

respective substrates surface; Equation 3-1 is the enhancement factor ratio. 

𝐸𝐹 =
𝐼𝑁𝑆 𝑁𝑠𝑢𝑟𝑓⁄

𝐼𝑠𝑢𝑏 𝑁𝑏𝑢𝑙𝑘⁄
  (Equation 3-1) 

Where INS and Isub is the intensity of the Raman signal at the characteristic peak of the applied 

molecule, from the nanoweb structures and from the substrate respectively, Nsurf is the number of 

molecules contributing to the Raman signal from the nanoweb structure and Nbulk is the number of 

molecules contributing to the Raman signal on the substrate, as illustrated in Figure 3-6. This same 

formula was used in previous work [3-64] to determine EF values; however some modifications have 

been made to increase the accuracy of the associated calculations.  

 

 

 

 

 

 

Figure 3-6: Schematic of sources of analyte spectra on a) Si nanoweb structures (top), on  b) Si 

substrate (bottom),  c) Au nanoweb structures (top) and on d) Au ornamented on Si substrate 

(bottom) 

There are some approximations made when determining the number of molecules on the surface 

of each substrate, such as the surface area and material density due to the difficulty of 

experimentally obtaining these values for these nanoweb structures.  To approximate the number 

of molecules that contribute to the Raman signal from the biochip nanoweb structure, it is 

necessary to consider how many molecules adsorb onto the surface of the nanoweb; due the 

difficulty of measuring this directly from the material that is formed, an assumed value determined 

by a literature survey of nanostructures of similar size and morphology is used. The value assumed 

is 7.8m2/g obtained from the work by Cho et.al [3-91] on porous silicon nanofibres.   For both Nbulk 

and Nsurf it is assumed that only the molecules present within the interaction volume of the Raman 
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laser will contribute to the signal. As such it is assumed that this interaction volume is a hemisphere 

with a diameter equal to the spot size of the Raman laser, 19.154µm.   In this equation, 𝑁𝑏𝑢𝑙𝑘 =

𝜋𝑟2ℎ𝑐𝑁𝐴where r is the radius of the Raman laser spot size, h is the penetration depth of the Raman 

laser, c is the concentration of the analyte and NA is Avogadro’s constant. Also in this equation, 

𝑁𝑠𝑢𝑟𝑓 = 𝑆𝐴𝑒𝑓𝑓 (𝑐𝑎𝑑𝑠𝑁𝐴
1000𝐿

1𝑚3
)
2
3⁄

 where SAeff is the effective surface area of nanostructures within 

the Raman laser interaction volume, cads is the surface adsorption of analyte and NA is Avogadro’s 

constant.    

Figure 3-7 shows a schematic of this experimental study, the Raman spectra of the hybrid Si 

nanoweb biochip structures with Au-NP ornamentation coated with CV dye and the associated EF 

values as a function of plume energy for each of the biochip nanoweb structures.  
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Figure 3-7: a) Schematic of experimental study of CV chemical analyte on ornamented hybrid Si 

nanoweb biochip structure with b) Raman spectra of CV on Si nanoweb structure and c) 

ornamented Si nanostructure, and d) associated EF values 

 

 

These spectra show a clear enhancement of the detection of the CV dye on the biochip nanoweb 

surface and a correlation between the nanoweb morphology/composition and the level of 

enhancement.   

As a proof-of-concept, these results give definitive results regarding the enhancement of a 

chemical dye on the silicon nanoweb structures and the same dye on gold nanosphere ornamented 

silicon biochip nanowebs. The Raman spectra show evidently that the Si nanowebs are able to 

enhance the detection of CV dye with a maximum calculated EF value of 2.2x107. The Au-

nanosphere ornamented Si biochip nanowebs however, show a substantial enhancement compared 

to the base Si nanoweb with a maximum EF of 3.0x107. These results demonstrate that the CV dye 
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signal is boosted by the presence of the Au-nanospheres on the nanoweb surface, and thus the two 

enhancement mechanisms, the charge transfer mechanism and the electromagnetic SPR 

mechanism are both working congruently to enrich the dye signal. This material is unique because 

while others are able to observe high EF values with only contributions from a NMN, the 

nanomaterial presented in this study has a synchronous enhancement from a NMN and a Raman 

sensitive semiconductor nanostructure. 

3.3.5. Analysis for Application of SERS biochip enhancement using bio-label analyte (R6G)    

Sensing of bio-label molecules is of vital importance for the detection of labeled-DNA molecules. 

A majority of labelled DNA molecules have R6G molecules attached due to the high Raman cross-

section of this molecule. This R6G molecule when attached to a DNA molecule becomes an 

indirect method of sensing the DNA molecules attached to the substrate surface; if a more intense 

R6G spectra is observed then is can be assumed that the substrate is able to enhance the detection 

of the attached DNA molecules [3-92]. In this study the enhancement efficiency of the Au-NP 

ornamented hybrid Si nanoweb biochip structure for the detection of the R6G molecule is 

determined, in order to evaluate if this material can be used as a DNA sensing biochip substrate. 

Using the nanoweb substrate with optimal laser-ion plume environment and Au-NS ornamentation 

conditions as the substrate for this experiment set, R6G molecule is applied to the biochips 

nanoweb structures at a set concentration (10-6M) to test the enhancement for each biochip 

substrate. Figure 3-8 shows a schematic of this experiment, the observed Raman spectra and the 

calculated EF values.  
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Figure 3-8: a) Diagram of ornamented hybrid Si nanoweb coated with R6G bio-label molecule 

and b) Raman spectra of each bare ornamented hybrid Si nanoweb and c) spectra of R6G bio-

label on each nanoweb biochip structure 

 

These spectra show a significant enhancement in the detection of the bio-label molecule. As seen 

in Figure 3-8, when the bio-label molecule is coated on the Au-NP ornamented Si wafer substrate, 

the characteristic peaks for the R6G molecule (1320cm-1, 1370cm-1, and 1576cm-1) are barely 

discernable from the background noise of the spectra. Conversely, when the bio-label molecule is 

applied to the surface of the Au-NP ornamented nanoweb biochip structures, the characteristic 

peaks not only become visible but the intensity of these peaks is increased considerably. As with 

the evaluation of the EF of the CV chemical dye, the degree of enhancement is evaluated by 

calculating the EF value using Equation 3-1. For the R6G at 10-6M concentration, the EF value 
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that is observed is 1.4x107, which represents a vastly increased sensitivity to the bio-label molecule 

compared to the ornamented Si wafer substrate and is highly competitive with other noble metal 

enhancing materials.  

3.3.6. Influence of Ornamentation time on biochip enhancement efficiency  

One of the factors governing the enhancement of detection of the CV dye is the amount of Au-

NPs ornamenting the biochip nanoweb surfaces.  As previously stated, the nanoweb biochip 

surfaces have been ornamented at three different ornamentation times to determine the role of the 

amount of Au-NPs has on the enhancement characteristics of the nanostructures. The spectra from 

this experiment will show the correlation between the amount of Au-nanospheres on the nanoweb 

surface and the contribution of electromagnetic enhancement from the au-nanospheres to the bio-

label Raman signal.    

Figure 3-9 is a representation of the Si-nanowebs ornamented for each length scale, the Raman 

spectra for each nanoweb structure for each time scale, and the enhancement factor calculated as 

a function of laser fluence.  
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Figure 3-9: a) Representation of influence of OT on amount of Au nanospheres ornamented on 

hybrid-Si nanoweb biochip structure, b) HRTEM images of short and long OT nanowebs, c) 

Raman spectra of R6G on each nanoweb biochip structure and d) EF values associated with each 

biochip structure. 

d) 
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The Raman spectra and EF show that the influence of ornamentation time and thus, the amount of 

Au-nanospheres on the Si-nanoweb surface is not directly proportional to the enhancement of the 

R6G bio-label molecule, in fact as the amount of gold present on the nanoweb surface increases, 

the level of enhancement decreases considerably. The plot of EF values as a function of laser 

fluence in Figure 3-8 shows that a maximum EF 1.4x107 is observed at low fluence and 15s 

ornamentation time and a minimum EF 3.2x106 is observed. A possible explanation for a smaller 

ornamentation time leading to a higher enhancement may be due to a masking effect from the Au 

nanospheres. While the Si nanoweb is being ornamented, Au nanospheres ejected from the target 

material bind to the surface of the interconnected nanospheroids and as time progresses, the Au 

nanospheres build up on top of each other resulting in a layer of Au the thickness and morphology 

of which is dependent on the ornamentation time. After a certain point, the Au-nanospheres on the 

surface create a type of nano-mask on top of the Si nanoweb, and the analyte molecules on the 

substrate surface will primarily be in close proximity to Au-nanospheres; this leads to the 

electromagnetic SPR phenomena being the major contributor to Raman signal from the biochip 

substrate. 

In addition, it is possible that the thick Au nanosphere nano-mask present at longer ornamentation 

time is hindering the detection of Raman photons scattered by Si nanospheroids below the Au 

nanosphere layer; the bottom of the Au-nanosphere layer acts as a shield preventing these Raman 

photons from being detected by the Raman spectrometer.  

At shorter ornamentation time, the analyte molecules will interact with both Au nanospheres and 

Si nanospheroids within the interaction volume of the Raman laser. This leads to a collective 

contribution to the enhancement of the analyte signal from both the electromagnetic mechanism 

and the charge-transfer mechanism. A precise tuning of both the formation of the hybrid Si 

nanoweb and the ornamentation with Au nanospheres is attained to create a “goldilocks” condition 

whereby the enhancement of the bio-label molecules exceeds that of other nanostructures that use 

either SPR or linked resonances as singular enhancement mechanisms. [3-93, 3-94] 

In Figure 3-9 it is shown that for a particular ornamentation time (OT), different laser fluencies 

will have varied EF values; for instance at short OT the EF value reaches 1.4x107 at 0.736J/cm2 

and at 4.77J/cm2 the EF value reaches only 3.2x106. This phenomenon arises due to mechanism 

that forms the underlying hybrid Si nanoweb structure; the laser-ion plume formation mechanism 
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is able to create a nanoweb structure comprised of various Si/SiO2 phases and varying physical 

morphologies of the individual hybrid Si nanospheroids that comprise the nanoweb structure. As 

such, the interaction between the hybrid Si nanospheroids, the analyte molecule, the Au 

nanospheres and the Raman laser photons will be dependent on the material chemistry and physical 

morphology of the Si nanoweb biochip structure. This masking and shielding effect is 

demonstrated in Figure 3-10. 

 

 

 

 

 

 

 

 

 

 

Figure 3-10: a) Schematic showing how OT time causes nano-masking and nano-shielding with 

b) HRTEM images of bare, short OT and long OT nanoweb structures. 

 

The amount of gold present at each OT are characterized using XPS spectra  in Figure 3-10 and it 

is  observed that at longer OT the amount of gold present is 54% while at moderate OT the amount 

decreases to 43% and at short OT the Au amount decreases to 17%. This nano-masking effect can 

also be observed in Figure 3-9 for the moderate OT, but becomes diminished at short OT. 

The evidence that supports this nano-masking and nano-shielding effect can be seen in HRTEM 

images and XPS elemental analysis for each nanoweb biochip structure. Figure 3-11 shows the 

XPS spectra of three identical nanoweb biochip structures each with different OT, the elemental 
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analysis of Si, O and Au present in each nanoweb and HRTEM images corresponding to each 

nanoweb. The XPS spectra and elemental analysis plainly show that as OT increases the amount 

of Au on the surface increases from ~ 17% at short OT to ~43% at moderate OT to 54% at long 

OT, while the presence of Si/SiO2 decreases as OT increases. The HRTEM images also support 

this observation, in Figure 3-10 at short OT the Au layer on the Si nanoweb is relatively light 

compared to the moderate OT image and the short OT image shows a thick layer of Au on the Si 

nanoweb, so much so that the Si nanoweb is difficult to observe.  

As OT increases more and more Au nanospheres occupy the interaction volume of the XPS 

spectrometer, to a point where the majority of matter that the XPS interacts with is the Au 

nanospheres. This same principle applies to the space occupied by Au within the Raman laser 

interaction volume; at long OT, most of the interaction volume will be Au nanospheres and as such 

the bio-label molecules will mostly interact with Au nanospheres and less with hybrid Si 

nanospheroids which then lead to the major contributor to SERS being an electromagnetic 

component not a charge transfer component. As our observation and calculation of the EF for the 

bio-label molecule indicates, the electromagnetic component is less effective as a primary 

contributor to the SERS enhancement and becomes more effective when contributing 

harmoniously with the charge transfer component from the hybrid Si nanoweb biochip structure.  
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Figure 3-11: a) XPS spectra for short, moderate and long OT nanoweb biochip structures with b) 

percentage values of Si, O and Au at each OT and c) HRTEM images of short OT and long OT 

nanoweb biochip structures. 
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3.4. Summary 

In this study, it is shown that the unique Raman active hybrid amorphous/crystalline Si nanoweb 

material has the potential to further stimulate the detection of chemical and biochemical analytes 

using noble metal nanosphere ornamentation of the outer surface of the nanostructure as a biochip 

biosensor device. With both the semiconductor based linked resonance enhancement mechanism 

and the noble metal based SPR enhancement mechanism each working harmoniously, a level of 

Raman enhancement not seen with other similar nanostructured materials is observed. By exerting 

the level of control over the laser-ion plume formation mechanism a precise tuning of the formation 

of the Raman active base hybrid Si nanoweb structures, whose enhancement capabilities has been 

augmented with the ornamentation of Au nanospheroids onto the nanoweb outer surfaces; with 

this amplified Raman-active nanomaterial, an EF value on the order of 107 for CV dye at 10-6M is 

observed.  It is also shown that this ornamented hybrid nanoweb material has the potential to be a 

highly sensitive bio-sensing substrate due to the 107 EF values that has been observed for the bio-

label molecule R6G at 10-6M. These results prove that this new hybrid material has substantial 

potential for highly sensitive SERS biosensor applications and can be easily integrated into 

existing fabrication methods in order to form SERS biochip sensor substrates.  
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Chapter 4 

SERS detection of protein biomolecule on polymorphic Si interconnected 

nanospheroid nanocore network platform with secondary noble metal 

nanosatellite boosting mechanism 

Under peer review in RCS Advances, 2017 

 

In this chapter, the development of a polymorphic biosensitive Si nanocore superstructure as a 

high-performance SERS biosensing platform is reported. The polymorphic Si nanostructure in this 

study is created through ultrafast pulse laser ion-plume (UPLIP) formation and an observed 

enhanced detection of L-glutathione (GSH). The distinctive polymorphic nanomaterial chemistry 

of the interconnected network of Si nanocores, and the nanonetwork architecture of this 

nanostructure acts as a primary enhancement booster. With the addition of Au/AuPd nanosatellites 

onto the surface of the polymorphic Si nanocore structure, a significant secondary boost in GSH 

enhancement is observed. The addition noble metal nanostructures results in multi-source SERS 

enhancement that combines linked resonance enhancement and SPR mechanisms that both 

contribute to the detection and boosting of the biomolecule analyte signal.  With this polymorphic 

Si primary booster and noble metal nanosatellite secondary booster, the viability of Si 

nanostructures for SERS biosensing applications is demonstrated.     

4.1. Introduction 

Of the available techniques used for biosensing with nanomaterials, which include electrochemical 

[4-1], pyroelectric[4-2] and optical techniques [4-3], SERS-based biomolecule detection offers 

distinctive advantages compared to the other methods including ultrahigh sensitivity[4-4] and high 

specificity[4-5]. For biomolecule detection with SERS, most sensing platforms utilize the surface 

plasmon resonance (SPR) mechanism characteristic of noble metal nanostructures (NMNs) as the 

primary source for SERS enhancement [4-6 – 4-8].  

SERS active NMNs are used for the detection of biomolecule analytes such as glucose [4-9] and 

nucleic acids [4-10]. These SERS active NMNs are predominantly generated through the deposition 

of noble metal nanoparticles onto the surface of in-active nanostructures, which serves as a carrier 
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platform for the SERS active noble metal nanoparticles.[4-11,4-12] These quiescent scaffolding 

nanostructures are commonly semiconductor nanomaterials, such as Si nanowires[4-13], or Si 

nanostructures created by nanolithography[4-14] or chemical synthesis. [4-15,4-16] Currently, the 

detection of biomolecules with SERS is focused on mainly NMNs as a SERS activator while the 

underlying nanostructure has no reported SERS activity, to our knowledge.  

However, there is a significant lack of research regarding the use of SERS biosensitive 

semiconductor nanostructures for bio-detection applications despite recent observations of 

semiconductor nanostructures having significant SERS activity. [4-17,4-18] Furthermore, very little 

research has been conducted to establish Si as SERS biosensing platform due to the SERS in-

active nature of traditionally fabricated Si nanostructures. The work by Lombardi and Birke[4-19] 

define the fundamental principles of SERS activity of semiconductor nanomaterials. It has been 

recognized that several linked resonance mechanisms, each contribute to an observed 

semiconductor SERS enhancement [4-19]; these mechanisms are plasmon resonance, exciton 

resonance and charge transfer resonance. These mechanisms work in tandem to increase an analyte 

signal, and a number of semiconductor materials have been shown to exhibit SERS enhancements 

with these linked resonances. Several nanomaterials, including TiO2,
[4-20] ZnS[4-21] and CdSe[4-22] 

have been shown to have significant sensing performance for chemical analytes. These 

nanostructures represent significant strides for semiconductor SERS chemical sensing, however 

these nanostructures are mostly limited to nanostructures such as nanoparticles[4-18] or nanorods.[4-

23] Of the 3D SERS active nanostructures that include semiconductor nanostructures, nearly all of 

them rely these nanomaterials as a scaffolding or template for NMNs, which is reported as the sole 

SERS enhancement source.[4-24] As such, the development of 3D semiconductor nanostructures as 

primary or co-contributors to the SERS enhancement of analyte detection is quite limited, 

especially for biomolecule sensing applications. Previous studies of the SERS enhancing 

characteristics of 3D silicon nanoweb structures have proven these nanostructures viable for 

chemical sensing applications [4-25,4-26] and have established these as highly active SERS 

nanostructures. While these semiconductors have received some research and development, to our 

knowledge the biosensing applications of semiconductor-based biosensing nanomaterials and 

specifically, self-assembled 3D Si nanostructures have yet to be explored. 
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In this study it is introduced for the first time, to our knowledge, the concept of a Si nanocore 

enhancement mechanism for a boosted enhancement of biomolecule detection. In addition, an 

introduction of the concept of a multi-source boosting mechanism for a further increase in 

enhancement of a biomolecule signal using a secondary SERS enhancement boost with the use of 

noble metal nanosatellites. The underlying principle is that, both a bio-SERS active Si 

semiconductor nanostructure platform and noble metal nanosatellites provide a primary and 

secondary boosting effect, respectively, on the biomolecule signal through independent 

enhancement mechanisms.   

The SERS active Si nanocores act as a primary booster to the detection of a biomolecule analyte. 

The Si nanocore superstructure is comprised of a nanonetwork of fused Si nanospheroids that 

provide an enhancement of SERS biomolecule signal through linked resonance enhancement 

mechanism. The unique polymorphic structure of the Si nanocores and the self-assembled 3D 

nanonetwork morphology of the fused nanocores provides the SERS bio-activity not observed in 

traditionally fabricated Si nanostructures.  The Au and AuPd nanosatellites act as a secondary 

boosting source for SERS biomolecule signal boosting by providing a SPR enhancement 

mechanism effect characteristic of NMNs. It is due to these primary, and secondary biomolecule 

signal boosting mechanisms working co-operatively, it is observed that the biomolecule detection 

is significantly enhanced. In addition, by modifying the characteristics of the Si nanocore 

superstructure and the nanosatellites, a balance between the two enhancement mechanisms can be 

achieved that leads to greatly enhanced biomolecule detection.  

By using the laser-ion plume formation mechanism to form the interconnected hybrid Si 

nanospheroid nanocore superstructure, a SERS biomolecule active 3D platform is formed. For the 

deposition of Au nanosatellites or AuPd nanosatellites a physical ion deposition method is 

employed; this combination of nanomaterials leads to a dual-contribution to SERS biomolecule 

enhancement from linked resonance enhancement and SPR, for a large increase in the 

enhancement of biomolecular sensing. To establish the Si nanostructure as a SERS biosensing 

nanomaterial, this nanomaterial has been utilized for the detection of L-glutathione (GSH), a 

tripeptide biomarker present in living cells including cancer cells which indicates the amount of 

stress the cell is undergoing and as a result if the cell is dying. [4-27,4-28] With the detection of this 

biomolecule, the goal is to define the role of highly SERS biosensitive polymorphic Si 
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nanostructure in the field of SERS biosensing. An overview of this study is presented in Figure 4-

1 
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Figure 4-1: Raman spectra with TEM and schematic diagrams of a) Si nanocore enhancement of 

520cm-1 peak at 532nm with spectra of GSH on Si nanocores at 532nm b) Si nanocores with Au 

nanosatellites showing enhancement of 520cm-1 Si peak and spectra of GSH @523nm and c) Si 

nanocores with AuPd nanosatellites showing enhancement of 520cm-1 Si peak and spectra of 

GSH @523nm wavelength 

4.2. Experimental Method  

The formation of the polymorphic Si nanocore structures are generated using a Clark-MKR 

IMPLUSE pulsed Yb-doped fibre amplified femtosecond laser. This pulsed laser system initiates 

the ultrafast pulsed laser ion plume (UPLIP) required to form a nanocore structure. In this study, 

0.02-Ω cm p-type silicon (100) wafer substrates were used to create the polymorphic Si 

nanostructures. To have full control over UPLIP fabrication process, in this experiment the laser 

wavelength (1030nm), polarization (circular), dwell time (0.5ms), pulse width (214fs) and the laser 

power (16W) were kept static. The main UPLIP parameter varied in this study is the repetition rate 

of the laser, with which the nanospheroid formation conditions of the laser ion plume can be 

controlled. In order to create a consistent distribution of nanocore structures on the base Si wafer, 

the nanostructures were generated using a 300x300 point array with 25 micron point spacing; a 

piezo-driven raster was used to move the laser beam across the substrate surface using an array 

designed with EzCAD software.  

To coat the surface of the polymorphic Si nanocore structures with nanosatellites a physical 

deposition method was used; a 99.9% pure Au target and an AuPd target were bombarded with 

ion particles with an atmosphere of Argon gas to ionize the target. The ejected ions then physically 

deposit onto the surface of the nanocore structures for a set time.  The deposition time, 15s 

established in previous studies has been used, to increase maximize the SPR contribution from the 

nanosatellite structures.    

For the acquisition of Raman spectra, a Bruker Optics SENTERRA Raman microscope was used 

using a 10x magnifying lens. Spectra of the Si nanocore nanostructures were obtained using 532nm 

wavelength with a 10s integration time and 3 iterations. To compare the polymorphic Si nanocores 

to the nanocores with Au or AuPd nanosatellites 5mW power was used for 532nm Raman spectra. 
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For the GSH spectra acquisition, 10µL of 10-6M concentration GSH was applied to each nanocore 

substrate and Raman spectra were obtained using the same parameters above.  

To determine the morphology of the nanocore structures and to measure and calculate the 

nanospheroid/nanosatellite sizes, high resolution tunnelling electron microscopy was used. ImageJ 

software was used to manually measure and categorize the nanospheroid/nanosatellite sizes for 

each nanocore substrate. 

XRD analysis using a Rigaku MiniFlex 600 was performed to determine the crystallographic 

make-up of the different structures used in this study. The 2Ɵ scan range from 15° to 60° was used 

to acquire the peaks associated with the Si nanocore structures. 

4.3. Results and Discussion 

The morphology of the Si nanostructures is influenced by the formation properties of the UPLIP 

process including the repetition rate of the laser pulses and the dwell time per ionization spot; 

although it is more informative to identify the nanocore structures by their physical properties. In 

terms of the UPLIP process, the nanocore structures are classified by the nanospheroid median 

diameter and the size distribution of nanocores throughout the network. The nanosatellite 

deposition process is kept consistent to maintain reliability between the Au and AuPd enhancement 

effect and the Si nanocore enhancement effects. XRD has been used to classify the material 

chemistry of each nanocore structure. Figure 4-2 shows the nanospheroid size and distribution 

curves as well as the XRD from the nanostructures.  
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Figure 4-2: a) particle size distribution plots for small (6.79nm) and large (13.39nm) Si 

nanocores and b) XRD spectra of Si nanocore, Au nanosatellite deposited Si nanocore and AuPd 

nanosatellite deposited Si nanocore substrates. 

Figure 4-3 shows the Raman spectra of the different polymorphic nanocore structures that have 

been created in this study based on their median particle size/size distribution and a plot of the EF 

of these nanostructures compared to the Si wafer substrate. In addition Figure 4-3 shows the Raman 

spectra and associated EF values of the Si nanocores with Au and AuPd nanosatellites for the 

520cm-1 Si peak.  
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Figure 4-3: a) Raman spectra showing peak intensity of 520cm-1 peak for Si wafer substrate 

(black), large nanocore size (blue) and small nanocore size (red) and b) the EF value at 520cm-1 

of the small and large nanocore structures relative to the Si wafer substrate c) NS spectra for Si 

nanocores w/ Au nanosatellites, d) Si nanocores w/ AuPd nanosatellites and e) the EF of each 

substrate 

b) 

  
a) 

a) 

c) d) 

e) 
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Figure 4-4 shows the Raman spectra of the GSH biomolecule at micromolar and concentration and 

the calculated EF values and the Raman spectra for the GSH on Au nanosatellite nanocores and 

AuPd nanosatellite nanocores with the corresponding GSH spectra for bare Si nanocore substrates 

and the EF values with the respective nanosatellite Si wafer substrates. The EF values for the GSH 

on the nanosatellite nanocore structures is calculated using the same equations and assumptions 

used in the Si nanocore structures experiment. 
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Figure 4-4: a) Raman Spectra of GSH biomolecule on Si wafer substrate, large Si nanocores, and 

small Si nanocores and b) EF values of GSH on small and large Si nanocores at micromolar   

(10-6M) concentration  c) Raman Spectra of GSH on Si nanocores w/ Au nanosatellites,  and d) 

Si nanocores w/ AuPd nanosatellites and e) the associated EF values 

Figure 4-5 shows the size distribution plots of the Au and AuPd nanosatellites with TEM images 

of Au and AuPd nanosatellites on Si nanocore substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5:  Size distribution plots for a) AuPd nanosatellites with b) TEM image of Si nanocore 

structure with AuPd nanosatellites and size distribution plot of c) Au nanosatellites with d) TEM 

image of Au nanosatellites on Si nanocore structure. 
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4.3.1. Nanocore superstructure Formation and SERS Enhancement 

The formation of the silicon nanocore superstructure used in this study, is unique to the ultrafast 

pulsed laser ion-plume (UPLIP) formation mechanism. The pulses from an ultrafast femtosecond 

pulsed laser, impinge on a Si wafer substrate surface, transfer a large amount of energy to the Si 

lattice which immediately ionizes the Si and forms an ion plume. Within this ion plume, Si+ ions 

interact with each other to form polycrystalline/amorphous nanospheroids[4-25] which condense and 

fall to the substrate; as more nanospheroids fall to the substrate surface, the nanospheroids will 

fuse and form a self-assembled three-dimensional nanocore network.  

The nanosatellites are deposited onto the top of the 3D Si nanocore superstructure using a physical 

deposition method, whereby an Au or AuPd target is bombarded with Ag+ ions within a UHV 

chamber leading to Au and AuPd atoms to be ejected from the target and depositing onto the Si 

nanocore network surface. Figure 4-6 shows an overview of these formation processes.  
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The particle size and particle size distribution curves in Figure 4-2 show that formation process 

has a significant effect on the size and distribution of the nanospheroids that comprise the nanocore 

structure. With one set of UPLIP conditions a median nanocore size of 6.79nm and a standard 

deviation of 2.39nm is generated, while with another set of conditions gives a 13.39nm median 

nanocore size with a standard deviation of 5.57nm is generated. The UPLIP process produces such 

variance in nanospheroid size and distribution due to the nature of the process itself. Upon 

ionization, a tremendous number of Si ions are ejected from the substrate surface to produce an 

ion plume, where collisions of ions lead to the formation of nanospheroids. The size of these is 

governed by the number of ion ejected from the substrate surface and the temperature of the ion 

plume which causes both nanospheroid growth and condensation.  

While it has been shown that for noble metal nanoparticles a set particle size with narrow size 

distribution[4-29] is crucial for maximizing SERS efficiency, it has been observed that a narrow size 

distribution is not an essential requirement for providing a SERS signal with semiconductor Si 

nanostructures; this can be attributed to the differences between the mechanisms that govern the 

SERS enhancement from the semiconductor Si nanospheroids and the noble metal (Au, AuPd) 

nanosatellites. The nanosatellite size data also show that the Au and AuPd nanosatellites each have 

relatively narrow particle size distributions, with Au having a 5.92nm±4.16nm median and AuPd 

having a 3.15nm ±1.06nm median nanosatellite size.     

The XRD spectra show that the silicon nanospheroids that comprise the nanocore structure are 

indeed amorphous and polycrystalline in nature. This polymorphic nanospheroid structure is a 

further result of the UPLIP process; the rapid fluctuation in ion-plume temperature leads to regimes 

of amorphous nanocluster formation and polycrystalline nanocluster formation. With amorphous 

and polycrystalline nanoclusters forming within the ion-plume, these clusters will bind and form 

proto-polymorphic nanospheroids that condense and fall to the substrate surface. The rate at which 

amorphous nanoclusters and polycrystalline nanoclusters are formed is dependent on how the 

UPLIP process is programmed to interact with the Si wafer surface[4-25].  In this study, a specific 

set of UPLIP conditions is fixed to maintain a controllable comparison between nanocore 

enhancement spectra and to limit any variables that affect the SERS enhancement from the Si 

nanocore superstructures.  
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Unlike most other SERS materials that use Si nanostructures as a base for NMN enhancement, the 

Si nanocore material that is formed is in and of itself a SERS enhancing nanomaterial.  The Si 

nanocore material is SERS active due to the linked resonance enhancement mechanisms that are 

present in semiconductor SERS materials.[4-19] The linked resonance mechanisms are a set of 

phenomena that cause SERS enhancement in semiconductor nanomaterials; these mechanisms are 

specific to semiconductor SERS nanomaterials due to the source of SERS enhancement from 

NMNs is primarily surface plasmon resonance (SPR). For instance, the works by Wang et.al[4-30] 

and Xu et.al[4-31] use Au nanoparticles on MnFe2O4 magnetic nanoparticles and Au nanoparticles 

on ZnO nanorods respectively are highly sensitive SERS nanostructures that are used for 

biosensing applications, but rely solely on the presence of NMNs for SERS enhancement. It is 

only recently that semiconductor nanostructures have become more widely researched as viable 

SERS sensing platforms, in addition to a fundamental theoretical basis[4-19] for the underlying 

enhancement mechanisms of these semiconductor nanomaterials. Within this research area, there 

has yet to be an extensive investigation into multi-source biosensing SERS nanostructures that use 

both semiconductor nanostructures and NMNs as complementary and additive SERS enhancement 

sources. Convertino et.al[4-13] have investigated the use of Au nanoparticles on Si nanowires for 

the detection of avidin biomolecules and Hong et.al[4-32] have investigated the use of Au 

nanoparticles on Fe3O4/ZnO nanorices for the detection of goat-anti-human IgG antibody 

biomolecules, but this field still lacks an in-depth and comprehensive analysis of the Si-based 

SERS biosensing capabilities that NMN SERS has garnered.   

The polymorphic Si nanocore superstructure that are created using the UPLIP process are highly 

SERS active substrates due to the unique material chemistry of the amorphous/crystalline 

nanospheroids and the highly branched and web-like nanonetwork structural morphology 

These Raman spectra in Figure 4-3 show clearly that, the polymorphic Si nanocore structures have 

a significant enhancing effect that is contingent upon the morphology of the web structure and that 

at 532nm the nanocore network is considerably SERS active. Additionally, in this study Au and 

AuPd nanosatellites are used to add a secondary boost the SERS enhancing properties of the 

polymorphic Si nanocore structure as seen in figure 3; these spectra show a comparison between 

the Raman spectra of the Si nanocore alone with the Si nanocores with Au nanosatellite and AuPd 

satellite modification.  
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It is evident that the nanosatellite boosting mechanism has a profound effect on the Raman spectra. 

The intensity of the 520cm-1 Si peak is enhanced by the Si nanocore alone by a maximum EF value 

of 4.38 compared to the Si wafer substrate, while this same peak has a maximum EF value of 3.73 

with Au nanosatellite boosting and an EF value of 12.14 with AuPd nanosatellite boosting. This 

increase is due to the multi-source SERS enhancement present with the nanosatellite boosted Si 

nanocore structures. The polymorphic Si nanocore exhibits SERS enhancement due to linked 

resonance mechanisms unique to semiconductor nanostructures. The linked resonance 

mechanisms are a set of SERS mechanisms that work in concert to produce greatly enhanced 

Raman spectra from the nanostructure surface. These mechanisms include charge-transfer (CT) 

resonance, exciton resonance and molecular resonance, each of which has distinct functionality. 

However, semiconductor nanomaterials are unable to produce a significant SPR enhancement 

contribution to Raman excitation because any induced SPR effect is in the infrared spectral range 

due to the photostability of semiconductor materials in the visible wavelength range.[4-33] 

Coincidentally, NMNs have a contrasting and supplementing SERS enhancement contributions. 

NMNs SERS mechanisms can be separated in to two distinct avenues, the chemical contribution 

and the electrochemical contribution. The chemical contribution is defines as the transfer of charge 

from an analyte molecule to the NMN and vice versa which enhances the Raman intensity of the 

analyte molecule. This contribution is largely ignored due to the much more substantial and 

overpowering electromagnetic contribution which is attributed to SPR.[4-34] SPR is a mechanism 

by which, the photons from the Raman laser source cause a collective oscillation of the electrons 

on the surface of the NMN which creates a large electric field near the surface of the NMN which 

in turn allows for more Raman scattering and an increase in SERS intensity. It is these multi-source 

SERS contributions that are observed in the Raman spectra and EF presented in Figure 4-3. Figure 

4-7 is a representation of the multi-source contributions from the primary Si nanocore and the 

secondary Au/AuPd nanosatellites.       
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Figure 4-7: Two-factor contribution to SERS enhancement, the primary boost from the Si 

nanocores and the secondary boost from the noble metal nanosatellites 

 

4.3.2. SERS Biomolecular Enhancement 

4.3.2.1. Polymorphic Si nanocore SERS Biosensing Efficiency 

As shown in Figure 4-3 polymorphic Si nanocores have a significant Raman activity compared to 

a Si wafer counterpart and establishes a basis for the enhancement of the nanoweb. With the 

application of a biomolecule onto the surface of nanocore structures, the goal is to validate this Si 

based nanostructure use as a practical biosensing platform. For this study, a tripeptide biomarker 
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molecule, L-glutathione (GSH) which is present in living healthy and cancer cells and is an 

indicator of the amount of stress that the cell is undergoing.[4-35] By sensing the levels of this 

biomarker molecule in cells, it is possible to determine if a cell is in the process of dying which is 

a sign of the efficacy of a cancer treatment.[4-27,4-28] In this experiment GSH is applied at a specific 

concentration (micromolar 10-6M) to the polymorphic Si nanostructures, and evaluated the Raman 

response associated with the biomolecule to determine if nanocore structures are indeed able to 

enhance the biomolecule spectra.  

From the spectra in Figure 4-4 it is clear that the nanocore structure has a substantial effect on the 

biomolecule spectral intensity compared to the Si wafer substrate, in fact the GSH molecule is 

barely observable on the Si wafer substrate. At 1450cm-1 at 532nm there is a peak that is associated 

with the presence of GSH on the nanocore structure; this peak is not visible for neither the Si 

substrate spectra nor the Si nanocore spectra alone, therefore it can be expected that this peak only 

arises due to the presence of GSH. These peaks are not observable when GSH is applied to the Si 

wafer substrate, and only becomes visible on the nanocore structures. This peak for GSH from the 

works by Brambilla et.al is proposed to be due to δ(CH2) vibrational mode.[4-36] The quantification 

of the enhancement of the GSH peak is achieved by calculation of the enhancement factor (EF). 

The EF equation used in this study is as follows: 

𝐸𝐹 =
𝐼𝑁𝑆 𝑁𝑁𝑆⁄

𝐼𝑠𝑢𝑏 𝑁𝑠𝑢𝑏⁄
  (Equation 4-1) 

Where INS is the intensity of the GSH peak on the nanocore substrate, Isub is the intensity of the 

GSH peak on the Si wafer substrate, NNS is the calculated number of GSH molecules within the 

Raman laser interaction volume on the nanocore structure and Nsub is the calculated number of 

GSH molecules in the Raman interaction volume on the Si wafer substrate. The calculation of NNS 

and Nsub are dependent on the material characteristics of the nanocore structure and the assumed 

Raman interaction volume. For the nanocore structure it is assumed that the density of the 

interconnected polymorphic Si nanospheroids is equivalent to a value experimentally determined 

by Cho et.al[4-37], 7.8m2/g, for porous Si nanofibres. The Raman interaction volume is assumed to 

be a hemisphere with a diameter of the laser spot size 19.154µm.   
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The EF values from Figure 4-4 show that a maximum EF for the 1450cm-1GSH peak of 7.1x102 

is achieved by the Si nanocores with 6.79nm median nanocore size and an EF of 4.7x102 for the 

Si nanocores with 13.39nm median nanocore size. 

4.3.2.2. SERS Biomolecular Enhancing using Au and AuPd Nanosatellite Boosting 

In this study, the addition of noble metal nanosatellites has been used to give a secondary boost 

the signal from the GSH biomolecule. Through physical vapor deposition, Au nanosatellites and 

AuPd nanosatellites have been deposited onto the top surface of the polymorphic Si nanocore 

structures.  As has been observed, the addition of nanosatellites greatly improves the SERS signal 

of the Si nanocore structure (Figure 4-3) and it is with these secondary boosting nanostructures 

with which the means for a proposed multi-source biosensing enhancement mechanism is attained. 

The role of this multi-source enhancement mechanism has on the enhancement of the GSH 

molecules is dependent on the how sensitive the GSH molecule is to the SPR component of the 

enhancement mechanism, and how the morphology of the Au and AuPd nanosatellites affects a 

boost in the GSH enhancement. The effectiveness of the nanosatellite enhancement of the GSH 

spectra is determined through Raman spectral analysis of the GSH biomolecule on the individual 

nanostructure surface and quantified by the EF relative to a Si wafer substrate with Au or AuPd 

nanosatellites. To analyze the morphological dependence of the GSH enhancement, the nanocore 

size and size distribution of each nanocore created are measured along with and the size and size 

distribution of the nanosatellites in order to determine the role of a nanocore to nanosatellite size 

ratio on the EF values. The size distribution of the Si nanocore structures and the Au, AuPd 

nanosatellites are measured using TEM images of these nanostructures. The diameter of a 

statistically significant number of each nanocore or nanosatellites are measured from seven 

different TEM images of each sample, from which the median and standard deviation of sizes was 

calculated as seen in Figure 4-5.  

In terms of physical morphology, the Si nanocores structures are separated into three nanocore 

size/size distribution groupings, 6.79nm±2.39nm, 13.39nm±5.57nm and 16.86nm±7.95nm. The 

nanocore size distribution plots are shown in Figure 4-2.  

Each of these groupings has either Au or AuPd nanosatellites deposited onto the nanocore surface. 

The size analysis results are shown in Figure 4-5, which are particle size distribution plots of both 

the Au nanosatellite diameter measurements and the AuPd nanosatellite diameter with sample 
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TEM images showing the nanocore structure with nanosatellites on the surface. It is assumed that 

the deposition process is consistent regardless of nanocore substrate that the nanosatellites are 

deposited onto, therefore the nanosatellites sizes and distributions are assumed to be constant.   

These plots show that the Au nanosatellites have a 5.92nm±4.16nm size and the AuPd 

nanosatellites have a 3.15nm±1.06nm size. Due to the method of deposition, the Au and AuPd 

nanosatellites will have different size/size distribution due the condensation and growth rate of the 

AuPd alloy. AuPd alloy source used in the nanosatellite physical vapor deposition process has a 

faster condensation rate and slower growth rate than the Au source, therefore the AuPd 

nanosatellites have a smaller median diameter compared to the Au nanosatellites. This physical 

morphological distinction plays a significant role in the enhancement of the GSH spectra 

From theses spectra it is evident that the nanosatellites have a substantial effect on the GSH spectral 

intensity. The EF values in Figure 4-4 quantify the level of enhancement boosting the 

nanosatellites have on the GSH peak intensity compared to the spectra of the respective 

nanosatellites on the Si wafer substrate.  The Au nanosatellites reach a maximum EF of 7.6x102 

for the 1450cm-1 GSH peak and for the AuPd nanosatellite a maximum EF 7.6x102 is observed. It 

is clear that the effect of noble metal satellites is a significant increase in the GSH Raman signal 

as a result of the multi-source enhancement mechanisms. To quantify this boosting effect of the 

nanosatellite structure, the efficiency of the increase in enhancement of GSH with Au or AuPd 

nanosatellites relative to the bare Si nanocore structure is defined as the boosting efficiency. The 

boosting efficiency, is defined as the ratio of EF from the nanosatellite spectra to the EF of the Si-

only nanocore structure. 

𝐵𝑜𝑜𝑠𝑡𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐸𝐹 𝑛𝑎𝑛𝑜𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑠𝑡𝑢𝑟𝑢𝑐𝑡𝑟𝑒

𝐸𝐹 𝑜𝑓 𝑆𝑖 𝑛𝑎𝑛𝑜𝑐𝑜𝑟𝑒𝑠
 (Equation 4-2) 

The boosting efficiency of the nanosatellites is plotted in Figure 4-8.  
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Figure 4-8: a) The boosting efficiency of the 1450cm-1 GSH peak with Au and AuPd 

nanosatellites on 6.79nm and 13.36nm Si nanocores and b) schematic showing occupation of 

Raman interaction volume with Au and AuPd nanosatellites 

The boosting efficiency shows that Au nanosatellites increase the EF for GSH by 23% and the 

AuPd increase the EF for GSH by 62% for the 13.39nm Si nanocores. This result shows that the 

AuPd nanosatellites increase the GSH peak considerably more than the Au nanosatellites. The 

source of this increased boosting efficiency is posited to be the physical morphology of the 

nanosatellites on the polymorphic Si nanocore surface. It has been established that for noble metal 

nanoparticles, the size and size distribution of the nanoparticles plays a vital role in maximizing 

the SERS enhancement.  In many other researchers work, the Au nanoparticle size that achieves 

the maximum EF ranges; for Qin et.al[4-38] and Hong et.al[4-39] , the most enhancing Au nanoparticle 

size is 60nm, 50nm respectively. The Au nanosatellites that are deposited onto the Si nanocore are 

out of this range of size nanoparticle sizes which results in a boosting efficiency that is less than 

optimal. Since the vapor deposition method used to deposit the nanosatellites has a fixed deposition 

conditions, the nanoparticle size is somewhat invariable with a pure Au source target. However, 

by using an AuPd nanosatellite source target, the material properties are such that a faster 

condensation rate and slower growth and a prevention of island growth, leads to a much smaller 

nanosatellite size.  Since the principle of SPR is heavily reliant on the size and volume of nanogaps 

b) 

a) 
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for the surge in Raman scattered photons from the nanostructures surface the use of AuPd 

nanosatellites is advantageous. With a much smaller nanosatellite size, more AuPd nanosatellites 

cover the Si nanocore surface leading to a greater surface coverage ratio of nanosatellites compared 

to Au nanosatellites, which in turn increases the number of possible SERS hotspot zones and an 

increased Raman photon scattering potential. Another possible consequence of the smaller 

nanosatellite size is that, less of the underlying SERS active polymorphic Si nanocore structure is 

covered in nanosatellites. While both the nanosatellites and nanocore are contributing to the SERS 

signal, a balance between their contributions is require to optimize the GSH peak signal. It is 

proposed that since the Au nanosatellites have a larger size and tend to form larger agglomerates 

or nanoislands, more of the Raman interaction volume is occupied by the Au nanosatellites when 

compared to the AuPd nanosatellite coated nanocores. As a result, a greater percentage of the 

enhancement is attributed to the SPR mechanism than the CT enhancement mechanism, so much 

so that the CT mechanism is not optimally outputting SERS enhancement. It is suggested that with 

the AuPd nanosatellites, a greater balance is achieved between the two enhancement mechanisms 

which lead to the greater boosting efficiency seen in Figure 4-8 and enhancement factor seen in 

Figure 4-4.  

4.4. Summary 

In this study, it is shown that a nanocore network comprised of interconnected polymorphic Si 

nanospheroids is a viable SERS active biosensing nanomaterial for the detection of protein 

biomolecules. With the creation of a highly branched interconnected nanonetwork, the generated 

a SERS active semiconductor bioactive platform for biomolecule sensing is produced from a SERS 

inactive Si wafer substrate. This Si nanocore substrate is shown to be a substantially potent SERS 

biosensing nanomaterial by exhibiting primary boosting effect, resulting in a maximum 

enhancement factor of 7.1x102 for the GSH protein biomolecule though the linked resonance 

mechanisms associated with semiconductor SERS nanomaterials. Additionally, the GSH signal 

can become significantly boosted by the supplementation of noble metal nanosatellite structures 

secondary boosting structures to the surface of the polymorphic nanocore structure. These Au and 

the smaller AuPd nanosatellites provide an enhancement factor of 7.6x102 with the addition of the 

well–established SPR enhancement mechanism contributing to the GSH signal. It is the two-factor 
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enhancement that leads to the boosting of the GSH signal that is observed in this study and results 

in a boosting efficiency of 23% and 62% for Au and AuPd nanosatellites respectively.  
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Chapter 5 

 

Towards Universal Si SERS-based nanobioprobe materials through 

engineering quantum-scale defects within self-assembled Si-only disordered 3D 

nanomesh structures  

 

 

In this study, a potential universal SERS biosensing nanoprobe material is generated by 

engineering quantum-scale defects in a self-assembled Si nanomesh structure. Through ionization 

of a single crystal defect-free Si wafer highly amorphous/nanocrystalline Si nano-orbs are 

constructed and coalesce to create a self-assembled connective 3D nanomesh structure with 

observed enhanced SERS nanobiosensing activity. By amending the ionization of a single crystal 

defect-free Si wafer through the externally influencing ion interactions within the formed laser-

ion plume, nanomesh structures with quantum-scale nanograin disorder and surface nanovoids are 

generated.  The resultant disordered Si nanomesh structures, exhibit enhanced Raman activity that 

is dependent on these morphological and crystallographic quantum scale defect characteristics. 

The SERS nanobiosensing sensitivity with the observed quantum-scale disordered Si nanomesh 

structures was evaluated using of a tripeptide biomarker L-glutathione (GSH). It is observed that 

an EF value of ~102 for the GSH biomolecules can be achieved by influencing ion interaction 

mechanism. Additionally, the SERS detection of multiple biomolecules with the quantum scale 

disordered nanomesh structures indicates the potential use of these unique Si only nanomaterials 

as a universal biosensing nanoprobe devices.   
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Figure 5-1: Overall Schematic showing a) ion interaction amendmentation to form inert or 

oxygenated ion-plumes, b) types of engineered quantum scale defects within NO structure, c) 

application of biomolecule and subsequent SERS enhancement spectra 

 

5.1. Introduction 

For biosensing applications employing surface enhanced Raman scattering (SERS), the use of 

nanostructured noble metal materials have been extensively researched  due to the well-established 

surface plasmon resonance (SPR) enhancement effect unique to these nanomaterials[5-1].  These 

noble metal nanostructures have been fabricated using various techniques including chemical 

synthesis [5-2], nanolithography[5-3], and physical deposition[5-4] which have been modified and 

optimized to excite the detection of various bioanalytes; noble metal nanorods[5-5, 5-6], 

nanoparticles[5-7], and nanowires[5-8] have all shown SERS detection of biomolecules due to the 

SPR effect. These noble metal nanostructures (NMNs) have been able to provide a significant 

enhancement in the detection of various biomolecules including proteins [5-9], cancer[5-10] and 

mRNA[5-11].  

a) b) 

c) 
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Recent advances have shown that, semiconductor and transition metal oxide nanostructures hold 

considerable potential as SERS enhancing sources, including WO3-x
[5-12], TiO2

[5-13], CuO[5-14], 

ZnO[5-15] and Si[5-16]. These alternative SERS enhancing nanomaterials could potentially reduce or 

replace noble metals in biosensing devices and by overcoming limitations associated with NMNs 

including lack of reproducibility of SERS enhancement and specific biocompatibility issues.  

While some researched SERS biosensing nanomaterials have both noble metal and 

semiconductor/metal oxide (S/MO) nanostructures[5-17 - 5-19], the noble metals serve as the primary 

SERS source while the S/MO acts merely as a framework or support for the SERS active NMNs. 

While NMNs provide SERS enhancement through SPR, S/MO provide SERS enhancement 

through linked resonance mechanisms[5-20], which include exciton resonance and charge transfer 

resonance[5-21, 5-22]. These resonance effects are referred to as the chemical contribution for NMN 

enhancement and are considered irrelevant for these nanomaterials but have been shown to be the 

primary SERS enhancement source for S/MO nanostructures [5-22, 5-23]. The most studied of these 

linked resonance mechanisms is charge transfer resonance, which is the process of transferring 

electrons from a semiconductor to an analyte molecule and vice versa and is dependent on their 

bandgap and highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-

LUMO) energy difference respectively[5-24].   

Si nanostructures are typically thought of inactive contributors to SERS enhancement because 

most fabrication techniques are unable create the material chemistry required to activate the SERS 

properties of Si. In a majority of studies that use “Si-based” SERS nanostructures, Si nanowires[5-

25], Si nanocones[5-18], Si nanowells[5-26], or  porous Si nanostructures[5-27, 5-28] are coated with Au 

or Ag nanoparticles[5-25, 5-29, 5-30] for SERS activation rather than creating a SERS active material 

from a strictly Si nanostructure. In our previous studies, Si nanostructures have been shown to be 

highly SERS active for both chemical and biosensing applications, but only when generated using 

an ultrafast femtosecond pulsed laser ion reaction mechanism [5-16, 5-31].  During this formation, a 

defect -free single crystal Si wafer and the surrounding air is ionized with the femtosecond laser 

and forms an ion plume containing these ions. The ions in the plume interact and bond to form 

nanoclusters which grow, condense as nano-orbs and finally fall onto the wafer surface. These 

fallen nano-orbs will fuse together to form a highly porous 3D nanomesh-like structure whose 

crystal structure and morphology are dependent on how the laser pulses interact to ionize the 

substrate and how external factors impact the ion interactions.  The observed material chemistry 
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of this Si nanostructure is not possible, to our knowledge with other fabrication techniques, 

because this initial ionization process completely reforms the material chemistry of the Si, creating 

both nanocrystalline and amorphous Si regions within an individual nano-orb (NO), rather than a 

single crystal nanostructure.  

Recent studies have shown that the SERS activity of S/MO nanostructures can be significantly 

enhanced by engineering defects within the S/MO nanostructure. Cong et al. [5-23] and Wu et al. [5-

32] have shown that by introducing point defects into S/MO nanostructures in the form of oxygen 

vacancies, very high enhancement factor values (105-107) and ultrahigh sensitivity (10-7M- 10-8M) 

can be observed for chemical analytes.; these reported EF values and sensitivities are on par with 

NMNs. In addition Ji et.al [5-33] have shown that O2 vacancies on TiO2 nanoparticles acts as 

coordination sites for molecules which causes greater CT between the nanoparticles and analyte 

molecules.  A similar effect can be proposed in this study, the quantum scale defects within the Si 

NO can act as SERS enhancing sources for the detection of biomolecules. Coupling these 

observations with the observed SERS activity of hybrid a/nc Si nanomesh networks, in this study 

a method of introducing quantum scale defects into a Si nanostructure as a means of evaluating 

the role of sub-nano defects on the SERS nanobiosensing characteristics of Si nanomesh structures 

is proposed. These effects of near-quantum scale disorder within a Si nanostructure have yet to be 

studied as a SERS enhancing source for nanobiosensing applications 

In this study, near-quantum scale defects are introduced into a/nc-Si NOs to determine the SERS 

nanobiosensing characteristics, in order to further the understanding of how this uniquely 

disordered Si material chemistry affects the detection of biomolecule analytes. By amending the 

ion interactions within the laser-ion plume near quantum-scale disorder is induced within resultant 

a/nc-Si NOs that comprise the Si nanomesh. It was found that though amendmentation of the ion 

formation, two types or near-quantum scale defects are introduced into the Si nanomesh structure. 

The first being an internal disorder of the nanograins with the individual NOs that comprise the 

nanomesh. The second being an external surface disorder of the NOs in the form of nanovoids.  

An investigation of how these near-quantum disorders within these a/nc Si nanomesh can affect 

the SERS selectivity with a biomolecule analyte, L-glutathione (GSH) has been conducted along 

with an evaluation of the wavelength dependence and sensitivity. GSH is a tripeptide biomarker 

which acts as a signalling molecule for diseases neurodegenerative disorders, cancer and cystic 
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fibrosis among others[5-34]. While GSH has been detected using SERS techniques, very limited 

enhancement and specificity for this biomolecule been reported, even with plasmonic noble metal 

nanostructures.  Additionally, the detection of biomolecules tryptophan (Trp), cysteine (Cys) and 

methionine (Met) with the near-quantum disordered nanomesh structures was evaluated to 

determine the potential of these Si nanomesh structures as a universal biosensing nanoprobe. These 

biomolecules have been identified as disease signalling biomolecules for various diseases [5-35, 5-36, 

5-37] and there have yet to be studies conducted using Si-only nanostructures as a SERS nanoprobe 

for detecting any of these biomolecules.  

5.2. Experimental Method 

The generation of the nanomesh structures was achieved using a Clark-MXR IMPULSE pulsed 

Yb-doped fibre amplified femtosecond laser to ionize a 0.02-Ω cm p-type silicon [100] wafer 

substrate. This ultrafast pulsed laser formation mechanism is kept consistent by maintaining laser 

wavelength (1030nm), polarization (circular), average laser power (16W) and laser pulse width 

(214fs). To consistently create an even distribution of nanomesh on the wafer surface, a piezo-

driven raster system was used to ionize the Si wafer in a 300x300 point array with 0.25mm spacing 

designed by EzCAD software.  To control and test the range of nanostructures that could be viable 

SERS active nanomesh structures, the laser pulse repetition rate (4MHz and 26MHz) is varied to 

alter the ionization energy of the laser-ion plume. In order to modify the Si-O ion interactions for 

this nanomesh formation mechanism gaseous species of N2 and O2 are introduced into the ion-

plume formed by the pulsed laser. The gases are injected into the laser-wafer interaction zone 

through seven individual nozzles which evenly surround the ionization zone. The gaseous species 

are introduced at a flow rate of 0.2MPa.  

The physical morphology of the resulting nanomesh structures were imaged using a Hitatchi H-

7000 transmission electron microscope (TEM) on copper mesh grids. The size and size distribution 

of the individual NOs observed in these images were manually measured and tabulated using 

ImageJ software. The XRD crystallographic analysis of the nanomesh structures was performed 

using a Rigaku Miniflex 600 diffractometer. A 2θ scanning range of 15° to 60° was used to acquire 

the relevant peaks associated with the Si nanostructures. 
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To acquire the Raman spectra of both the nanomesh structures and of the protein biomolecule on 

the nanomesh structures a Bruker Optics SENTERRA Raman confocal microscope with a 10x 

magnifying lens. Both 532nm and 785nm Raman spectra of the nanomesh and biomolecule were 

obtained in this study using 5mW and 25mW power respectively. To achieve a consistent 

significant signal a 10s integration time was used and to maintain consistent signal response, 3 

iterations were acquire for each Raman spectra in this study.  For the acquisition of L-glutathione 

(GSH) Raman spectra, 10µL of GSH of 10-6M or 10-9M concentration was applied to the relevant 

nanomesh structure just prior to Raman acquisition.  

5.3. Results and Discussion 

5.3.1. Nanomesh formation by multi-photon ionization of solid Si substrate 

The nanomesh structures created in this study are generated using an ionization process that a 

transforms a defect-free single crystalline Si (sc-Si) wafer into a three-dimensional self-assembled 

nanomesh network of fused amorphous/nanocrystalline Si (a/nc-Si) NOs on top of this same sc-Si 

wafer. To transform a sc-Si wafer into this complex polymorphic nanostructure, the sc-Si wafer 

must be broken down into its core ions and reformed within the ion-plume. The only method to 

our knowledge that can create this type of nanostructure with this specific material chemistry is 

through multi-photon ionization using an ultrafast femtosecond pulsed laser (UFPL) formation 

mechanism. The UPFL process is highly programmable and can be manipulated to produce 

nanostructures of a desired morphology and composition by altering the properties of the -

impinging laser pulses. The femtosecond laser pulses that strike the substrate surface will transfer 

such high energy to the sc-Si wafer substrate, that there is complete ionic breakdown of the solid 

crystalline structure of the sc-Si wafer to form a cloud of Si ions just above the wafer surface. Not 

only does the solid sc-Si wafer ionize, the surrounding gases, principally O2 molecules are ionized 

as well.  

This results in an ion plume composed of Si and O ions which combine and react with each other. 

The outcome of this is the formation of amorphous Si/SiO2
 nanoclusters and nc-Si nanoclusters 

which assemble to form the incross NOs which condense and collapse onto the Si wafer surface. 

Figure 5-2 shows how the a/nc-Si nanomesh structures are formed in this experimental study. In 

Figure 5-2a, the ultrafast pulsed laser immediately ionizes the Si wafer surface leading to Si ions 
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being rapidly ejected from the wafer surface.  These Si  ions collide with each other to form proto-

nanoclusters of amorphous Si and SiO2 or nanocrystalline Si[5-16]. These proto-nanoclusters 

agglomerate and form amorphous/crystalline Si NOs which condense and fall out of the ion-plume 

onto the sc-Si wafer substrate. These NOs fuse together on the Si wafer surface and form a self-

assembled three-dimensional nanomesh-like structure. Figure 5-2b shows SEM, TEM and 

HRTEM images of the 3D nanomesh structure, the fused a/nc-Si NOs that comprise the nanomesh 

and the hybrid nature of the NOs respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: a) femtosecond laser ionization of a defect-free silicon wafer, NO ejection from ion 

plume, NOs fuse together on Si wafer surface to form 3D nanomesh b) images of nanomesh 

morphology and hybrid Si NOs 

a) 

b) 
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Since the ion-plume conditions are variable depending on the laser-substrate interaction 

conditions, the nanomeshes in this study are classified in terms of a quantity known as the 

ionization coefficient[38]. This value is calculated as: 

𝛼 = (𝐼 𝑡𝑐𝑟𝑖𝑡⁄ ) ln(𝑁𝐶 𝑁0⁄ ) (Equation 5-1) 

Where I is the laser energy density, tcrit is the duration of the femtosecond pulse required to achieve 

ionization, NC is the electron density of the ion-plume and N0 is the number of electrons in the 

wafer before ionization.  From this equation the ion-plume energy of the different laser conditions 

used in this study can be quantified. High ionization energy is defined as a=12.9x1013 and low 

ionization energy defined as 2.50x1013. 

In this study the influence of inducing disorder during the ionization of Si is being investigated to 

determine how the resulting 3D polymorphic disordered Si nanomesh structures allow for SERS 

detection of a biomolecule species. Of particular interest is the determination of how these 

quantum scale disorders can be engineered to functionalize the SERS activity of a Si nanostructure 

for high sensitivity nanobiosensing applications. To achieve this, gaseous nitrogen or oxygen 

species are introduced into the ion plume externally from a pressurized source. N2 was chosen due 

to the very high ionization energy associated with this molecule (15.58eV) therefore N2 acts as an 

unreactive species in the ionization and nanostructure formation process. O2 and Si have ionization 

energies 12.07 eV and 8.152eV respectively and as such are the only reactive species in the laser-

ionization process. To supplement the oxygen interaction diatomic O2 gas is introduced into the 

ion-plume to further increase the concentration of oxygen ions in the plume due to the lower 

ionization energy of O2 molecules. The ion interaction influence reaction being investigated in this 

study is represented by: 

𝑠𝑐𝑆𝑖(𝑠𝑜𝑙𝑖𝑑) + 𝑂2
(𝑔𝑎𝑠)

+𝑁2
(𝑔𝑎𝑠)

+ 𝑎𝑖𝑟(𝑔𝑎𝑠)
𝑈𝐹𝑃𝐿 𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
→            (𝑆𝑖2+ + 𝑆𝑖4+)𝑖𝑜𝑛𝑠 + (𝑂2−)𝑖𝑜𝑛𝑠 +𝑁2

(𝑔𝑎𝑠)
+ 𝑒− 

𝑠𝑐𝑆𝑖(𝑠𝑜𝑙𝑖𝑑) + 𝑂2
(𝑔𝑎𝑠)

+ 𝑎𝑖𝑟(𝑔𝑎𝑠)
𝑈𝐹𝑃𝐿 𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
→            (𝑆𝑖2+ + 𝑆𝑖4+)𝑖𝑜𝑛𝑠 + (𝑂2−)𝑖𝑜𝑛𝑠 + 𝑒− 

5.3.2. Characterization of disordered Si nanomeshes 

An investigation of the material and morphological characteristics of the disordered a/nc-Si 

nanomesh was carried out using a series of characterization techniques including, TEM/HRTEM 

imaging, XRD analysis and Raman spectroscopy; these techniques reveal substantial amount of 
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information regarding how the ion interactions can be altered to induce structural and 

morphological disorder and distinct properties of the resultant disordered Si nanomesh structures.   

Figures 5-3 and 5-4 show the characterization data obtained for the nanomeshes formed under inert 

ion-plume conditions and oxygenated ion-plume conditions respectively. 
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Figure 5-3: a) HRTEM analysis of quantum scale defects within NO formed under inert-ion 

plume conditions and associated b) XRD spectra, c) NO size distribution d) calculated crystallite 

size and e) calculated residual stress 
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Figure 5-4: a) HRTEM analysis of quantum scale defects within NO formed under oxygenated 

ion plume conditions and associated b) XRD spectra, c) NO size distribution d) calculated 

residual stress 

5.3.3. Analysis of Quantum-scale defects 

To determine how the ion interactions affect the formation of disorder within the Si nanomesh 

structures, HRTEM imaging of the nanomeshes was performed to analyze the structure of the 

individual NOs that comprise the nanomesh structures. The images (Figure 5-5) reveal that two 

distinct categories of disorder are induced within the nanomeshes; internal near-quantum scale 

nanograin disorder and external surface nanovoid disorder. Figure 5-5c shows multiple defects 

within the crystalline structure of an individual NO and Figure 5-5d shows the presence of a highly 

disordered surface structure and the formation of nanovoids on the NO surface. These two distinct 

forms of disorder, manifest as a result of the amendmentation of the ion-plume conditions; the 

internal nanograin disorder is formed within an inert ion plume and the external surface nanovoid 

disorder is formed within an oxygenated ion plume.       

 

 

 

 

 

 

 

 

Figure 5-5: TEM and HRTEM images of disordered Si nanomesh structures formed under a) 

inert ion-plume conditions, b) oxygenated ion-plume conditions and the observed quantum scale 

defects c) sub-nanograin disorder within the NO structure and d) sub-nanovoids on NO surface   

This disordered internal near quantum-scale grain boundary structure  and sub-nanovoids surface 

morphology are to our knowledge not feasible with other fabrication techniques due to the nature 
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by which the NOs form within the plume. The chaotic movement of ions within the laser-ion plume 

and formation of nanoclusters with varied crystal orientations, leads to the generation of disorders 

observed in Figure 5-3. The engineering of these defects within the NOs is only possible due to 

the breakdown of a sc-Si wafer through ionization and self-assembly within the ion-plume. Other 

fabrication techniques used to form Si nanostructures for SERS applications produce reported sc-

Si nanostructures though lithographic [5-39] or etching techniques. [5-40, 5-41] However there has yet 

to be an investigation into the role of sub-nano defects in Si nanostructures play in Raman activity 

due to the common self-assembly techniques inability to engineer quantum defects within 

nanostructures beyond point defects or doping. 

An additional analysis of the size/size distribution of NOs within the nanomesh structures shows 

that the NO size and distribution is affected by the laser ionization energy and the conditions of 

the ion-plume. Higher ionization energy under both inert and oxygenated ion-plume conditions 

yields NOs sizes with a broader size distribution than NOs formed at lower ionization energy. 

However, the size/size distribution of NOs formed under inert conditions span a broader 

distribution than those formed under oxygenated conditions. The HRTEM images reveal that the 

NOs and the disorders within the NOs approach the quantum scale regime (defined as several 

nanometers in size[5-42, 5-43]) These images also reveal that the presence of these sub-nano defects 

is more prevalent in NOs formed in an inert ion plume at higher ionization energy.  

5.3.3.1 Sub-nanograin Disorder 

An analysis of the XRD spectra (Figure 5-3b, 5-4b) obtained from the nanomeshes reveals that, 

the ion-plume conditions produce crystal grain orientations of Si depending on the plume 

conditions and ionization energy.  The XRD plots show that the nanomesh structures created in 

this study are composed of nanocrystalline Si ([111], [220] and [311]) and a portion of amorphous 

Si/SiO2. There is an observed peak when 2θ~32°, which is an artifact of the XRD spectrometer, 

but occurs as a forbidden peak of [100] Si [5-44] The determination of the crystallite size reveals the 

quantum scale nature of the nanograin disorder observed in the NO formed under inert ion-plume 

conditions. The crystallite size can be determined by the width of the obtained XRD peaks. To 

determine an estimate of the crystallite size, the Scherrer equation[5-45] has been used.   

𝜏 =
𝐾𝜆

𝛽 cos𝜃
 (Equation 5-2) 
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Where K is a dimensionless shape factor that varies with the shape of the crystallite, for this study 

it is assumed that the shape factor is 0.9 assuming that the crystallites are spherical. λ is the 

wavelength used to obtained the XRD spectra, in our case it is 0.154nm. β is the measured peak 

broadening width at full width half maximum (FWHM). θ is the Bragg angle for the desired peak.   

The crystallite size is assumed to be the size of the individual regions of crystallinity within an 

individual NO. This is because the individual NOs are measured to have sizes on the order of 

~10nm, and the observed crystallite sizes are on the order of a few nanometers. This indicates that 

each individual NO is comprised of multiple quantum scale crystallites each having a different 

crystal orientation. It has been observed in Figure 3a, that the concentration of these crystallites 

within the NOs can be manipulated by altering the ionization conditions. Under inert ion-plume 

conditions, the [111] and [220] orientations of Si remain relatively unchanged, but the [311] 

orientation is not observed under these conditions and becomes significantly large under 

oxygenated ion-plume conditions at lower α. At higher α, vary slightly compared to lower α values, 

with [220] becoming significantly larger under both suppression and enrichment conditions.  

These NO size/size distribution measurements coupled with the calculation of crystallites reveal 

that as ionization energy increases, the size distribution of NOs increases and the calculated 

internal stress within the NO increases and additional crystal orientations of Si become observable.  

This indicates that as the ionization energy of the laser pulses increase, more NOs of larger size 

are generated that have more variety of crystallites. This indicates that more sub-nanograin 

boundaries are present within the NOs generated at high ionization energy than at low ionization 

energy and result in a higher residual stress within the NO and a greater concentration of grain 

boundaries within the NO structure. This result shows that ionization energy plays a direct role in 

the grain boundary disorder of the generated NOs.  

The Raman spectra of with these nanomesh structures give key morphological characteristics of 

the NO sizes and the stress present within the nanostructures.  

The residual stress within the disordered nanomeshes can be identified and calculated by 

determining the shift in the positions of Raman peaks associated with Si. Residual stress in a crystal 

structure can manifest as a positive or negative in the peak position depending on the type of stress 

present in the nanostructure, either compressive or tensile respectively[5-46].  

To calculate the residual stress in the nanostructures, the following equation is used: 



110 
 

𝜎(𝑀𝑃𝑎) = −4.35𝑀𝑃𝑎 × (𝜔 − 𝜔0) (Equation 5-3) 

Where σ is the calculated stress in MPa, ω0 is the observed peak position of the Si wafer substrate 

and ω is the observed peak shift of the nanomesh structures. The value 4.35 MPa corresponds to 

the stress sensitivity of silicon. Figures 5-3e shows plots of these values for each nanomesh. Figure 

5-3e, illustrates that the sub-nanograin disorder within the nanomesh is significantly higher at high 

ionization energy than at low ionization energy. This substantial increase in the stress in confirmed 

by the HRTEM images in Figure 5-3; a higher density of sub-nano grains are observed in the NO 

structure than in NOs formed at lower ionization energy.  

Each of the above factors, quantum scale grain defects, increased residual stress and NO size 

contribute to the observed Raman activity in specific ways that have cooperative effects. It is  

theorized that the increased particle size distribution of the nc-Si NOs and the quantum-scale 

crystallite size results in more large NOs with smaller crystallites. Previous research has shown 

that a similar pattern of EF decrease as crystallite size increases for crystalline Si[5-47]. This 

increased density of crystallites within individual NOs, induces more residual stress in the NOs, 

resulting in both a larger concentration of grain boundaries within the NOs and more 

uncoordinated defect sites. These multiplicative factors working simultaneously result in the 

observed enhancement of the Raman signal from the nc-Si nanomeshs. 

5.3.3.2. Surface Nanovoid disorder 

An evaluation of the surface nanovoids produced under oxygenated ion-plume conditions presents 

complications due to the very small scale of the sub-nanovoids on the NOs surface. As observed 

from the HRTEM images, the nanovoids are less than 5nm in scale, and as such quantifying the 

nanovoid density from these nanovoids is beyond this present study. A qualitative investigation 

however is useful for illustrating the observed results. The HRTEM images in Figure 5-5d show 

that at high ionization energy, the nanovoids are significantly dense on the surface of the NOs. The 

nanovoids observed on the NOs formed at low ionization energy tend to be broader and less 

condensed on the NO surface. A more in-depth analysis of the nanovoid concentration and its role 

in nanobiosensing is an important topic for a future study.  The TEM images reveal that the NOs 

formed under oxygenated ion-plume conditions, similar to those formed under inert ion-plume 

conditions, are within the defined quantum scale regime, ~10nm for both high and low ionization 

energies. Since the HRTEM images did not reveal observable nanograins, an evaluation of the 
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crystallite size for these nanomesh structures was not performed. This lack of observable 

crystallites is confirmed though calculation of the residual stress within the NOs; the calculated 

stress is approximately constant at both high and low ionization energies and remains lower than 

the stress observed in the disordered nanograin nanomeshes.  

5.3.4. SERS Biosensing Activity of Nanomesh 

The Raman active behavior of the disordered a/nc-Si nanomeshes were examined to determine the 

Raman activity effects of the observed disorder present within each nanomesh. In order to 

determine how these types of disorders effect Raman activity at different wavelengths, 785nm and 

532nm. The Raman spectra of the a/nc-Si nanomeshes are shown in Figure 5-6.  The spectra in 

Figure 5-6 are evaluated by the observed peak at 520cm-1 which is due to the LO phonon mode 

associated with crystalline Si [5-47]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6: Raman spectra of the a/nc-Si nanomesh a) under oxygenated ion-plume conditions 

@785nm, b) oxygenated ion-plume conditions @ 532nm, c) inert ion-plume conditions @785nm 

and, d) inert ion-plume conditions @785nm 

a) b) 

c) d) 
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The spectra in Figure 5-6 show that the Raman activity of the nanomesh structures is highly 

dependent both the type of quantum-scale disorder within the nanomeshes are formed and the 

wavelength of the Raman laser used to acquire the spectra. These spectra reveal that the type of 

disorder present within the nanomesh structures plays a significant role in the Raman activity of 

the nanomesh and the Raman activity caused by the sub-nano disorder is wavelength dependent.  

The Raman activity of these nanomeshes are quantified in Figure 5-7 using Equation 5-3 

𝐸𝐹𝑛𝑎𝑛𝑜𝑚𝑒𝑠ℎ =
𝐼𝑛𝑎𝑛𝑜𝑚𝑒𝑠ℎ

𝐼𝑤𝑎𝑓𝑒𝑟
 (Equation 5-4) 

Where Inanomesh and Iwafer are the intensities of the 520cm-1 from the a/nc-Si nanomesh structures 

and the sc-Si wafer substrate respectively.  

 

 

 

 

 

 

 

 

 

Figure 5-7: EFnanomesh for nanograin disorder (pink) and surface nanovoid (blue) nanomeshes at 

a) 785nm and b) 532nm 

The EF values show that the nanograin nanomeshes have a notable larger Raman activity 

compared to the nanovoid nanomeshes for both 785nm and 532nm wavelengths. This indicates 

that the sub-nano disorder in the inert nanomeshes (nanograin boundary disorder) exhibits larger 

Raman activity than the sub-nano disorder observed in the oxygenated nanomeshes (surface 

disorder). This suggests that the increased grain boundary disordered is causing an increase in the 
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vibrational activity of the LO phonon mode of within Si that is responsible for the 520cm-1 peak 

[47]   

However, these spectra do show consistency regardless of conditions and wavelength of laser used; 

the Si peak from the sc-Si wafer is always than the peak from the nanomeshes, and the 520cm-1 

peaks from the nanomeshes formed at lower ionization energy are lower than the peaks from 

nanomeshes formed at high ionization energy. These observations demonstrate that the 

nanomeshes are significantly Raman active compared to the sc-Si wafer substrate and that the 

higher ionization produces higher Raman activity from the nanomesh structures than the lower 

ionization energy nanomeshes for both Raman wavelengths.  

5.3.5 Bioanalyte Enhancement efficacy of quantum scale disordered nanomeshes  

The SERS enhancement behavior of the quantum scale disordered nanomeshes are examined using 

a biomolecule, l-glutathione (GSH). This GSH biomolecule is classified as a tripeptide biomarker, 

which is an abundant intracellular biomolecule whose metabolism has been linked to liver disease, 

cancer growth, and neurodegenerative diseases.[5-48] The detection of GSH at low concentrations 

using SERS biosensing techniques could potentially allow for the early detection of these diseases.  

GSH is also known to have very low vibrational activity as evidenced by low enhancement factors 

observed for GSH detection. [5-49] The SERS enhancement capability of the disordered Si 

nanomeshes are evaluated in this study by measuring the Raman response of GSH in the presence 

of the nanomeshes at both 785nm and 532nm wavelengths to determine how the observed quantum 

scale disorder differences in Raman activity of the nanomeshes play a role in GSH detection.  

To determine how effective the a/nc-Si nanomeshes are at enhancing the biomarker molecule 

GSH, the EF values for the respective nanomesh structures are calculated. To calculate the EF 

values for the GSH biomolecule, the following equation was used: 

𝐸𝐹 =
𝐼𝑛𝑎𝑛𝑜𝑚𝑒𝑠ℎ 𝑁𝑛𝑎𝑛𝑜𝑚𝑒𝑠ℎ⁄

𝐼𝑤𝑎𝑓𝑒𝑟 𝑁𝑤𝑎𝑓𝑒𝑟⁄
 (Equation 5-5) 

Where Inanomesh is the intensity of the identified characteristic for GSH on the nanomesh structure 

and Iwafer is the intensity of this same peak on the Si wafer substrate.  Nnanomesh is an estimation of 

the number of GSH molecules on the nanomesh structures contributing to the Inanomesh value and 
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Nwafer is an estimation of the number of molecules on the Si wafer substrate contributing to the 

Iwafer value. 

Figure 5-8 shows selected Raman spectral data and calculated EF values for the detection of GSH 

with Si nanomesh structures with sub-nano grain disorder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8: a) Raman spectra of GSH peaks @785nm, b) calculated EF values for the 1255cm-1 

peak @785nm wavelength, C) Raman spectra of GSH peaks @532nm, d) calculated EF values 

for the 1419cm-1 peak @532nm wavelength 

The spectra in Figure 5-8 show SERS detection of the GSH biomolecule in the presence of the 

nanomesh structures at both 532nm and 785nm Raman laser wavelengths. This indicates that these 
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nanomeshes are activating distinct vibrational modes of the GSH molecule and demonstrates that 

the 3D nanomesh morphology and quantum-scale disorder dictates the SERS enhancement of the 

GSH and varies based on the Raman laser wavelength. The observed peaks of GSH on the 

nanomesh structures are displayed in Table 5-1 along with peaks assignments for the peaks 

corresponding to literature. In Figure 5-8, it can be seen that the nanomesh enhances different 

vibrational modes depending the wavelength of Raman laser and as such the chosen characteristic 

peak differs between 532nm spectra and 785nm spectra. For this reason, the 1419cm-1 for 532nm 

spectra and the 1255cm-1 peak for 785nm spectra were chosen respectively. These observed peaks 

for GSH are in good agreement with the literature. [5-34, 5-50, 5-51] For SERS detection of GSH with 

NMNs, Lee et.al[5-52] have observed three GSH peaks at 10µm concentration and Huang et.al[5-49] 

have observed nine peaks of GSH at 10µm concentration for Au nanoparticles on Si nanospheres 

coated with a Ag nanofilm and Ag nanoparticles in colloidal solution, respectively. Ten major 

peaks are observed for GSH at 1µm concentration at 532nm wavelength and two major peaks for 

GSH at 1µm concentration at 785nm wavelength. As a result, the Si nanomesh structures are able 

to activate a comparable number of vibrational modes of the GSH molecule without plasmonic 

nanostructures.   

Table 5-1: Observed Peaks for GSH on nanomeshes with peak assignments from literature[5-34] 

Table 5-1: Observed GSH peaks @785nm and @532nm with peak assignments from literature 

GSH observed 

peaks @785nm 

GSH peaks from 

References 

Peak 

Assignment 

GSH Observed 

Peaks @532nm 

GSH peaks from 

References 

Peak 

Assignment 

1099 1074 C12H2 wag 977 972 CC12 wag 

1255 1255 C12H2 twist 1089 1074 C6C7 stretch 

 1101 1097 NC17 stretch 

1120 1117 C12H2 wag 

1197 1169 C12H2 twist 

1311 1309 C17H2 wag 

1322 1334 C17H2 wag 

1397 1403 CO2 symmetric 

stretch 

1419 1415 C6H2 wag 

1647 1660 C8O stretch 
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Figures 5-8b,d show a similar trend to the  EF values observed in Figure 5-7, the nanomesh  

composition and morphology play a pivotal role in the SERS activity of the nanomesh and the 

enhancement of the GSH spectral peaks.  These plots demonstrate that the disordered nanomesh 

structures are able to achieve a significant enhancement of the GSH biomolecule on the order of 

4x102. The results coincide with the observations of the Raman activity of the nanomeshes; 

quantum-scale disordered nanomeshes achieve an observed enhancement across all ionization 

energies with the nanomeshes formed at the highest ionization energy demonstrating the largest 

observed enhancement.  The EF values reveal that the extent to which the SERS enhancement of 

GSH with the nanomesh structures has a dependence on the wavelength of Raman laser.  

In Figure 5-8a) the observed GSH EF values follow a similar trend observed for the EF from the 

nanostructures, the nanomesh with nanograin disorder produce a higher enhancement than the 

nanomeshes with surface nanovoids at both 10-6M and 10-9M concentrations. This effect is 

attributed to the near-quantum scale nanograin disorder within the individual NOs of the nanomesh 

structure. The grain boundaries acts as intense Raman scattering centres and through the CT 

resonance mechanism, the vibration activity of GSH is increased. The high density of near-

quantum scale nanograins within the NOs causes this significant enhancement in GSH spectral 

response. 

Figure 5-9 shows selected Raman spectra for GSH solutions (10-6M and 10-9M) on disordered Si 

nanomesh structures with sub-nano surface nanovoids and the calculated EF values. 
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Figure 5-9: a) Raman spectra of GSH peaks @785nm, b) calculated EF values for the 1255cm-1 

peak @785nm wavelength, C) Raman spectra of GSH peaks @532nm, d) calculated EF values 

for the 1419cm-1 peak @532nm wavelength 

These spectra and calculated EF values show that the Si nanomesh structures with surface 

nanovoids are able to enhance the detection of the GSH analyte, and similar to the Si nanomeshes 

with nanograin disorder the SERS activity is highly dependent on the ionization energy of the ion-

plume and the Raman laser wavelength. The observed peaks of GSH on the nanomeshes with 

surface nanovoids coincide with those observed with peak observed from Figure 5-9 

From the HRTEM images in Figure 5-4, the nanomesh structure with surface nanovoids have no 

observable nanograin structure leading to these structures relying on the nanovoids and highly 3D 

nanomesh structures as the primary SERS enhancing source.   In Figure 5-9d, it is observed that 
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the calculated EF is significantly higher at 10-9M concentration than at 10-6M concentration.  It is 

proposed that this significant increase in the SERS enhancement of 10-9M GSH with the surface 

nanovoid nanomesh structure is due to a concept termed CT nanogaps. The nanovoids observed 

on the NO surface act as traps or wells for the analyte molecules. It is suggested that at this 10-9M 

GSH concentration, the GSH molecules when trapped within the nanovoids on the NO surface are 

more efficiently able to produce a CT resonance effect than compared to the 10-6M GSH solution.  

A visualization of the nanograin disorder and surface nanovoid contributions to SERS detection 

of the GSH molecule is shown in Figure 5-10.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10: Visualization of the SERS enhancing effects caused by quantum scale defects, a) 

sub-nanograin boundary disorder defects and b) sub-nanovoids on NO surface  

As discussed, the ionization energy has a significant effect on the SERS activity of the nanomesh 

structures and thus the detection of the GSH molecule. From the characterization results in Figures 

5-3 and 5-4 it is posited in this study that the higher ionization energy under both inert and 

oxygenate ion-plume conditions yields a higher density of sub-nano disorder either nanograin 

disorder or surface nanovoids compared to the nanomeshes formed at lower ionization energy.  

a) 

b) c) 
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From Figures 5-8 and 5-9 it can be seen that there is a variance in the SERS enhancement of GSH 

signal that is contingent upon which form of disorder is causing the SERS activity. The nanograin 

disorder achieves a higher EF for GSH at 785nm than the surface nanovoids, yet the surface 

nanovoids are able to achieve a much higher EF for GSH at 10-9M concentration than the surface 

nanograin disorder. This variance in SERS activity of these quantum scale disorders that depends 

on the Raman laser wavelength can be applied to the detection of biomolecules in both in vivo and 

in vitro applications [5-53]. As such, the SERS enhancement can be tuned to detect biomolecules 

specific for applications by creating nanomeshes with specific quantum scale disorders.  

5.3.6. Towards Universal sensing with disordered Si nanomesh 

To determine the potential of the quantum scale disordered Si nanomesh structures as a universal 

SERS nanoprobe material, it is necessary to determine if the nanomesh structures are able to detect 

additional biomolecules beyond GSH. In this study, biomolecule analytes, tryptophan (Trp), 

cysteine (Cys) and methionine (Met) were tested for SERS response in the presence of the disorder 

Si nanomesh structures. These biomolecules were chosen because of their relevance as signalling 

molecules for diseases. Tryptophan was chosen due to its close relation to HIV infections and 

neurological disorders [5-54]. Cysteine was chosen due to heightened levels within the body being 

linked to cardiovascular diseases and neurotoxicity [5-55]. Methionine was chosen due to its role in 

determining liver function. [5-56] These biomolecules are similar to GSH these biomolecules are 

known to have a very low Raman cross-section which makes them difficult to detect using SERS 

spectroscopy.  

The results from the study of GSH have shown that the higher ionization energy yields quantum 

scale disorder that produce the largest enhancement. As such, for this study nanomeshes formed 

at higher ionization energy are used to enhance the spectra of the biomolecules. Additionally, the 

SERS spectra of the biomolecules were obtained using 532nm Raman laser wavelength because 

of the greater number of peaks which allows for more characteristic peaks foe the biomolecules to 

be distinguished.  Figure 5-11 shows the SERS spectra of the Cys, Trp and Met biomolecules on 

the disordered nanomesh and the sc-Si wafer substrate.  
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Figure 5-11: Raman spectra of a) Cys, b)Trp and c) Met on nanomeshes with (pink) sub-

nanograin boundary defects, (blue) surface sub-nanovoids and on (grey) defect free sc-Si wafer 

substrates 

 These spectra show that these biomolecules also exhibit greatly enhanced spectra in the presence 

of the disordered nanomeshes. Both the nanomeshes with nanograin disorder and surface 

nanovoids are able to enhance the SERS spectra of Cys, Trp and Met. It is also observed that the 

type of disorder present within the nanomesh can activate the vibrational modes of a biomolecule 

that cannot be activated by the other type of disorder. For instance, the nanograin disorder is able 

to activate the benzene/pyrrole ring stretching mode of Trp while surface nanovoids cannot. 

a) b) 

c) 
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Conversely, surface nanovoids can active the asymmetrical CH2 stretching mode of Met, while 

nanograin disorder cannot. The observed peaks for identified by these spectra are displayed in 

Tables 5-2 – 5-4.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5-2: Observed peaks of cysteine with peak assignments from literature [5-57]  

Cys observed 

peaks @532nm 

Cys peaks from 

References 

Peak Assignment 

638 647 CS stretching 

798 778 CCC symmetrical stretching 

905 877 C-COO- stretching 

1100 1066 Cα-N stretching 

1197 1203 CH2 twisting 

1324 1347 CαH bending 

1406 1402 COO- stretching 

1426 1428 CH2 bending 

Table 5-3: Observed peaks of tryptophan with peak assignments from literature [5-58] 

Trp observed 

peaks @532nm 

Trp peaks from 

References 

Peak Assignment 

613 596 NH bending; deformation of benzene, pyrrole ring 

955 974 H twisting in benzene ring 

1600 1608 Benzene ring/pyrrole ring stretching 

Table 5-4:  Observed peaks of methionine with peak assignments from literature [5-59] 

Met observed 

peaks @532nm 

Met peaks from 

References 

Peak Assignment 

600 658 C-S-C symmetrical stretching; O-C=O in-plane  deformation 

715 724 C-S-C asymmetrical stretching 

927 921 O-H out-of-plane deformation; C-C stretching 

1430 1433 CH3 asymmetrical deformation; CH2 symmetrical deformation 

2915 2920 CH2 asymmetrical stretching 
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The detection of these distinct biomolecules with both types of nanomesh disorder demonstrates 

the potential use of this unique Si nanostructure as a universal nanoprobe material that can be used 

for early detection of disease signals.  

5.4. Summary 

In this study it has been shown that the UFPL ionization mechanism can be reconditioned by 

influencing the Si-O2 ion interactions to induce sub-nano disorder within individual hybrid a/nc-

Si NOs that comprise a 3D nanomesh structure. By either influencing the ions interactions to create 

an inert or oxygenated laser-ion plume, the ionization mechanism and the a/nc-Si NO formation 

mechanism can be tuned to generate distinct forms of quantum scale defects that manifest as 

increased sub-nanograin boundaries within NOs and as disordered nanovoids on the NO surface.  

It has been shown that these quantum scale defects can be tuned and by doing so changes in the 

Raman activity can be induced from the resultant a/nc-Si nanomesh structures. These nanomeshes 

also exhibit changes in SERS biosensitivity for the detection of a tripeptide biomolecule. 

Additionally, it has been shown that these quantum-scale defects can be employ within a 3D Si 

nanomesh structure for the potential use as a universal sensing nanoprobe for early stage disease 

signalling. This result establishes the possibility of being able to engineer quantum scale defects 

in Si nanostructures for advanced SERS nanobiosensing applications.    
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Chapter 6 

Conclusions and Recommendations for Future Research 

6.1. Conclusions 

In this dissertation, the creation of a Si-based nanomaterial that exhibits ultrasensitive SERS 

activity for chemical and biosensing applications is presented. The unique structure and Raman 

enhancing characteristics of this Si nanomaterial are facilitated by using the femtosecond pulsed 

laser ionization mechanism 

The main objective of this thesis was to activate the SERS enhancing characteristics of the Si 

nanomaterial and to gain a fundamental understanding of how the laser ion-plume formation 

mechanism can be manipulated to produce a highly SERS active platform from Raman insensitive 

material. The use of this fabrication technique and the creation of this Si nanostructure for SERS 

detection has yet to be reported in the field of semiconductor SERS research; the field of Si-based 

SERS nanostructures is a research area in the nascent stages of development, with very few current 

studies being conducted. When comparing these Si nanostructures to other SERS 

semiconductor/metal oxide nanostructures, the level of enhancement is often comparable to the 

enhancement reported by these nanostructures and in some cases exceeds the reported SERS 

enhancement values. 

The fabrication of a self-assembled three-dimensional interlinked nanoweb network through laser 

ionization is presented. The ionization of the single crystal Si wafer substrate and the reformation 

of the Si ions within the ion-plume yields individual nanospheroids that are comprised of 

crystalline grains of Si that have multiple orientations and amorphous silicon. These hybrid Si 

nanospheroids that become interlinked and fused upon self-assembly on the Si wafer surface form 

a highly three-dimensional and complex nanoweb structure.  

This hybrid Si nanostructure exhibited exceptional SERS activity for the detection of chemical 

analytes R6G and CV through charge-transfer resonance and are able to produce an enhancement 

of these analytes comparable to those achieved by noble metal nanostructures, which are regarded 

as the standard for producing enhanced SERS signals through surface plasmon resonance.  
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By surface modifying the highly sensitive Si nanostructures with a layer of gold nanoparticles, a 

two-fold contribution to SERS enhancement of R6G and CV was observed. This combination of 

charge-transfer enhancement and surface plasmon resonance mechanisms is rarely considered with 

other nanostructure forms that solely rely on noble metals as the SERS enhancing sources.  

With further refinement of the primary Si nanospheroids as a SERS booster and NMNs as a 

secondary boosting source, it was found that the layer thickness of NMN nanoparticles, the size of 

the NMNs and their composition can be modulated to achieve a significant increase in the detection 

of a biomolecule analyte, L-glutathione, which is known for low Raman vibrational activity.  

In an effort to further delve into the fundamental principles of how Si can be used as a SERS active 

sensing material, quantum-scale defects are introduced into the Si nanospheroid structure by 

amending the ion-interactions within the laser-ion plume. The results show that the SERS 

enhancement character of the Si nanostructures is highly dependent on the defect structure and 

scale along with the near quantum scale morphology of the 3D nanoweb structures. The SERS 

detection of multiple biomolecular disease signal molecules with these quantum scale defects 

structures, establishes the possibility of Si-only nanostructures to be used as universal disease 

detection nanoprobe materials.     
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6.2. Future Research 

With the development of these Si-based nanostructures that have substantially high SERS 

enhancement, the possibility of further developing Si based nanomaterials is immense and the 

enrichment of this enhancement mechanism with additional SERS active nanomaterials is an 

extremely interesting research avenue. The following future objectives represent potential 

advancements that can be made using the laser-ion plume mechanism for Si-based SERS 

nanostructures 

6.2.1. Au-Si alloy-like nanostructure formation by laser ionization for dual SPR-CT SERS 

biomolecule enhancement 

In this thesis, the SERS enhancement effects of Si nanostructures and boosting these SERS effects 

with additional external noble metal nanostructures for both chemical and biosensing applications 

have been studied. By using the unique laser ionization nanostructure formation mechanism, 

previous studies have demonstrated that by ionizing a gold-coated Si wafer substrate under the 

right conditions, a miscible Au-Si alloy-like nanostructure can be fabricated. In this proposed 

study, the SERS enhancing effects of internalized noble metal nanostructure within the hybrid Si 

nanostructures will be studied and how this alloy-like nanostructure can enhance the detection of 

bioanalytes will be studied. Some preliminary experimentation and analysis has been achieved and 

is presented here.  

In this study the formation of a novel hybrid gold silicon alloy-like nanomaterial that exhibits 

activity of surface enhanced Raman scattering (SERS) is presented. This alloy-like material is 

distinctive from other nanomaterials due to the gold-silicon alloy-like nanospheroids are unable to 

be created using conventional fabrication techniques;  it is reported that the use of a gold-silicon 

based material as the primary source of Raman enhancement.  This interconnected nanospheroid 

network, formed with a femtosecond laser synthesis which enables the laser ion plume 

condensation formation mechanism, can be modulated in terms of material composition and 

morphological structure to maximize enhancing character of the nanostructure substrate. The 

combination of amorphous/crystalline silicon with embedded regions of gold in individual 

nanospheroids and the high Raman hotspot concentration lead to a highly Raman active 

nanostructure.  
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There exists a current movement in literature to marry the SERS enhancement effects by 

developing hybrid nanostructures that have both a SPR contribution from NMNs and a 

plasmonic/charge-transfer contribution from a SERS active semiconductor/dielectric 

nanomaterial. For example Dai et.al have developed a TiO2/Ag hybrid nanostructure for detecting 

the presence of thiram, a toxic pesticide. The TiO2 nanosheets formed through hydrothermal 

synthesis are seeded with Ag nanoparticles and these particles are grown through an annealing 

process. With this hybrid nanostructure they have been able to detect thiram in both laboratory 

prepared and real samples with an observed limit of detection (LOD) of ~10-7M. Additionally 

Zhang et.al have created graphene oxide wrapped Ag nanoparticles for detecting PCBs, 

environmental organic pollutants. These Ag nanoparticles formed by chemical synthesis are coated 

with graphene oxide by an additional chemical process. They have observed a LOD of 10-4M for 

the PCB pollutant.   

With these current results it is observed that a new phenomenon of SERS enhancement using a 

unique alloy-like material formed between silicon and gold which allows for a highly Raman 

active material. In this study, using an ultrafast pulsed laser formation mechanism, a synthesized 

a nanoweb material comprised of interconnected silicon nanospheroids which have localized 

regions of gold within each individual nanospheroid. This encasement of gold nanoclusters within 

the silicon nanospheroids gives this material a unique character which to our knowledge is 

unreproducible using other fabrication techniques; as silicon and gold are immiscible under 

ambient fabrication conditions. By altering the laser-ion plume interactions, programming the 

amount of gold within the silicon nanospheroids, the size of the gold nanoclusters and the physical 

morphology of the nanoweb structure itself is possible; each of these characteristics has a 

significant effect on the amount of Raman scattering and thus enhancement of a chemical applied 

to the nanostructures.  The unique laser ion plume formation mechanism allows for the creation 

nanospheroids that have amorphous/polycrystalline hybrid silicon structure, and nanoclusters of 

gold encased within each nanospheroid. This material structure allows for a high concentration of 

grain boundaries, both between the amorphous and polycrystalline grains of silicon and between 

the amorphous/crystalline silicon grains and gold nanoclusters. This larger concentration of grain 

boundaries leads to a higher number of Raman scattering events. Figure 6-1 is a schematic showing 

the ionization of an Au coated Si wafer.  
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The goal with this research is to demonstrate the ability to create a new silicon-gold hybrid 

nanomaterial, which has unique and heightened SERS properties which can be precisely 

manipulated by altering the laser-ion plume formation mechanism. Determining how the size and 

distribution of the gold nanoclusters have an effect on the Raman enhancement capability of the 

nanoweb structures as well as how ratio of gold to hybrid Si plays a role in Raman enhancement 

is of particular interest. In addition, the evaluation of this hybrid nanomaterial’s potential as a 

platform for biosensing applications is obtained by determining its capability to enhance the 

detection of a commonly used bio-label molecule, in the interest of applying this material for the 

detection of biomolecules. 

In order to determine how SERS enhancement can be achieved with the Au-Si nanoweb structures, 

an evaluation of how the alloy-like structure is formed, how the ion plume formation mechanism 

can be tuned to modify the Au:Si ratio within the individual nanospheroids and how these material 

characteristics can be optimized to increase the enhancement factor (EF) and sensitivity of the 

alloy-like nanostructures to the chemical and biomolecule analytes is required.   

The formation of this distinctive alloy-like material between silicon and gold is as-to-yet, to our 

knowledge, unable to be formed using conventional fabrication techniques due in part to the 

immiscibility of Au and Si.  It has been documented that gold has a very limited solubility in 

crystalline silicon, with reported solubility of 1015 atoms/cm3 and an Au concentration of 1.3x10-4 

at% at 1200°C. This level of solubility of gold in silicon is achieved through liquid melt techniques 

to form eutectic alloy between gold and silicon, an alloy forming process which is highly 

conventional and does not yield interesting nanostructured materials. In this study, while by 

definition, not a true alloy this nanomaterial exhibits a unique morphological character and highly-

active nano-Raman sensing activity. The nanomaterial that is observed is an interconnected 

network of fused nanospheroids which form a nanoweb structure and each individual nanospheroid 

is composed of a hybrid amorphous/crystalline silicon with encased gold nanoclusters. During the 

laser-ion plume formation mechanism, the laser ionizes the substrate to form an ion plume; the 

substrate used in this study is a silicon wafer coated with a thin 300nm layer of gold. As such, 

when the laser strikes the substrate surface, gold atoms ionize first followed by the silicon atoms 

underneath. The tuning of the laser interactions with the substrate will determine the composition 

of the Au-Si nanospheroids; the power of the laser pulses, the time that the laser dwells on a spot 
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within the array of dots will determine the depth at which the laser removes material from the 

substrate and thus the ratio of silicon to gold in the resulting nanospheroids. At higher laser pulse 

power, the depth of laser ionization is increased leading to a higher percentage of silicon present 

in the nanoweb structure conversely, lower laser pulse power leads to a higher percentage of gold. 

There exists a threshold limit of laser power is required to ionize the gold layer on the substrate 

and due to the increased reflective nature of the gold layer, this threshold is higher than the power 

threshold limit for silicon which means that if it is possible to ionize the gold layer, the ionization 

of  the silicon wafer underneath will occur as well. This results in an ion plume that inherently 

contains both gold and silicon ions, of which the ratio of these species is dependent on the power 

of the laser pulses.  

Within the ion plume, silicon and gold ions condense to form protoclusters of amorphous, 

polycrystalline and crystalline gold. Gold will condense first due to the faster condensation rate 

compared to silicon which will result in clusters of gold surrounded by grains of both amorphous 

and nanocrystalline silicon forming an alloy-like hybrid nanospheroid. Due to the grain boundary 

separation between the gold clusters and the amorphous/polycrystalline silicon grains and the grain 

boundaries separating the amorphous and polycrystalline silicon grains, these nanospheroids have 

a high concentration of grain boundaries leading to unique Raman scattering characteristics.  

The main objective of this study was to determine if this unique nanomaterial that is generated is 

able to significantly enhance the Raman detection of analytes applied to its surface.  

The method that is devised to control the size of gold clusters and relative amount of gold within 

the formed nanospheroids is to cyclically ionize the substrate. The principle of this method is that, 

upon the initial cycle the laser pulses will ionize only a small layer of the surface. Each subsequent 

cycle will ionize further and further into the substrate. With appropriate tuning, control over the 

relative ratio of gold to silicon ion plume can be attained. In order to not completely ionize the 

gold nanolayer and create a primarily silicon nanospheroids, this mechanism is limited in terms of 

laser pulse power due to the threshold fluence. 
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6.2.2. Ti/TiO2-Si hybrid nanostructures 

In previous studies that use an ultrafast femtosecond pulsed laser ionization mechanism to create 

Raman active nanostructures, TiO2 nanonetwork structures have been fabricated that produce 

significant SERS enhancement on the same scale as the Si nanostructures presented in this thesis. 

The proposed study for this future work would be to use the laser-ionization mechanism to create 

TiO2/Si hybrid nanostructures that have the potential to exhibit the combined SERS enhancement 

properties of both the TiO2 and the Si nanostructures.  This study has the possibility to create a 

one-of-kind nanohybrid structure that consists of a Ti-TiO2-Si alloy that produces SERS activation 

through multiple charge-transfer sources, potentially leading to SERS enhancement not yet 

reported for semiconductor/meal oxide nanostructures.     

6.2.3. Multisource Au boosting of Si nanostructures: internal and external NMNs 

The studies presented in this thesis outline the contributions to SERS biosensing enhancement 

using a highly SERS active Si nanostructure combined with external noble metal nanostructures. 

The proposed study for this future work is to explore the SERS activity, sensitivity and 

reproducibility of Si nanostructures that contain internal Au nanoclusters and external NMNs for 

the detection of biomolecule analytes. This nanostructure would produce a charge-transfer SERS 

contribution from the Si nanostructure and a multisource plasmonic SERS from the internal and 

external NMNs that has the potential to exhibit SERS enhancement yet to be observed for 

biomolecule detection methods. In addition, the possibility of single-molecule sensitivity will be 

explored along with these nanostructures ability to sense more complex biomolecules.  

6.2.4. Cu/CuO Si nanohybrid structures 

This thesis has demonstrated that the laser-ionization mechanism can produce a miscible 

nanostructure containing Au and Si that produces ultrahigh SERS sensitivity for biomolecule 

detection. The proposed study for this future work is to determine the SERS characteristics of a 

Cu/CuO-Si alloy like nanostructure. Copper has similar plasmonic activity to noble metals and can 

generate SPR in the visible to NIR wavelength ranges; CuO has also been established in the 

literature as a SERS active material. This study could potentially produce a hybrid 

plasmonic/charge-transfer SERS sensitive nanostructure that has yet to be reported.    
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6.2.5. DNA detection using Si-based nanostructure: Labelled and Label-free SERS detection of 

DNA 

Throughout this thesis, Si nanostructures have been proven to be ultrasensitive SERS platforms 

for the detection of biomolecules. In this proposed future work, the use these Si nanostructures 

will be expanded to establish these nanostructures as SERS sensitive substrates for label and label-

free DNA detection.  
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