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Plasmonic Au Nanostructures for Surface-Enhanced 

Raman Spectroscopy  

Xin Sun 

Dr. Hao Li, Dissertation Supervisor 

Abstract 

Raman spectroscopy is a spectroscopic technique that provides rich 

structural information for identifying chemical species but finds limited 

applications owing to its low sensitivity. Surface-enhanced Raman 

spectroscopy (SERS) is capable of solving the issue of sensitivity by 

enormously amplifying the Raman signal through localized surface plasmon 

resonance (LSPR) that is induced by so-called plasmonic nanostructures. 

Since the inception of SERS in 1970s, significant efforts have been put in 

developing SERS-active substrates with high quality in terms of sensitivity, 

reliability, reproducibility, scalability, throughput, and cost. At present, 

however, SERS substrates with sufficiently high quality for both research 

activities and real-world applications have not stood out yet.  

In this dissertation, four types of plasmonic Au nanostructures will be 

reviewed with respects to fabrication, characterization, optimization, and 

evaluation for SERS applications. Firstly, faceted ZnO/Au nanonecklace 
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arrays epitaxially grown on r-plane sapphire substrates by chemical vapor 

deposition and sputtering will be introduced. Secondly, Au nanoisland arrays 

prepared by repeated sputtering and post-deposition annealing will be 

presented. Thirdly, nanoporous Si/Au composites resulting from metal-

assisted wet etching and sputtering will be reported. Lastly, we will present a 

novel plasma nanocoating technique that overcoats SiO2/Au SERS-active 

nanostructures with an ultra thin polymer layer, followed by the 

demonstration of benefits brought by such plasma nanocoating. The 

properties and growth mechanisms of abovementioned plasmonic Au 

nanostructures were investigated with scanning electron microscopy (SEM), 

atomic force microscopy (AFM), transmission electron microscopy (TEM), 

ellipsometry and contact angle analyzer. By correlating the enhancement of 

Raman signal with the experimental parameters, recipes for optimized 

plasmonic nanostructures were established. Furthermore, the applicability of 

these plasmonic Au nanostructures for SERS purposes was demonstrated by 

successfully detecting various chemical species at trace level.  At the end of 

the dissertation, a brief summary on these four plasmonic Au nanostructures 

will be reviewed against the standards of high quality SERS substrates and 

corresponding recommendations will be proposed to further improve the 

SERS performance.  
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Chapter 1-Introduction 

 

 

 

Surface-enhanced Raman spectroscopy (SERS), an extension of 

standard Raman spectroscopy, has exhibited great potential in 

detecting trace amount of molecules with the aid of noble metal 

nanostructures. Translating this promising phenomenon into practical 

applications has been the focal point of my doctoral study. This 

introductory chapter starts with a brief introduction of Raman 

spectroscopy, followed by a comprehensive background information 

and literature review on SERS regarding to its history, mechanisms, 

characterizations, fabrications, applications, and prospects. At the end 

of the chapter, the objectives and outline of this study will be 

presented.  

1.1 Raman spectroscopy  

Raman spectroscopy [1-3] is a spectroscopic technique that is 

based on energy transfers while a molecule scatters an incident photon. 
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As shown in Fig. 1.1, when a photon hits a molecule, the energy state 

of the molecule will be excited to a higher level. In most cases, the 

exited molecule will recover to its original energy level and no net 

energy transfer occurs during the process. And this elastic scattering is 

commonly known as Rayleigh scattering. However, in some rare cases, 

namely, one out of 107, the excited molecule may regress to a 

different energy level, either higher or lower than its original one, 

which means the scattered photon may carry less (Stokes shifted) or 

more (anti-Stokes shifted) energy than it does prior to the scattering. 

This inelastic scattering is usually referred to as Raman scattering and 

it is highly useful as the energy transfer of Raman scattering process 

corresponds to a specific transition of vibrational, rotational or other 

low-frequency mode in a molecule. As a result, Raman scattering can 

be used as the corner stone of an analytical chemistry tool.  

Raman spectroscopy, built on Raman scattering, shows 

exceptional features in providing rich structural information of the 

targeted molecules and realizing the identifications of molecules. In 

addition, compared to traditional analytical technique, for example, 

Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy 

has an edge in that water molecule does not interfere with Raman 

scattering as it usually does with FTIR. All these features entitle 

Raman spectroscopy a suitable technique for the microscopic 
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examination of minerals, cells, proteins, and materials such as 

polymers and ceramics.  

However, Raman spectroscopy has its intrinsic deficit in 

sensitivity. As we mentioned earlier, the probability for a Raman 

scattering to occur is extremely low. Specifically, the cross section of a 

Raman scattering is around 10-29 cm2, whereas the counterpart of 

fluorescence is 10-19 cm2 [4]. Consequently, Raman spectroscopy 

would be limited for only the assay on bulk substance if the sensitivity 

issue can’t be fixed. But, fortunately, the emergence of SERS 

technology has made this deficit history as SERS is capable of 

enhancing Raman scattering cross section by factors up to 1014, 

 

Figure 1.1. Illustration of possible energy transfers during a scattering 
process between a molecule and an incident photon. 
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making Raman spectroscopy comparable to fluorescence [5] for ultra-

sensitive chemical and biological detection at trace amount level.  

1.2 History of SERS 

SERS phenomenon was first observed, though not recognized as 

such, by Fleischmann et al. [6] in 1974 when they found intense 

Raman signal, namely, 106 enhancement, from pyridine adsorbed on a 

purposely roughened silver electrode. In fact, their motivation of 

roughening electrode was to increase the surface area, and, in turn, 

the number of pyridine molecules trapped on surface. As anticipated, 

the Raman signal indeed went up, but the magnitude of this increase 

was too high to agree on their prediction. According to their calculation 

entirely based on the increased number of trapped molecules, the 

signal enhancement should not exceed a factor of 102. Therefore, a 

mystery power obviously existed and contributed to that huge Raman 

signal enhancement. 

Jeanmaire and Van Duyne [7] and Albrecht and Creighton [8], 

independently, were the first recognized that the huge signal 

enhancement could not be explained simply by the increased number 

of molecules. In their studies, they slightly roughened the electrode 

surface and strictly restrained the increased surface area within a 

factor of 10, but they still obtained signals that had been enhanced far 
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more than 10 times. Then, Jeanmaire and Van Duyne proposed an 

electromagnetic mechanism to explain this phenomenon, on the other 

hand, Albrecht and Creighton attributed SERS to the resonant Raman 

scattering from molecular electronic states. As we will go over the 

detailed description in section 1.3, they both went along the right 

directions and successfully founded the two primary theories of SERS.  

From its inception to the mid 1980s, SERS research had been 

progressing steadily. To achieve a mechanistic understanding of the 

signal intensity enhancement, a great deal of effort was put on by 

condensed matter physicist and chemical physicist. In the end, the 

majority opinions reached to the conclusion that the enhancement was 

contributed by two primary components: a long-range electromagnetic 

effect and a short-range chemical effect [5]. The following ten years 

became a relatively quiet period as many physics researchers in the 

field of SERS were replaced by scientists interested in applying it on 

electrochemistry, biochemistry, catalysis, etc. Over the stretch of last 

fifteen years, interests of SERS have been picked up again, which is 

mainly driven by the astonishing discovery of single molecule SERS [9, 

10]. In addition, the rapid development of nanoscience and 

nanotechnology was a key factor in speeding up the research on SERS.  

At present, the goal of SERS study is to control and manipulate light in 

nanometer scale in coinage metal thin films or nanostructures, aided 
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by the collective electronic excitations or so-called surface plasmons.    

1.3 Mechanisms of SERS 

Two primary theories, electromagnetic enhancement (EM) and 

chemical enhancement (CHEM), are considered as legitimate 

explanations for SERS. As implied by their names, the former 

emphasizes on the amplified electromagnetic fields by the interaction 

between metals and incident electromagnetic waves, and the latter 

pays attention to the changes of electronic states, or charge transfers, 

within molecules induced by the interaction between metals and 

molecules. These two mechanisms differ substantially from each other 

in theory, leading to different functions and influences on SERS. On 

one hand, EM is believed to 1) be universal to and present in all SERS 

cases and 2) to contribute the majority of the total enhancement. On 

the other hand, CHEM is expected to 1) be present only in cases 

where chemical bonding is formed between molecule and metal, and 

CHEM 2) produces varying enhancements on molecules depending on 

their structures and 3) has limited contribution to the total 

enhancement. Details of these mechanisms will be presented as 

following.  

1.3.1 Electromagnetic enhancement 
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When an electromagnetic wave hits on a metal surface, the 

electric field near metal surface will be different from that in the far 

field. Particularly, if the surface with roughness or curvature, the wave 

may excite localized surface plasmon which could significantly amplify 

electric field at and near the metal surface. The amplification of both 

the incident field and the scattered field constitutes foundation of EM 

mechanism and serves as an important model in understanding SERS. 

There are many model systems that have been developed to 

investigate the physics underlying EM. The most famous and simplest 

one of those is illustrated as a metal sphere placed in an external 

electric field. The electric field across the sphere is treated as uniform, 

considering the fact that the wavelength of incident light is far greater 

than the diameter of spherical particle. Then the electrostatic (Rayleigh) 

approximation comes in play for this model. By doing so, the induced 

field at the surface of particle could be expressed as Eq. 1, where  

 
 

1 2

1 22induced incidentE E
  
  




        (1) 

ε1(ω) is the dielectric constant of metal and a frequency-dependent 

complex, and ε2 the relative permittivity of ambient phase. Please note 

that if conditions of a) Re(ε1)=-2ε2 and b) Im(ε1) being negligible are 

both satisfied, this function resonates and the induced field will be 

significantly amplified [11]. The conclusion from this simple model 
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could be generalized to any other surface morphologies, though with 

different numerical factors.  

Theoretically, SERS effect may be observed by any metal, but 

coinage and alkali metals usually provide the strongest enhancement. 

This could simply be explained as these metals satisfy the resonance 

conditions at the visible frequencies commonly used in Raman 

spectroscopy (namely, 532 nm, 633 nm, and 785 nm). Hence, the 

principle for SERS materials selection is to find those with Re(ε1) 

satisfying a resonance condition and Im(ε1) being as small as possible. 

In summary, EM accounts for the majority of the total Raman 

signal enhancement due to the huge resonance of electric field as we 

discussed above. Moreover, since this mechanism has nothing to do 

with the analyte, it is expected to produce same effect on whatsoever 

molecules being studied and be active in any SERS case no matter 

whether the molecule is chemisorbed or physisorbed to surface. 

Therefore, most studies on SERS theory have been targeted to this all-

purpose mechanism since the inception of SERS [12-25].   

1.3.2 Chemical enhancement 

As indicated, EM should be non-selective for different molecules 

adsorbed on the same surface, but experimental results say otherwise. 

Different magnitudes of enhancements have been observed for 
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different molecules under exactly same experimental conditions. 

Furthermore, broad resonances are observed as well in potential-

dependent electrochemical experiments [26]. All these showings lead 

people to believe a second SERS mechanism exists and it works 

simultaneously in company with EM.  

In order to explain above observation, two possible theories 

related to molecular structure have been proposed. The first one states 

that the interaction between metal surface and adsorbed molecule 

shifts and broadens the electronic states of the adsorbate, altering its 

chemistry. The second one focuses on chemisorptions which lead to 

new electronic states serving as resonant intermediate states in 

Raman scattering [27]. For many molecules, the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) are symmetrically disposed in energy level with respect to the 

Fermi level of the metal (Fig. 1.2). If this is the case, charge transfer 

either from molecule to metal (arrow 1) or metal to molecule (arrow 2) 

is apparently more favorable to take place than a direct transfer from 

HOMO to LUMO (arrow 3). In other words, metal surface facilitates the 

activity of charge transfer and emissions of characteristic excitations, 

and this build the foundation of CHEM mechanism.  



10 

 

Regarding to the magnitude, CHEM typically provides one order 

or two to the total Raman signal enhancement [28]. Usually, study on 

CHEM is challenging because EM and CHEM are hard to be separated. 

To solve this issue, Campion et al. carried out a test by using an 

atomically flat Cu (111) surface to exclude EM contribution. They 

ended up with a CHEM factor of 30 in their case [29]. Another feature 

of CHEM is quite obvious in that it involves interaction with molecules 

being studied. As a result, the enhancement varies from case to case 

with different molecules. Furthermore, the molecule has to bond to 

metal surface in a chemical manner instead of physical in order to 

induce the enhancement [26, 30]. Overall, CHEM has limited 

 

Figure 1.2. Energy level diagram for a molecule adsorbed on metal surface. Possible
charge transfer excitations are indicated with arrows. 

3 
2 

1 
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contribution and role in SERS.  

1.4 Enhancement factor of SERS 

Since the discovery of SERS, the magnitude of signal 

enhancement has always been a focal point in this research topic as it 

is a direct measure of how well SERS does compared to standard 

Raman spectroscopy. To quantify it, researchers have introduced 

enhancement factor (EF), one of the most important SERS parameters, 

to characterize SERS effect. As Natan [31] pointed out, there are too 

many different definitions on EF, which causes the concept of EF 

somehow discrepant and even confusing in literatures. Fortunately, Le 

Ru et al. [32] summarized all the definitions of EF and put up a nice 

review on EF. According to their work, the mostly used definition of EF 

is from the substrate point of view, shown in Eq. 2, where NSERS and  

SERS

SERS

RS

RS

I
N

EF
I

N

     (2) 

NRS are the average numbers of molecules in scattering volume for 

SERS and standard Raman spectroscopy measurements, respectively. 

Same subscript rule applies to intensity (I).  

Besides Eq. 2, there is another popular definition of SERS EF that 

is more relevant to analytical chemistry, specifically, to experimental 
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conditions. In this definition, the analytical enhancement factor (AEF) 

is expressed as Eq. 3, where cSERS and cRS 

SERS

SERS

RS

RS

I
c

AEF
I

c

     (3) 

are the concentrations of analytes for SERS and standard Raman 

spectroscopy measurements, respectively. ISERS and IRS are intensities 

under exactly same experimental conditions, including laser power, 

acquisition time, and so forth. According to above definitions, AEF (Eq. 

3) seems to have an advantage over EF (Eq. 2) because of the 

simplicity of AEF (Eq. 3). That is, the concentration of analyte is more 

easily to obtain than the number of molecules per volume. But AEF (Eq. 

3) may be essentially inferior to EF (Eq. 2) in accuracy because the 

concentration of analyte solution does not perfectly relate to the actual 

number of molecules per volume, given the fact that molecules may 

distribute unevenly across substrate surface.  

1.5 Fabrications of SERS substrates 

Appropriate metal and correct nanostructure are the two core 

components to activate SERS effects. Though alkali (Li, Na, and K) [33] 

and transition (Pd, Pt, and Rh) [34-36] metals are able to induce SERS 

effects, coinage metals (Au, Ag, and Cu) generally are the preferred 
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choices for SERS purposes since they are corrosion resistant and their 

dielectric constants satisfy the resonance condition at Raman 

excitation wavelengths which are typically near or in visible region [5, 

37]. About the correct nanostructure, the requirement is essentially 

the presence of roughness at nanometer scale. Nanometer scale 

roughness could be achieved as simply as placing a single nanoparticle 

on flat surface. Or, in a complex manner, nanometer scale roughness 

could be created by aggregating a bunch of nanoparticles in the form 

of a cluster. When it comes to enhancement factor, the latter form is 

more preferred because it introduces many more junctions and gaps 

between adjacent nanopartilces. These junctions and gaps are often 

referred to as SERS “hot spots” [38-42] since relatively strong 

enhancement effects are usually observed at such sites.  

However, the realization of SERS effects is just the first step 

toward good SERS substrates and does not necessarily guarantee the 

qualities of SERS substrates. To fabricate reliable SERS substrates with 

high qualities, many aspects need to be taken into account. In addition 

to enhancement factor, other important parameters to evaluate SERS 

substrates for both research and real-world applications include 

uniformity, repeatability, scalability, shelf life, and cost [43]. In 

attempting to obtain reliable and scalable SERS substrates, numerous 

fabrication techniques and approaches have been explored in the past 
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pair of decades, including electron beam lithography [44-46], 

nanosphere lithography [47, 48], plating [49, 50], laser ablation [51], 

porous nanoscaffolds [52-54], colloidal aggregation [55], chemical and 

physical roughening [56-58], oblique angle deposition [59, 60], 

electrochemical deposition [61], wet chemistry [62], vapor deposition 

[63, 64], de-alloying [65, 66], etc. In summary, the present-day 

techniques for SERS substrates fabrication could be grouped into four 

categories: template, hybrid, colloid, and direct deposition. 

1.5.1 Template 

The most popular approach for SERS substrate fabrication is 

template assisted, during which coinage metals are deposited over the 

templated substrates. Apparently, the key factor of this method lies in 

the preparation of templates. Electron beam lithography (EBL) is the 

perfect example to illustrate this fabrication technique as EBL is the 

most powerful tool to create templates [44, 45, 67, 68]. With the help 

of this sophisticated lithography technique, nearly any possible pattern 

at nanometer scale could be precisely written on wafer substrates. But 

the high cost and low throughput of EBL have impeded its wide 

application. To pursue inexpensive alternatives, Van Duyne et al. 

developed nanosphere lithography (NSL) [47, 48, 69, 70]. Compared 

to EBL, NSL replaces resists with polystyrene (PS) nanospheres as the 
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pattern or mask materials. Although this method successfully lowers 

down the manufacturing cost compared to EBL, it should be pointed 

out that the layout and release of nanospheres tends to introduce 

defects and sacrifice the quality of patterns. Similar rationale, except 

replacing PS with SiO2, has also been tried out by Jiang et al. [71-74]. 

The simplest template method is to utilize porous nanosubstrates. In 

this scenario, porous Si [52, 54, 75, 76], porous Al2O3 [77-84] or other 

porous nanoscaffold [85, 86] is prepared by chemical etching and the 

roughened surfaces will then serve as templates. 

1.5.2 Hybrid 

Hybrid method involves foreign or third party materials aside 

from coinage metals and base substrates. Specifically, this technique 

firstly builds bottom layer nanostructures made of foreign materials via 

various microfabrication techniques and then deposits the coinage 

metals over the existing nanostructures. Obviously, this method differs 

from template method in that third party materials are introduced into 

the systems to provide correct nanostructures. The biggest advantage 

of hybrid method is its flexibility in selecting desired nanostructures. 

As long as the nanostructure, no matter what it is made of, is available, 

hybrid method could make use of it by simply covering the 

nanostructures with SERS-active metal coatings. Many nanostructures, 
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including nanospheres [87, 88], nanotubes [89], nanowires [49, 90], 

nanorods [50, 91-93], etc. have been demonstrated for SERS 

applications with hybrid method.  

1.5.3 Colloid 

Colloidal Au or Ag is the most commonly used SERS substrate in 

laboratory research. By adjusting the chemical reaction temperature, 

time, concentration, PH, and capping agents, various shaped and sized 

Au and Ag nanoparticle suspensions have been reported for SERS 

study [94-97]. The merits of colloidal metals include low cost and high 

sensitivity, but the shortcomings of this method are quite obvious, too. 

First, the short shelf life of metal colloid restricts its usage even in 

laboratory environment, not to mention real-world applications. 

Second, the large size dispersion has always been an issue for metal 

colloid, imposing concerns on the repeatability of SERS measurements. 

Third, capping agents are typically required for metal colloids to 

remain stable. These organic molecules, directly attached with metal 

nanoparticles, would cause interfering signals for Raman measurement. 

All in all, despite the exciting results shown with colloid Au and Ag in 

research community, colloid method is not considered as a mature 

solution for large scale production and real-world applications of SERS. 

1.5.4 Direct deposition 
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In direct deposition, as the name implies, coinage metals are 

deposited onto wafer substrates without pre-patterning. Oblique angle 

deposition (OAD) [59, 60, 98] is a good example to illustrate this 

philosophy. In OAD, a modified physical vapor deposition technique, 

the substrate surface normal is positioned at a certain angle to the 

incoming vapor so that the Ag nanorods could be grown preferentially 

along a specific direction due to a so-called geometrical shadowing 

effect. Metal island films serves well as another example of direct 

deposition. In this method, an ultra thin noble metal film is deposited 

onto wafer substrates and then the substrates are thermal annealed at 

mildly high temperature. Due to the high surface free energy, the 

metal film has a tendency to transform into discontinuous island arrays 

[99, 100]. De-alloying is also an example of direct deposition method 

for SERS substrates fabrication. In this method, a film of Au and Ag 

alloy is firstly deposited onto wafer substrates, and then chemical 

etching is applied to etch out the Ag from the alloy matrix, leaving a 

porous Au film on substrates as SERS-active component [65, 66, 101, 

102].  

1.6 Applications of SERS 

Owing to its remarkable capability of identifying chemical species 

and providing structural information at molecular level, SERS has been 
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widely employed in a variety of fields including materials science, 

environmental science, biological engineering, catalysis, homeland 

security, electrochemistry, food science, forensic science, biomedical 

diagnostics, etc. In this section, two representative applications of 

SERS, namely, biosensing and chemical detection, will be briefly 

reviewed.  

1.6.1 Biosensing 

During the last two decades, interests in detection of 

biomolecules have grown rapidly by the encouragement of SERS’s 

ultra sensitivity and selectivity. In a typical SERS biosensing process, 

biomolecules are assembled as a monolayer covering the ensemble of 

Au or Ag nanoparticles. The Raman spectra are acquired on the basis 

of population averaged data and have shown good repeatability. Thus 

far, detection of biomolecules such as glucose [103-105], gene [106, 

107], nucleic acid [108], virus [109-111], bacterium [112-115], and 

biologic toxin [116] have been reported with SERS biosensors.   

Particularly, the detection of single biological molecule with SERS 

has driven lots of interests in the past decade. The concept of single 

molecule SERS detection was initiated 16 years ago [9, 10]. To date, 

SERS method has been used to detect a variety of single molecules, 

including nucleic acid [117], fluorescent dyes [118, 119], 
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neurotransmitter [120], single protein such as cytochrome c [121], 

horseradish peroxidase [122], myoglobin [123], and hemoglobin [124].  

A few extra points need to be pointed out for single molecule 

SERS. First, single molecule SERS offers great advantages over single 

fluorescence in that the former provides richer structural information 

and does not necessarily require labeling. Second, all reported single 

molecule SERS was observed with aggregated silver nanoparticles, 

which implies that only SERS “hot spots” are sensitive enough for 

single molecule detection. Third, this single molecule SERS technique 

was mostly applied to resonant molecule dyes and hence lacks of 

versatility to other molecules.  

1.6.2 Chemical detection 

Detection of chemicals at trace amount is of great interests for 

food safety, environmental protection, and homeland security. Many 

researchers have demonstrated that SERS has potential to serve for 

these needs.  

In food safety, melamine [125-127] and pesticides [128] in 

contaminated food have been successfully detected at trace levels.  

With respect to environmental protection [129], SERS has also been 

used in monitoring pollutants such as nitrate and nitrite [130], 

uranium [131], perchlorate [132], nicotine [133], cyanide [134], 
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saxitoxin [135] and uranyl ions [136]. As for home land security [137], 

research has indicated that SERS is able to detect trace amount 

explosives including half mustard agent [138], dinitrobenzenethiol 

[139], trinitrotoluene (TNT) and dinitrotuluene (DNT) [140, 141]. 

1.7 Prospects of SERS 

Despite great efforts has been made to develop SERS technology, 

there remain critical issues that need to be addressed before the large 

scale production and practical applications of SERS. For real world 

applications, SERS substrates firstly need to be fabricated in reliable 

and inexpensive ways. Secondly, SERS substrate should produce 

spectral response consistently. To achieve these goals, 

micro/nanofabrication techniques need to be further developed and 

refined. The improved techniques should be capable of (1) controlling 

nanostructures in terms of size, spacing, shape, and geometry, (2) 

growing uniform nanostructures at large scale, and (3) integrating with 

conventional fabrication techniques.  

Recently, a new direction for SERS research has been proposed 

by Van Duyne et al. [142]. That is, SERS may benefit significantly 

from exploring new excitation frequency in the ultraviolet (UV) region 

where most biological molecules have electronic resonances. To do so, 

coinage metals might have to be replaced by new group metals in 
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order to satisfy Eq. 1. But this small loss could be completely 

outweighed by the potentially huge gain.  

1.8 Objectives of research  

The objectives of this doctoral study are aimed at two aspects. 

On one hand, from the perspective of materials growth, this research 

will focus on the design and fabrication of four plasmonic Au 

nanostructures, namely, faceted ZnO/Au nanonecklace arrays, Au 

nanoisland arrays, nanoporous Si/Au composites and plasma coated 

SERS-active nanostructures. On the other hand, this research is going 

to screen aforementioned plasmonic Au nanostructures and evaluate 

their potentials for SERS applications. The criteria for this evaluation 

include repeatability, sensitivity, cost, scalability, shelf life and 

fabrication complexity. The detailed descriptions of these criteria are 

explained as follows (in no particular order). 

Repeatability 

Whether the SERS substrates produce repeatable spectral 

response from spot to spot. 

Sensitivity  

Whether the SERS substrates demonstrate signal enhancement 

over standard Raman measurement. Usually characterized with EF. 

Cost 
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Whether the cost of manufacturing SERS substrates is 

reasonable in terms of raw materials, tools, and other resources. 

Scalability 

Whether the manufacturing of SERS substrates is compatible 

with standard wafer processing flow. 

Shelf life 

Whether the SERS substrates remain unchanged under ambient 

conditions. 

Fabrication complexity 

Whether the fabrication of SERS substrates requires complex 

procedures.  

1.9 Outline of dissertation 

In this dissertation, we report four types of SERS-active 

(plasmonic Au) substrates regarding to their fabrication, 

characterization, SERS testing and optimization, followed by a 

thorough summary and comparison among these presented plasmonic 

Au nanostructures.  The content of dissertation is organized as follows.  

In Chapter 2, faceted ZnO/Au nanonecklace arrays epitaxially 

grown on r-plane sapphire substrates by chemical vapor deposition 

and sputtering will be introduced.  

In Chapter 3, Au nanoisland arrays prepared by repeated 
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sputtering and post-deposition annealing will be presented.  

In Chapter 4, nanoporous Si/Au composites resulting from 

metal-assisted wet etching and sputtering will be reported.  

In Chapter 5, we will present a novel plasma nanocoating 

technique that overcoats SiO2/Au SERS-active nanostructures with an 

ultra thin polymer layer, followed by the demonstration of benefits 

brought by such plasma nanocoating.  

In Chapter 6, a summary on these four plasmonic Au 

nanostructures will be reviewed against each criterion we mentioned in 

section 1.8. To further improve the SERS performance, corresponding 

recommendations to each plasmonic nanostructure will be proposed in 

this chapter as well. 
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Chapter 2-Horizontally Aligned One-Dimensional 

ZnO Nanonecklaces by CVD for SERS 

 

 

 

2.1 Introduction  

ZnO is one of the most popular research topics in nanoscience 

and nanotechnology over the past several decades. A wide variety 

of ZnO nanostructures, such as nanowires, nanocombs, nanorings, 

nanowalls, nanocages, nanobows, nanobelts, nanodisk, 

nanopropeller, nanotubes, nanotetropods, nanocantilever, and 

nanohelixes, have been explored for diverse applications [1-13]. 

Among all these structures, one-dimensional ZnO nanostructures, 

such as nanowires and nanotubes, are of great importance because 

they are projected to be the fundamental components for many 

nanodevices [7, 8]. Recently, there have been an increasing 

number of literatures on epitaxial growth of ZnO nanowires 

vertically or with certain angles on a-plane and c-plane sapphires 

using different methods. Particularly, more efforts have been made 

to fabricate horizontally aligned one-dimensional nanostructures 
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since such nanostructures are compatible with conventional top-

down microfabrication process and can be further processed for 

device assembly. These one dimensional nanostructures include but 

are not limited to Ge [14], GeSn [15], PtSi [16], silicides [17], In 

[18], Ga [18], CaF2 [19], Bi [20] quantum wires with diameters of 

only a few nanometers, ZnO [21], VO2 [22], GaN [23], and In2O3 

[24] nanowires with diameters of tens of nanometers, and single 

walled carbon nanotubes [25],  

The growth of one-dimensional nanowires differs very much 

from that of two-dimensional thin films because of the different 

growth mechanisms. The preferential growth direction of nanowires 

could be influenced by many factors, such as relatively high surface 

free energy of the growth surface, reduction of strain energy, 

catalysts-assisted growth process, relatively high anisotropic growth 

rate, etc. Tersoff et al. simulated the shape transition of Ag 

nanoislands to Ag nanowires on Si and found strain energy was 

relaxed by elongating the Ag island to an asymmetrical quantum 

wire with the aspect ratio as large as 1:50 [26]. Chen et al. 

summarized the growth behaviors of silicides quantum wires on Si 

wafer and found that asymmetrical one dimension growth 

phenomena happened when small lattice mismatch (<2%) between 

deposited material and substrate existed along one direction while 

larger lattice mismatch existed along the perpendicular direction 
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[17]. Based upon these work, anisotropic epitaxial relationship is 

speculated as one of the reasons for crystallographic alignment, 

which means a crystal wafer that has anisotropic epitaxial 

relationships with ZnO could be used as the substrate. Here, 

sapphire was selected as the growth substrate for following reasons. 

First, the lattice relationships between ZnO and all types of sapphire 

substrates (a, c, r, and m-plane) satisfy anisotropic exitaxial 

requirement. As it is presented in Table 2.1, on a-plane, r-plane 

and m-plane sapphires, small lattice mismatches are present along 

one direction while large lattice mismatch along the perpendicular 

direction. Second, ZnO nanowires have been fabricated on a-plane 

and c-plane sapphires and ZnO thin films have been fabricated on 

a-plane, c-plane, and r-plane sapphires, which will provide us rich 

background information for experimental design and result analysis. 

Last, sapphire substrates have been demonstrated in horizontally 

growing one-dimensional carbon nanotubes [25, 27-29], and VO2 

nanowires [22] in addition to ZnO nanowires [21, 30]. Based upon 

above reasoning, we believe that horizontal ZnO nanostructure is 

able to be grown on sapphire substrates.  

Table 2.1. Crystallographic relationships between ZnO and sapphire substrates. 

ZnO Plane || Sapphire Plane ZnO Direction || Sapphire 
Direction (in plane) 

Lattice Mismatch 
at 25ºC 

ZnO (0001) || a-plane 
sapphire (11-20) 

ZnO [11-20] || sapphire 
[0001] 0.08% 

ZnO [-1100] || sapphire [- 2.3% 
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1100] 

ZnO (0001) || c-plane 
sapphire (0001) 

ZnO [10-10] || sapphire [11-
20] 18.3% 

ZnO [-12-10] || sapphire [-
1100] 18.3% 

ZnO (11-20) || r-plane 
sapphire (01-12) 

ZnO [0001] || sapphire [10-
11] 1.53% 

ZnO [10-10] || sapphire [2-1-
10] 18.3% 

ZnO (01-10) || m-plane 
sapphire (01-10) 

ZnO [0001] || sapphire [2-1-
10] 9.1% 

ZnO [-2110] || sapphire 
[0001] 0.08% 

 

Nanonecklaces (NNs), also known as nanochains or aligned 

nanoparticles, are usually in straight or curved lines with spherical 

or faceted nanoparticles, and have been made using metals [31-33], 

oxides [34], and other materials [35]. One of the most common 

methods to synthesize NN structures is hydrothermal self-assembly, 

which generally cannot provide a good control of the alignment and 

growth direction of NN arrays. In this chapter, chemical vapor 

deposition (CVD) is used to synthesize well aligned NN structures, 

which could be readily integrated for further processing with 

conventional microfabrication for device applications. Our ZnO NN 

structure fabricated using CVD method is the first ever discovered 

horizontally aligned faceted NN structure [36]. By controlling the 

density of the NN arrays, it is possible to control the distribution of 

“hot spots” on SERS substrates, hence providing reproducible SERS 
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signals. Additionally, it is known that faceted structure yields much 

stronger Raman scattering than traditional spherical one, due to its 

sharper curvature resulting in higher electromagnetic effects [37]. 

Faceted  structure has another benefit over spherical one in that it 

has higher free energies for the interactions with molecules,  

resulting in higher chemical effects [38]. 

As the first group that achieved a novel faceted horizontally 

aligned NN structure, we here explore the possibility of using these 

novel ZnO NN substrates for SERS applications. In this study, Au 

coatings with different thicknesses were sputtered onto the surface 

of these faceted ZnO NNs to activate SERS effects and the SERS 

performance was evaluated by detecting melamine and other 

chemicals at low concentration. 

2.2 Experimental Section 

2.2.1 Fabrication of ZnO nanonecklaces  

In this work, a hot wall chemical vapor deposition (CVD) 

reactor was setup as shown in Fig. 2.1 to grow ZnO nanonecklaces 

(NNs) on r-plane sapphire substrates. Firstly, r-plane sapphire 

substrates were cleaned ultrasonically with isopropanol and de-

ionized (DI) water, and then dried by nitrogen gas flow. Au 

nanoparticles in diameter of 5 nm were used as catalyst for ZnO 

growth. The Au nanoparticles were synthesized with tannic acid, 
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trisodium citrate, potassium carbonate and hydrogen 

tetrachloroaurate by following a reported method [39]. The Au 

nanopaticles suspension was then spin-coated (Special Coating 

System, P6700) twice on 3 mm × 3 mm r-plane sapphire substrates 

at 6000 rpm. Secondly, a mixture of ZnO (99.99 %) /graphite 

(99.99 %) with mass ratio of 2.5 g to 0.36 g was put in a 12 cm (L) 

× 2 cm (W) × 1 cm (H) alumina boat. The sapphire substrates were 

loaded and positioned down stream the carrier gas within the 

alumina boat as shown in the magnified region in Fig. 2.1. The 

samples at position A, B, C, D, and E, were approximately 3.1 cm, 

4.2 cm, 5.3 cm, 6.4 cm, and 7.5 cm away from the center of the 

ZnO/graphite mixture. Then the alumina boat was loaded at the 

center of the single zone quartz tube (47 mm in inner diameter and 

120 cm in length).  

 

Figure 2.1. The schematic CVD reactor setup for ZnO NNs growth. 
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A series of experiments were conducted to investigate the 

influence of experimental parameters on the evolution of ZnO NNs. 

Typically, the experiment was conducted at 900 oC for 2 h with 60 

standard cubic centimeter per minute (sccm) Ar flowing at 

atmosphere pressure. Furnace was heated at the rate of 15 oC per 

minute and cooled down naturally. Temperatures, including 700 oC, 

790 oC, 850 oC, and 1000 oC, and growth time, including 25 min, 45 

min, and 6 h, were also tried to study their influences on ZnO NNs. 

After the fabrication, ZnO NNs substrates were sputtered with Au 

coatings at thicknesses of 45 and 60 nm by an Emitech K575x turbo 

sputter coater. The coating thickness was based on Au mass and 

measured with a built-in film thickness monitor. 

2.2.2 Characterization of ZnO nanonecklaces 

A field emission scanning electron microscope (FESEM, S4700, 

Hitachi) and an atomic force microscope (AFM, Nanoscope IIIa, 

Digital Instruments) were used to characterize the morphology and 

topography of ZnO NNs with and without Au deposition. 

2.2.3 SERS measurement 

A Renishaw RM1000 Raman spectrometer system 

(Gloucestershire, UK) equipped with a Leica DMLB microscope 

(Wetzlar, Germany) and a 785 nm near-infrared diode laser source 

(maximum at 300 mW) was used in this study. Raman scattering 
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signals were detected by a 578 × 385 pixels CCD array detector. 

The size of each pixel was 22 μm × 22 μm. Spectra of each sample 

were collected using a 50× objective with a detection range from 

300 to 1800 cm-1. The measurement was conducted with a 10 s 

exposure time and ~ 15 mW laser power. Spectral data were 

analyzed using the software GRAMS 32 spectral notebase (Galactic 

Industries, Waltham, MA, USA). 

A serial concentration of melamine (Sigma-Aldrich) in 50% 

ethanol solution was used as the analyte to evaluate Au coated ZnO 

NNs substrate. Melamine is a food contaminant that was implicated 

in the pet food recalls in the North America in 2007 and recent 

infant formula contamination in China and the United States. In 

Melamine SERS spectra, the most intense peak around 683 cm-1 is 

assigned to the ring breathing mode II and involves in-plane 

deformation of the triazine ring; the second highest peak around 

993 cm-1 arises from the ring breathing mode I of the triazine ring. 

In this study, the highest melamine peak (~ 683 cm-1) was selected 

to correlate the melamine concentration with the peak intensity. 

2.3 Results and discussion 

2.3.1 Morphology of ZnO Nanostructures 

Figure 2.2 depicts the typical FESEM images of the ZnO 

nanostructures grown at 900 oC for 2 h on r-plane (01-12) sapphire 
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substrates. At the position A, which was very close to (3 cm) the 

ZnO/Graphite precursor, precursor concentration was relatively high 

and both nanonecklaces and nanoblades were observed. Facets 

were observed for all the ZnO nanonecklaces (NNs), indicative of 

crystalline structure. In addition, most of NNs show very similar 

facets and such similarity suggests that the NNs may grow with the 

same crystalline orientation. The same crystalline orientation of NNs 

can either result from a single crystalline growth and/or epitaxial 

growth, both of which were confirmed by transmission electron 

microscopy (TEM) [36]. The ZnO nanoblades are typically 200 nm - 

1 µm in width and a few micrometers to a few tens micrometers in 

length and have multiple angles with substrates. The nanoblades 

were typically found grown out of the tip of nanonecklaces (Fig. 

2.2(h)) and they also have different conformations, such as, 

nanorods. At positions B and C, similar nanostructures as that of 

Figure 2.2. FESEM images of ZnO NNs fabricated at position A ((a) and (b)), 
C ((c) and (d)) and E ((e) and (f)); (g) the boundary between Au nanoparticles 
uncoated and coated regions of sapphire substrate, leading to ZnO NNs free 
and present regions, respectively; (h) ZnO nanoblades. 
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position A were observed, but ZnO NNs were thinner and shorter. 

And there were no discernible structural difference observed with 

FESEM between position B and C. The nanoblades were no longer 

observed at positions D and E and these two positions also 

presented very similar structures. As shown in all the SEM images 

of Fig. 2.2, all the ZnO NNs align in one direction of r-plane 

sapphire substrates. Experiments also show that Au NPs are needed 

for the formation of ZnO nanostructures (Fig. 2.2(g)).  In the areas 

that no AuNPs were deposited, no ZnO nanostructure was observed. 

Figure 2.3(a) summarizes the width and length of ZnO NN at 

different positions. As a general trend, ZnO NNs are getting thinner 

and shorter when the sapphire substrates are further from the 

graphite/ZnO mixture precursor source. Such differences in width 

and length at different positions could be attributed to the 

decreasing precursor concentration along the Ar carrier gas flow 

direction. The influence of the growth time and growth temperature 

on the ZnO NN growth was also studied. Figure 2.3(b) shows that 

both the length and width of ZnO NN increase with growth time.  

The length increase was due to the catalyst assisted growth. For the 

2 h growth, the standard deviation is very large and we speculate 

that this is due to the formation of new ZnO NNs during the two-

hour growth period. As a result, some ZnO NNs have much shorter 

actual growth time than 2 h and their lengths are expected to be 
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much shorter. The width increase was also observed, indicating the 

direct deposition of ZnO on ZnO NNs after its initial growth. There is 

also a linear relationship between the ZnO NN width and the growth 

time. The trend line intercepts with width axis at 20 nm and with a 

slope of 100 nm/h. The 20 nm could be explained as the initial ZnO 

NN width formed directly from catalyst assisted growth through the 

vapor-liquid-solid (VLS) growth mechanism before any direct ZnO 

deposition from vapor phase. It is worth noting that 20 nm is bigger 

than the Au NP catalyst size of 5 nm, but they are at the same scale. 

In addition, the growth temperature also significantly influenced the 

morphology of ZnO growth on r-plane sapphire. ZnO NNs were only 

observed in experiments conducted at 850 oC and 900 oC. Porous 

nanorods were synthesized rather than ZnO NNs at 700 oC, whereas 

ZnO thin films were observed at 1000 oC. 

At this stage, experimental conditions for optimal ZnO NNs 

Figure 2.3. (a) The length and width of ZnO NNs vs the distance between 
precursors and substrates; (b) the length and width of ZnO NNs vs the 
growth time. 
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(Fig. 2.2(c)-(d)) have been identified as: substrate position 

between C and D, growth temperature of 900 oC, and growth time 

of 2 h. Following studies will be focused on samples prepared under 

such conditions. Please note that we set substrate position as 60 

mm away from precursors.   

An AFM image and sectional analysis of the ZnO NNs on r-

plane sapphire substrates was presented in Fig. 2.4. This result 

shows well connected NN structure and roughly patterned surface, 

which is very likely to provide a large quantity of periodical SERS 

“hot spots” that are key to SERS. 

2.3.2 SERS measurement 

Figure 2.5 indicates that SERS signals acquired from the Au 

coated ZnO NN substrate with 45 nm Au coating were stronger than 

that from 60 nm. Here, we propose two possible reasons to explain 

this difference. First, it is likely that thicker coating led to a 

 

Figure 2.4. AFM image (a) and section analysis profile (b) of the ZnO NNs. 
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smoother substrate surface with less sharp edge or fewer edges 

from the underneath faceted structures and consequently caused 

the decrease of the SERS signals. The second reason could be 

illustrated from the perspective of surface plasmon and its 

dependence on materials configuration. Basically, the Au coated 

ZnO NN could be considered as an incomplete core-shell structure 

(ZnO nanoparticle core not fully covered by Au coating shell). 

Regarding to core-shell structure, Prodan et al. [40] suggested that 

the plasmon resonance can be interpreted as an interaction 

between the essentially fixed-frequency plasmon response of a 

nanosphere and that of a nanocavity. And the plasmon resonance of 

nanoshell is highly tunable by adjusting the thickness of the Au 

coating. Therefore, the reason for weakened SERS sensitivity with 

thicker Au coating might be that the plasmon resonance was tuned 

Figure 2.5. Average Raman spectra (n=3) of 10-4 mol/L melamine on a ZnO 
NN substrate with 45 nm (a) and 60 nm (b) Au coating. Raman measurements 
were taken under the same conditions. 
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away from the 785 nm excitation frequency for a 60 nm Au coating. 

Based on the result of Fig. 2.5, we decided to use 45 nm Au 

coating for the rest of the study. 

In order to evaluate SERS analytical enhancement factor 

(AEF), an Au coated ZnO NN substrate and a plain Au film substrate 

were used for calculation. AEF is defined as follows, 

AEF=(cR/cSERS)*(ISERS/IR) 

where cSERS and cR are concentrations of analyte solutions for SERS 

and non-SERS measurements, respectively. ISERS and IR are Raman 

intensities of the same peak for SERS and non-SERS measurements 

 

Figure 2.6. Average Raman spectra (n = 3) of 10-4 mol/L melamine on a Au 
coated ZnO NN substrate and 10-2 mol/L melamine (inset) on a Au film 
substrate. Raman measurements were taken under the same conditions. 
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performed under exactly same conditions. Figure 2.6 shows their 

SERS spectra of melamine at different concentrations. No or low 

interfering signals from the background of the substrate were 

observed. By comparing the peak intensity (683 cm-1) from the Au 

coated ZnO NN substrate with that from a plain Au film substrate, 

the AEF was determined to be higher than 104, which is competitive 

with a commercial Au based SERS substrate.  

Figure 2.7 shows the SERS spectra of different 

concentrations of melamine (10-6, 10-5, 10-4, 10-3, and 10-2 mol/L) 

analyzed using Au coated ZnO NNs. Melamine characteristic peaks 

could be still observed when the concentration was down to 10-5 

mol/L. Figure 2.8 shows the relationship between melamine 

concentrations and the intensity of Raman signals of the melamine 

peak at 683 cm-1. A linear regression (R2 = 0.9561) was established 

between log value of melamine concentration and Raman intensity 

of the peak at around 683 cm-1. The error bars in Fig. 2.8 indicate 

the standard deviation of Raman intensity of signals acquired from 

three randomly picked spots on the substrate. These results suggest 

that SERS method coupled with ZnO NNs has a great potential for 

quantitative analysis, though, further research is needed to improve 

the performance. Compared to the current expensive and time 

consuming analytical techniques, SERS could be an alternative 
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method for qualitative and quantitative analysis with a large 

capacity.  

 

 

 

 

Figure 2.7. Average SERS spectra of a serial concentration of melamine (a: 
10-2, b: 10-3, c: 10-4, d: 10-5, and e: 10-6 mol/L) deposited onto Au coated ZnO 
NNs. 
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 Two more chemical food contaminants, namely crystal violet 

(CV) and malachite green (MG), were chosen to test the SERS 

selectivity of these Au coated ZnO NN substrates. Both CV and MG 

 

Figure 2.8. Relationship between log value of melamine concentration 
(mol/L) and Raman intensity of a melamine peak at 683 cm-1 (average of 
three spectra). 

 

Figure 2.9. Average Raman spectra (n = 3) of 10-4 mol/L malachite green 
(a) and 10-4 mol/L crystal violet (b) on an Au coated ZnO NN substrate. 
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were implicated in 2007 seafood alert in the US. Zero tolerance 

policy has been set for the residues of CV and MG in fish by the US 

Food and Drug Administration (FDA) [41]. These two compounds 

have very similar chemical structures, both more complex than 

melamine, making themselves perfect candidates for evaluating 

the selectivity of SERS substrates. Distinctive Raman spectra of 

these two chemicals were shown in Fig. 2.9(a) and (b), 

respectively. Although appearing very similar, these two spectra 

present critical features to differentiate each other, in accordance 

with our previous study [42]. In short, the result in Fig. 2.9 

demonstrates that Au coated ZnO NN substrate is capable of 

identifying a variety of chemicals with good specificity. 

As mentioned in section 2.3.1, when sapphire substrates were 

positioned at different positions (50, 40, 30, 20 mm) away from the 

precursors, nanoblades (NBs) ZnO was obtained along with different 

ZnO NNs. Figure 2.10 shows nanoblades (NBs) structure with a 

certain angle grown upon the NNs. The NBs were typically found 

grown out of the tip of NNs. It was observed that more ZnO NBs 

and NNs were grown on the sapphire substrate as they were closer 

to precursor. Compared to NNs, NBs decreased more dramatically 

with increasing distance away from the precursor. When substrate 

was placed 60 mm away from the precursor, almost all 

nanostructures were NNs. It was discussed in our previous study 
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that the Au NPs with diameter of ~5 nm and lower density of such 

NPs are critical for the formation of horizontally aligned ZnO NN 

arrays while higher density or bigger size of Au NPs resulted in 

vertical ZnO NBs [36].   

SERS effects from five Au-coated ZnO NN substrates at 

different positions (60, 50, 40, 30, 20 mm) were evaluated using 

melamine (10-4 mol/L) as the analyte. As shown in Fig. 2.11, the 

substrate at 40 mm position yielded the highest SERS effects 

among all samples. We propose explanations to this result in two 

aspects. On one hand, it appears that the presence of NB was 

responsible for the lower SERS effects of near field samples (20 and 

30 mm). There are several factors leading to such claim. First, 

these long tilted NBs in micrometer may reduce the reflectivity of 

the substrate and partially block Raman scattering signals. Second, 

the NBs may impede the Au sputtering process and prevent Au from 

covering bottom ZnO and thus influence the SERS effects. On the 

Figure 2.10. SEM images of ZnO nanoblades and nanonecklaces grown on 
sapphire substrate that was 20 mm away from the precursors. 
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other hand, the decrease of SERS effects of far field samples (50 

and 60 nm) was possibly due to the lower density of NNs. We would 

like to declare that the ZnO NN arrays with different densities were 

intentionally designed in the present study to investigate the 

influence of ZnO NN structure on SERS effects. Uniform ZnO NN 

arrays with desired density could be achieved by precisely 

controlling the precursor concentration, such as using a shower 

head design in a commercial CVD system. 

2.4 Conclusion 

 

Figure 2.11. Raman intensity of melamine (10-4 mol/L) peak at 683 cm-1 
acquired from five different ZnO NN substrates (average of three spectra). All 
substrates were coated with ~45 nm Au coating. 
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In summary, we investigated the potential SERS application of 

novel faceted ZnO NN arrays that were horizontally-aligned on r-

plane sapphire substrates. Our results show that Au coated ZnO NN 

arrays can serve as a viable substrate for SERS applications and 

provide satisfactory enhancement when used to detect different 

analytes such as melamine and other food contaminates. It was 

found that ZnO NNs contributed to the SERS effects while ZnO NBs, 

when grown with larger Au nanoparticles or higher density of Au 

nanoparticles as catalysts in the CVD process, reduced the SERS 

enhancement factor. We expect that ZnO NN arrays at wafer scale 

could be fabricated with reproducible structures by precisely 

controlling the experimental conditions. Despite promising 

preliminary data, more work needs to be conducted to 1) further 

improve the uniformity and the density of ZnO NN arrays and 2) 

optimize the thickness of the Au coating. In addition, different 

coating techniques can be explored for further improvement of 

consistency of the ZnO NN based SERS substrates.  
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Chapter 3-Au Nanoisland Arrays by Repeated 

Deposition and Post-Deposition Annealing for 

SERS 

 

 

 

3.1 Introduction 

Metal island films have long been employed in a wide variety of 

research areas as this class of nanometer scaled material is readily 

accessible with low cost laboratory equipments. It is well known that, 

at temperatures well below the melting point, surface melting 

migration causes metal films of 0.5 to 10 nm thickness to form a 

stochastic array of particulates in the form of spheroid on such 

substrate as Si, quartz, or glass [1, 2]. Over the past two decades, 

metal island films have attracted particular interests as they do not 

behave, optical wise, similarly to the corresponding bulk materials [3]. 

In fact, the discontinuous island films interact with the incoming light 

over an interesting phenomenon-surface plasmon [4]. Due to this 

unique property, metal island films have become important elements 

of present-day optics, optoelectronics and chemical and biological 
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sensors [5-9]. Recently, an increasing number of reports have 

demonstrated that Au and Ag island films are promising candidates for 

SERS [10, 11].  

Herein, we report a simple SERS substrates fabrication technique 

on the basis of Au island film, as schematically illustrated in Fig. 3.1, 

which only involves controllable and scalable sputtering and heat-

treatment processes. The technique, primarily based on solid-state 

dewetting, was developed to create quasi-periodic Au nanoisland 

arrays without involving other complicated procedures, such as 

lithography [12-14] or template [15, 16] methods. While Au and Ag 

island films by physical vapor deposition and post-deposition annealing 

have been reported elsewhere [17-24], our work distinguished from 

those studies with a particular design of repeated processes of 

deposition and annealing, leading to nanoisland arrays with well-

controlled size for SERS applications. With such design, we were able 

to achieve uniform nanoisland arrays with proper gaps that 

demonstrated promising SERS performance. Compared with the 

periodic nanostructures created by lithography and template methods, 

our processes are simpler, more reliable, and more cost-effective. In 

addition, our research also provides a simple way of investigating the 

influence of size and spacing of nanoparticles on SERS performance.   



65 

 

3.2 Experimental section 

Si (100) wafer was rinsed by acetone, methanol, and de-ionized 

water sequentially, and then dried by nitrogen gas flow. An ultra thin 

Au film with 5 nm nominal thickness was sputtered on Si wafer by an 

Emitech K650X sputtering machine. In the present work, nominal 

thickness was measured by a quartz crystal balance connected with an 

Emitech K150 film thickness monitor. The as-coated Si wafer was 

annealed in a quartz tube furnace at 200 °C for 2 h, during which 100 

standard cubic centimeters per minute (sccm) mixed forming gas (95% 

Figure 3.1. Schematic fabrication process of SERS substrates. 
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argon and 5% hydrogen) was used as the protective agent. After the 

1st annealing as shown in Fig. 3.1, typical Au nanoisland arrays had 

been formed. Then we repeated the 5 nm Au sputtering deposition and 

post-deposition annealing on this Au nanoisland arrays for one and two 

times as shown in Fig. 3.1. The three samples were referred as Au 

nanoisland arrays with single, double, and triple sputtering deposition 

and post-deposition annealing processes, respectively. Then we further 

coated the triple processed Au nanoisland arrays with a final layer of 

Au thin film (10 nm, 20 nm, 30 nm, 40 nm, 50 nm, and 60 nm 

nominal thicknesses) with the same Emitech sputtering machine for 

SERS measurements. In this paper, we refer the Au nanoislands after 

each annealing as primary Au nanoislands and the final layer of Au 

deposition as secondary Au nanoparticles. Obviously, the secondary Au 

nanoparticles were smaller than the primary Au nanoislands. In 

addition, for the purpose of comparison, a single process of Au 

sputtering deposition and post-deposition annealing was also 

performed with the nominal thickness of sputtered film being set at 10 

nm and 15 nm. The planar morphology of Au nanoisland arrays at 

different stages was characterized with field emission SEM (FESEM, 

Hitachi S-4700), and the heights of Au nanoisland arrays were 

measured with tapping mode atomic force microscopy (AFM, Agilent 

5500) coupled with VISTA T300R probe. The size distribution analysis 
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of Au nanoisland arrays was carried out by measuring and counting 

nanoislands across 1.2 μm by 1.2 μm SEM images. The simulation on 

scattered electric field was performed with COMSOL Multiphysics.  

The Raman spectrometer employed in this study was a portable 

system (i-Raman, B&W Tek Inc.) with a 785 nm near-infrared diode 

laser excitation (maximum at 330 mW). The Raman spectra were 

collected using a 20× objective with 10-second exposure time and ~50 

mW laser output. Malachite green (MG) and 1,2-benzenedithiol (BDT), 

both from Sigma-Aldrich, were used as analytes without further 

purification. The analyte solutions of MG at various concentrations 

were prepared in acetonitrile and water mixture (1:1 in volume). For 

each measurement, 0.2 μl MG analyte solution was dropped onto a 

SERS substrate and dried in air. Additionally, self-assembled 

monolayer (SAM) of 1,2-BDT was formed on a SERS substrate in order 

to study its uniformity. Given the inner diameter (5.08 cm) of the tube 

used for annealing, the dimension of this SERS substrate was confined 

at 5 cm by 5 cm. In detail, the uniformity study was started by 

preparing 10-5 M 1,2-BDT solution in 200-proof ethanol. Then the 5 cm 

by 5 cm SERS substrate was incubated in this solution for 2 h. After 

being dried with nitrogen gas flow, the substrate was divided evenly 

into 100 grids (5 mm by 5 mm each) for SERS measurement. For each 
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grid, peak intensity at band of 1030 cm-1 was recorded for uniformity 

analysis.  

3.3 Results and discussion 

SEM characterization shows nearly round nanoisland arrays 

(from top view) were formed with an average diameter of ~16 nm 

after a single sputtering deposition (5 nm nominal thickness) and post-

deposition annealing process (Fig. 3.2(a) corresponding to “1st 

sputtering” and Fig. 3.2(b) to “1st annealing” in Fig. 3.1). After this 

process was repeated one time (Fig. 3.2(c) corresponding to “2nd 

sputtering” and Fig. 3.2(d) to “2nd annealing” in Fig. 3.1) and two 

times (Fig. 3.2(e) corresponding to “3rd sputtering” and Fig. 3.2(f) to 

“3rd annealing” in Fig. 3.1), the average diameter of nanoislands grew 

to ~24 nm and ~38 nm, respectively. In other words, the size of 

nanoisland could be controlled by adding additional process of 

deposition and annealing, which is evidenced by the histogram in Fig. 

3.3 as well. It is also worthwhile to mention that the density of 

nanoisland declined (values shown in Fig. 3.3) as the nanoislands 

grew bigger, indicative of merging among adjacent nanoislands during 

the subsequent annealing process. We speculate this merging effect, 

along with the new sputtered Au, contributed to the growth of 

nanoislands.  
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In addition, the height information acquired by AFM 

measurement (Fig. 3.4) confirms the vertical growth of nanoislands 

with repeated deposition and annealing processes. Specifically, the 

average heights of single, double, and triple processed nanoisland 

arrays were ~11 nm, ~15 nm, and ~24 nm, respectively. Apparently, 

the heights of the nanoislands were smaller than their corresponding 

planar diameters in all three samples. On one hand, it is quite possible 

that the nanoislands were indeed shaped like pancakes, as hinted by 

the SEM and AFM measurements, considering the nanoislands were 

Figure 3.2. SEM images of Au nanoisland arrays at different stages during 
growth. Morphology of nanoisland arrays after 1st (a), 2nd (c), and 3rd (e) 
sputtering. Morphology of nanoisland arrays after 1st (b), 2nd (d), and 3rd (f) 
annealing. Alternatively, (b), (d), and (f) represent single, double, and triple 
processed Au nanoisland arrays, respectively. All scale bars equal to 200 nm. 
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originated from a thin film. On the other hand, it is also likely that the 

pancake shape resulted from AFM artifacts. That is, considering the tip 

radius (10 nm) of AFM probe was comparable to the width of gaps 

between nanoislands, the probe hardly touched the bottom of the gaps, 

leaving actificailly raised baseline of AFM images and, in turn, reduced 

heights of nanoislands.    

By contrast, a single process of sputtering deposition and post-

deposition annealing was also applied on samples with initial nominal 

thicknesses of 10 nm (equivalent to 2x5 nm) and 15 nm (equivalent to 

3x5 nm). The planar morphology of these two thin films before 

annealing is shown in Fig. 3.5(a) and (b), respectively. After 

annealing, Fig. 3.5(c) and (d) depict that the resulted structures 

Figure 3.3. Histogram of nanoislands size distribution after single, double, and 
triple deposition and annealing processes. 
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were larger, non-uniform, and irregular in shape. This comparison 

justified our efforts of adopting repeated deposition and annealing 

processes in order to achieve large nanoisland arrays with excellent 

uniformity and shape control. 

Figure 3.4. AFM images of single (left), double (middle), and triple (right) 
processed Au nanoisland arrays.  
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In essence, sputtered Au is composed of tiny nanoparticles with 

diameter of a few nanometers. Au sputtered onto substrates evolves 

to completely covered thin film state through a series of stages, 

namely  isolated islands, percolation, holes filling, and finally thin film 

[2]. When induced by annealing, the sputtered Au dramatically 

Figure 3.5. SEM images of 10 nm and 15 nm Au thin films before and after 
annealing on Si substrate. (a) 10 nm before annealing; (b) 15 nm before 
annealing; (c) 10 nm after annealing; (d) 15 nm after annealing. All scale bars 
equal to 200 nm. 
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transforms into larger islands with different shapes. This process is 

usually referred as solid-state dewetting. The reduction of surface free 

energy (through the reduction of surface area) and the difference in 

thermal expansion coefficient between Au and substrate are 

considered as the driving forces for the morphology change [18]. 

Specifically, inhomogeneous stress distribution at the Au-Si interface 

promotes the migration of Au atoms to more relaxed regions. In 

addition, elevated temperatures enhance the mobility of Au atoms and 

facilitate small Au nanoparticles coalescing into larger islands to reduce 

the surface free energy [25]. In general, the morphology of resulted 

islands is determined by two factors. One is the initial film thickness or 

the initial stage of the sputtered Au (isolated islands, percolation, or 

holes filling) [26]. The other one is the annealing condition, including 

temperature, atmosphere, and time [27-29]. In our study, it seems 

that 5 nm Au deposition was at the stage of isolated islands (Fig. 

3.2(a)), 10 nm Au deposition was at the stage of percolation (Fig. 

3.5(a)), and 15 nm Au deposition was at the stage of holes filling (Fig. 

3.5(b)). Since the annealing condition was kept unchanged in our 

experiments, the initial film thickness apparently accounted for the 

morphological variation of Au nanoislands we observed in Fig. 3.2(b), 

Fig. 3.5(c), and Fig. 3.5(d).  
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Size and spacing of Au nanoparticles strongly affect localized 

surface plasmon resonance (LSPR) [30, 31] which constitutes the 

foundation of electromagnetic enhancement of SERS [32-34]. With 

interparticle coupling effect being neglected, it was demonstrated both 

theoretically [35] and experimentally [36] that an isolated spherical Au 

nanoparticle yielded the maximum enhancement when particle 

diameter was ~60 nm. Before reaching to the maximum, the 

enhancement climbed with the increasing particle size. Regarding to 

spacing, with particle diameter being fixed, Zhu et al. [37] observed 

that interparticle coupling effect started to take place when the particle 

center to center distance was less than twice of particle diameter, and 

the effect then rose up dramatically with the decreasing interparticle 

distance. In other words, once the interparticle coupling took effect, 

the enhancement increased sharply with the increasing ratio of particle 

diameter to interparticle distance. Although smaller interparticle 

distance generally leads to higher enhancement, the chances for 

molecules to locate in such “hot spot” zone may also decrease as the 

spacing between particles decreases. As a result, there might be an 

optimal interparticle distance, not necessarily the smallest, that 

provides the highest enhancement for the substrates. In this study, we 

carried out the first SERS measurement on as-grown primary Au 

nanoisland arrays. Figure 3.6 shows the SERS spectra of 2 parts per 
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million (ppm) MG on these single, double, and triple deposition and 

annealing processed substrates. As indicated in the spectra, triple 

processed sample exhibited the highest enhancement, which was 

consistent with others’ works [30, 31, 35-37]. In details, as the 

process was repeated, the nanoisland diameter was increasing towards 

60 nm, the preferred size for maximum SERS performance when not 

considering particle interactions; meanwhile, the nanoisland diameter 

to interisland distance ratio was getting higher as well (Fig. 3.2(b), 

(d), and (f)). Both these two factors suggested triple processed 

Figure 3.6. SERS spectra of 2 ppm MG on single, double, and triple processed Au 
nanoisland arrays.  
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substrate the best one for SERS purpose.  

In an attempt to produce better SERS effect, a series of Au thin 

films (10 nm, 20 nm, 30 nm, 40 nm, 50 nm, and 60 nm nominal 

thicknesses) were deposited over the primary Au nanoisland arrays as 

such thin film is actually made of nanoparticles in a few nanometers. 

For this study, we selected nanoisland arrays with triple deposition and 

annealing process, which generated the best performance prior to the 

final layer of Au thin film deposition. In order to investigate the 

influence of the thin film thickness on SERS performance, these 

substrates were tested by measuring 200 parts per billion (ppb) MG 

with all other experimental conditions being equal. Figure 3.7(a) 

shows that the Raman signal was initially increasing as the film 

became thicker and then started to decrease when the film was thicker 

than 40 nm. To confirm it, a quantitative analysis was performed by 

normalizing the Raman intensity (peak height) at band of 1173 cm-1. 

In details, the peak height of the 40 nm sample was set as Imax and 

the normalized Raman intensity was defined by dividing all peak 

heights by Imax. The relationship between film thickness and 

normalized Raman intensity (I/Imax) is presented in Fig. 3.7(b). The 

graph further suggests the optimal thickness residing at ~40 nm. We 

speculate that the final layer of Au thin film exerted two opposite 

effects on SERS performance. One of them was to boost the SERS 
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performance with (i) the improved surface roughness at a few 

nanometer scale through the addition of secondary Au nanoparticles 

and (ii) the decrease of spacing between primary Au nanoislands with 

relatively thin Au coating. The other effect was to degrade the SERS 

performance with the reduction of roughness at tens of nanometer 

scale as the gaps between primary Au nanoislands were closed up with 

thicker Au coating. The following two paragraphs elaborate the two 

opposite effects with the support of SEM images and additional 

 

Figure 3.7. (a) SERS spectra of 
200 ppb MG on triple processed 
Au nanoislands arrays with 0 nm, 
10 nm, 20 nm, 30 nm, 40 nm, 50 
nm, and 60 nm gold depositions. 
(b) Relationship between 
normalized intensity at ν=1173 
cm-1 and Au deposition thickness. 
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analysis. 

First, the individual primary nanoisland was examined. As shown 

in Fig. 3.8(a-c), the surface of primary nanoisland was relatively 

clean and smooth after 20 nm Au deposition, and was then getting 

rougher after 40 nm and 60 nm Au depositions. In other words, the Au 

deposition gradually introduced small secondary nanoparticles on top 

of the primary nanoislands, resulting in the addition of roughness at a 

few nanometer scale. To find out the effect produced by these 

secondary nanoparticles, finite element method simulation of scattered 

electric field with a vertical incident plane wave (λ=785 nm) was 

carried out on two equally sized objects: a smooth sphere and a 

secondary nanoparticle-coated sphere. Figure 3.8(d) and (e) 

resulted from the simulation demonstrate that the latter with 

additional roughness induced more intense scattered electric field close 

to sphere surface, which suggested secondary nanoparticle-coated 

nanoislands produced higher Raman enhancement. This result was in 

good agreement with other researchers’ conclusion as they found out 

spheres with rough surface textures (at a few nanometer scale) 

displayed higher SERS sensitivity [38-40]. In summary, the simulation 

on individual primary nanoisland favored 40 nm and 60 nm films for 

superior SERS performance.  
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Second, according to previous studies [41-43], gaps between 

adjacent nanoparticles are believed to be the region where the highest 

enhancement is present and thus often referred as SERS “hot spots”. 

As shown in Fig. 3.8(a), the primary nanoislands remained separated 

from each other, and, in turn, lots of gaps were present after 20 nm 

Au deposition. In addition, this layer of Au deposition made the gaps 

narrower, which ultimately helped to improve the SERS performance 

due to a higher ratio of particle diameter to interparticle distance. 

Figure 3.8. SEM images of triple processed Au nanoisland arrays with 20 nm (a), 
40 nm (b), and 60 nm (c) Au depositions, respectively. Marks in (b) and (c) show 
the formation of bigger islands. Simulation of scattered electric field induced by a 
vertical incident plane wave (λ=785 nm) on a smooth sphere (d) and a secondary 
nanoparticle-coated sphere (e).  
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When the film thickness reached to 40 nm and then 60 nm, however, 

the gaps gradually disappeared as they were filled by the Au 

deposition. As marked in Fig. 3.8(b) and (c), some initially isolated 

primary nanoislands formed into bigger nanoislands. As a consequence, 

the density of so called “hot spots” declined due to the loss of gaps, 

and the SERS performance was adversely affected.  

Based on such analysis, there should be a compromise to 

balance the positive and negative effects of the final layer Au 

deposition. In fact, the SERS measurement in Fig. 3.7 agrees upon 

the existence of such compromising behavior in that the optimal 

thickness resides in between too thin and too thick coatings.  

In order to evaluate the sensitivity of this SERS substrate, a 

series of low level MG analytes were tested. Triple processed Au 

nanoisland arrays with 40 nm Au deposition were used for the 

sensitivity analysis. Figure 3.9(a) exhibits the stacking spectra of 

these MG analytes, along with a blank scan for reference. As shown, 

the responses at bands of 1173 cm-1 and 1615 cm-1 were still 

observable at the concentration of as low as 20 ppb. Moreover, the 

relationship between Raman intensity (1615 cm-1) and analyte 

concentration was plotted in Fig. 3.9(b). For each concentration, five 

spectra were collected and the corresponding peak heights were 
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recorded. The well fitted straight line in Fig. 3.9(b) demonstrates the 

linear behavior (R2=0.9903) of this substrate, suggesting good 

potential for quantitative SERS analysis.  

In addition, the analytical enhancement factor (AEF) of the best 

sample (triple processed nanoisland arrays with 40 nm Au coating) 

was studied to quantify its sensitivity. AEF has already been defined in 

Chapter 2. In this case, as shown in Fig. 3.10, cSERS and cR are 10-5 M 

 

 

Figure 3.9. (a) SERS 
spectra of a series of low 
level MGs and a blank 
reference collected on a 
triple processed Au 
nanoisland arrays with 40 
nm Au deposition. (b) 
Relationship between Raman 
intensity at ν=1615 cm-1 
and concentration of analyte 
solution. 
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and 10-1 M BDT, respectively, while Ramen intensities at ν=1030 cm-1 

ISERS and IR are about 1000 and 350, respectively. Hence, this SERS 

substrate is projected to have an AEF of 3x104 over 50 nm bare Au 

film. 

In practical application, uniformity of SERS substrate is as 

important as enhancement factor and sometimes is even considered as 

the most important parameter of SERS substrates. According to 

previous studies [44-46], enhancement factor of 106-109 is sufficiently 

high for single molecule detection. Thus, research on the subject of 

Figure 3.10. SERS spectrum of 10-5M BDT acquired on triple processed 
nanoisland arrays with 40 nm Au coating (top). Raman spectrum of 10-1M BDT 
acquired on 50 nm Au film on un-etched Si (bottom).  
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uniformity has become more valuable and meaningful. In the present 

work, BDT was used to investigate the uniformity of our SERS 

substrate since BDT was expected to form monolayer on Au surface. 

Under such circumstances, aggregation or poor distribution of analyte 

could be precluded and the results would more likely reflect the 

intrinsic property of substrate. The SERS substrate used for uniformity 

study was triple processed Au nanoisland arrays with 40 nm Au 

deposition. The dimension of this SERS substrate was set at 5 cm by 5 

cm and this dimension was the upper limit we were able to reach 

because the tube used for annealing has an inner diameter of 5.08 cm. 

Considering the fact that 5 cm by 5 cm dimension was too large to 

obtain very uniform deposition by our sputtering machine, we 

purposely placed the bottom-left corner (the origin in Fig. 3.11) of 

this substrate at the center of sample stage during all sputtering 

processes. With such setup, we could to a certain degree track the 

deposition variation over the entire substrate. After the formation of 

self assembled BDT monolayer, the 5 cm by 5 cm SERS substrate was 

divided evenly into 100 grids (5 mm by 5 mm each). The intensity of 

peak at band of 1030 cm-1 from each grid was collected and plotted 

versus substrate’s X-Y position, shown in Fig. 3.11. The relative 

standard deviation (RSD) of Raman intensity was estimated to be ~7% 

over 100 grids. Please note that the intensities of SERS signals around 
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all corners of the square substrate, except for bottom-left, were lower 

than those at the rest area. This phenomenon may be due to the 

deposition variation generated by our sputtering machine whose 

deposition rate is higher at center and lower at edges. Lastly, though 5 

cm by 5 cm was the upper limit to us, this SERS substrate is highly 

likely to be further scaled up with large capacity equipments.  

3.4 Conclusion 

In this chapter, Au nanoisland arrays with well controlled growth 

Figure 3.11. The distribution of Raman intensity (ν=1030 cm-1 of 10-4 M BDT) 
over a 5 cm by 5 cm SERS substrate (same recipe as the one in Fig. 3.9) divided 
with 100 equal-sized grids. 
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were achieved by repeated sputtering deposition and post-deposition 

annealing processes. SEM and AFM characterizations of the Au 

nanoisland arrays at different stages revealed the evolution of 

nanoisland structure and demonstrated the superiority of repeated 

processes for fabricating large Au nanoisland arrays with excellent 

uniformity. SERS testing on single, double, and triple processed Au 

nanoisland arrays confirmed the necessity of pursuing nanoislands with 

larger size as the triple processed sample exhibited the highest SERS 

enhancement among the three primary Au nanoisland arrays. By 

further sputtering the triple processed sample with a final layer of Au 

thin film, we were able to obtain the optimized SERS substrate with an 

analytical enhancement factor (AEF) as high as 3 x 104. In addition, 

the positive and negative effects of the final layer Au film were 

investigated and their compromising behavior was demonstrated. In 

the end, we studied the uniformity of this SERS substrate on a 5 cm by 

5 cm platform. SERS measurement showed a RSD of ~7% in terms of 

spectral variation over the entire substrate, suggesting the approach in 

the present work is promising for large scale fabrication of SERS 

substrates with high enhancement factors and good uniformity while at 

low cost. 
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Chapter 4-Deep Etched Porous Si Decorated with Au 

Nanoparticles for SERS 

 

 

 

4.1 Introduction 

Porous solids are of significant importance due to their ability to 

interact with gases and liquids not only at the surface, but throughout 

their bulk [1]. As a result, porous nanostructures have exhibited 

exceptional edges in terms of optical [2], catalytic [3, 4], 

electocatalytic [5], biomedical [6, 7], energy storage [8] and electrical 

[9, 10] properties over their bulk solid counterparts. In recent works, 

porous nanosubstrates, including porous Si [11-13], porous GaN [14], 

porous Al2O3 [15, 16], porous glass [17], and porous noble metal [18], 

have been explored for their new application for SERS in attempting to 

utilize their large surface areas and networked structures. Results from 

these works strongly support that porous nanosubstrates can serve as 

high quality SERS substrates with regards to sensitivity, repeatability, 

and simplicity in fabrication process.  
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Among porous nanosubstrates, porous Si has been the most 

widely used one for SERS applications as it is a well characterized and 

readily accessible material. A typical porous Si-based SERS substrate 

consists of two parts: a porous Si wafer, serving as the base, and a 

noble metal coating on top of the porous Si, serving as the SERS-

active layer. According to previous studies [19-21], porous Si could be 

readily achieved by electrochemical or electroless etching. As for the 

SERS-active layer, noble metal deposition is usually conducted in such 

ways as immersion plating [11], thermal decomposition [12], or 

physical vapor deposition (PVD) [22]. Herein, we report a simple 

method of fabricating porous Si-based SERS substrates and present a 

systematical investigation of SERS dependence on experimental 

parameters. Although the method was designed on traditional 

rationale as described by others [11-13], our study explored new 

approaches with unique findings compared to previous works. Firstly, 

rather than shallow etching, we extended the etching process to 

relatively long periods and identified the significance of deep etching 

on SERS performance. Secondly, besides the analysis of SERS 

dependence on individual experimental parameter, namely Au coating 

thickness and etching time, we examined the combinational effect of 

these two parameters on SERS in order to optimize the SERS 

substrates. In the end, we, for the first time, employed Au nanoisland 
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arrays instead of plain PVD Au as catalysts for metal-assisted wet 

etching in hopes of obtaining better SERS robustness, repeatability, 

and enhancement. 

4.2 Experimental section 

4.2.1 Fabrication of SERS substrates 

        P-type Si wafer with (100) orientation was rinsed with acetone, 

methanol, and de-ionized (DI) water in sequence. The native oxide 

was not removed since it was not considered critical for the etching 

process [23]. An ultra thin film of Au (5 nm nominal thickness) was 

sputtered onto Si wafer by an Emitech K650X sputter coater. In this 

study, the nominal film thickness was measured by a built-in quartz 

crystal balance. Then the Au-deposited substrate was annealed in a 

tube furnace at 200 °C  for 2 h, accompanied by 200 standard cubic 

centimeters per minute (sccm) gas mixture of Ar (95%) and H2 (5%). 

Hereafter, wet etching was performed at room temperature without 

light by immersing the annealed substrates into a freshly prepared 

aqueous solution which was composed of HF (49%),  H2O2 (30%), and 

DI water in volumetric ratio of 2:1:7. The etching process was set up 

for various periods of time, namely 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 30, 

and 40 min. In this work, 0.5-2 min, 4-8 min, and 10-40 min are 

referred as shallow, medium, and deep etching, respectively. In the 
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end, a layer of Au thin film (30, 50, 70, 90, 120, 150, 200, and 300 

nm in nominal thicknesses) was deposited over the as-etched 

substrates by the abovementioned Emitech sputtering machine to 

finish the fabrication of SERS substrates. In addition, 50 nm Au film 

sputtered onto bare Si wafer (without 5 nm Au pre-coating, annealing, 

or etching) was prepared as the reference for evaluating SERS 

enhancement factor. The morphological characterization of SERS 

substrates was taken with a field-emission scanning electron 

microscope (SEM, Hitachi S-4700). The surface roughness analysis 

was carried out with a tapping mode atomic force microscope (AFM, 

Agilent 5500) and an image processing package (Gwyddion). 

Specifically, root mean square (RMS) surface roughness was collected 

from SERS substrates based on 0.5 (500 by 500 nm scan size), 10, (5 

by 5 μm scan size) and 30 min (5 by 5 μm scan size) porous Si.   

4.2.2 SERS measurements 

        The spectrometer employed in Raman analysis was a B&W Tek i-

Raman portable system equipped with a 785 nm near-infrared diode 

laser. SERS spectra were collected with 40 mW output power and 10 s 

acquisitions. In this study, 1,2-benzenedithiol (BDT, Sigma-Aldrich) 

was used as the analyte without further purification. BDT analyte 

solutions with various concentrations were prepared in 200-proof 
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ethanol. Prior to measurements, SERS substrates were incubated in 

BDT analyte solutions for 1 h and then dried in air. 

4.2.3 Effects of predefined Au nanoisland arrays by annealing 

In our study, Au nanoisland arrays were created by annealing 

plain sputtered Au prior to etching. In order to evaluate the effects of 

predefined Au nanoisland arrays, alternatively, annealing, on SERS 

performance, a comparison between annealed (Au nanoisland arrays) 

and un-annealed (plain sputtered Au) substrates was carried out; that 

is, 5 nm (nominal thickness) Au was deposited on two pieces of Si 

wafers, then one of them was annealed as described in section 4.2.1 

while the other one was not. Hereafter, both substrates were etched, 

sputtered with Au (30-300 nm in nominal thickness), and tested for 

SERS measurements. For simplicity, only one etching condition (10 

min) was selected for this comparison. In addition, this experiment 

was conducted three times independently in order to investigate the 

repeatability.  

4.3 Results and discussion 

4.3.1 Metal-assisted wet etching of Si 

During a typical metal-assisted wet etching process, the 

chemical reaction preferentially takes place at the interface between 
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noble metal and Si. As a result, the Si beneath noble metal is etched 

much faster than the Si without metal coverage. The etching in our 

work was designed on such mechanism with minor modification. 

Specifically, instead of using plain sputtered Au as the catalyst, we 

annealed sputtered Au to create nanoisland arrays prior to etching. 

The primary purpose of this annealing was to stabilize Au on Si for the 

subsequent etching process and achieve better SERS performance. 

Detailed results and discussion supporting this objective will be 

presented in section 4.3.5.  

SEM image in Fig. 4.1(a) shows Au nanoisland arrays of ~15 

nm in average island size and ~15 nm in average inter-island spacing 

uniformly distributing over the Si wafer after the annealing of 5 nm 

ultra thin Au film. Once this Au-coated Si was in contact with etchant, 

the pores were expected to form at the sites of Au nanoislands. In this 

study, time-dependent samples were utilized to monitor the 

morphological evolution of pore structure. Figure 4.1(b) shows that 

the pores were quickly formed after 0.5 min etching. As the reaction 

continued, some pores started to merge due to lateral etching, as 

evident by the image of 5 min etched porous Si in Fig. 4.1(c). 

Moreover, the cross sectional view of 5 min etched porous Si (inset of 

Fig. 4.1(c)) reveals Au nanoislands sitting at the bottom of pores. 

This observation implies that Au nanoislands sank into Si, which 
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confirms their role of catalyzing in the etching process. When the 

etching was extended to 10 min, the porous Si transitioned into a 

sponge-like structure as shown in Fig. 4.1(d). In addition, it is 

worthwhile mentioning that samples with further longer etching time 

showed no significant morphological variation compared to 10 min 

etched porous Si. 

4.3.2 Morphology of SERS substrates 

Figure 4.1. Top view SEM images of Au nanoislands arrays (a) and porous Si 
fabricated from (a) with 0.5 min (b), 5 min (c) and 10 min (d) etching periods. 
Cross sectional SEM image of 5 min etched porous Si (inset of c).  
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In this work, porous Si with a host of etching periods (0.5-40 

min) were prepared for study. Apparently, morphology of these porous 

Si varied greatly both in-plane and vertical. Hence, in order to obtain 

the complete understanding of SERS dependence, we accordingly 

investigated the Au coating with thickness ranging from very thin (30 

nm) to very thick (300 nm). Selective SEM images of these SERS 

substrates are exhibited in Fig. 4.2.  

Figure 4.2(a)-(d) illustrate the morphological evolution of 

SERS substrates based on 0.5 min (shallow) etched porous Si. These 

images represent SERS substrates with 30, 90, 150, and 300 nm Au 

coatings, respectively. With 30 nm Au coating (Fig. 4.2(a)), the pores 

were still observable and the substrate in general appeared similar to 

the nanoforest structure reported by M.L. Seol et al. [13] as they had 

experimental conditions (10-70 s etching  and 50 nm Au coating) close 

to ours. We purposely included these parameters in our data set for 

the comparison with medium and deep etching. When the Au coating 

accumulated to 90 nm, most of the pores were closed up by the 

sputtered Au as shown in Fig. 4.2(b). Figure 4.2(c) depicts the 

continuing enclosure process as the Au coating built up to 150 nm. 

Finally, with the thickest Au coating of 300 nm (Fig. 4.2(d)), the 

morphology of the SERS substrate was virtually same as that of the 
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sputtered Au directly on bare Si wafer, which would lead to inferior 

SERS performance.  

With regards to SERS substrates based on 10 min (deep) etched 

porous Si, Fig. 4.2(e)-(h) show their morphology with 30, 90, 150, 

and 300 nm Au coatings, respectively. As mentioned in section 4.3.1, 

sponge-like porous Si was formed under this etching condition. In fact, 

even with 30 nm Au coating (Fig. 4.2(e)), the SERS substrate 

Figure 4.2. Top row: top view SEM images of 30 nm (a), 90 nm (b), 150 nm (d), 
and 300 nm (d) Au coatings on 0.5 min etched porous Si, respectively. Middle 
row: top view SEM images of 30 nm (e), 90 nm (f), 150 nm (g), and 300 nm (h) 
Au coatings on 10 min etched porous Si, respectively. Bottom row: top view SEM 
images of 30 nm (i), 90 nm (j), 150 nm (k), and 300 nm (l) Au coatings on 30 min 
etched porous Si, respectively. 
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remained sponge-like as if without Au. When the Au coating reached 

90 nm (Fig. 4.2(f)), the branches of porous Si were covered and the 

trunk of porous Si presented itself with Au nanoparticles as decoration, 

indicating the completion of Au coverage on porous Si surface. Figure 

4.2(g) shows the pores were filled to a certain degree as the Au 

coating went up to 150 nm. With 300 nm Au coating, a relatively 

smooth surface was formed because of pores filling, shown in Fig. 

4.2(h). Furthermore, Fig. 4.2(i)-(l) list the SEM images of 30, 90, 

150, and 300 nm Au coatings on 30 min etched porous Si, respectively. 

These images suggest that SERS substrates based on 30 min etched 

porous Si were very similar to SERS substrates based on 10 min 

etched porous Si, despite the morphological evolution of 30 min etched 

SERS substrates lagged a slight extent with increasing Au coating 

thickness.  

4.3.3 SERS dependence on Au coating thickness and etching 

time  

To study the dependence of SERS on Au coating thickness and 

etching time, we conducted SERS measurements on various SERS 

substrates with all other experimental parameters being equal, 

including laser power, acquisition time, and analyte concentration. 

Please note, under such circumstances, the Raman intensity of each 
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spectrum was a direct indicator of the SERS substrate’s enhancement 

factor (EF), according to the definition of EF [24]. Therefore, in this 

study, SERS enhancement was evaluated by analyzing the Raman 

intensity at ν=1030 cm-1 of 10-4 M BDT instead of the completely 

converted EF.  

Figure 4.3 exhibits the relationship between Raman intensity 

and Au coating thickness for a series of SERS substrates with varying 

etching periods. Curves of shallow (0.5-2 min) etched SERS substrates 

indicate that the Raman intensity initially increased with increasing Au 

coating thickness till it reached maximum. Then, as Au coating passed 

beyond the optimal thickness, the Raman intensity started to fall and 

even eventually regressed to zero for cases of 0.5 and 1 min etched 

SERS substrates (data showing no Raman signal was not plotted in Fig. 

3). Similarly, curves of medium (4-8 min) and deep (10-40 min) 

etched SERS substrates show that the Raman intensity followed the 

same pattern of rising up to maximum and then declining with 

increasing Au coating thickness. In order to explain such relationship, 

electromagnetic enhancement (EM) mechanism of SERS was firstly 

examined. According to EM mechanism [25-30], surface roughness at 

nanometer scale induces localized surface plasmon resonance (LSPR) 

that significantly amplifies scattered electromagnetic field and Raman 

intensity. In this study, it is shown in Fig. 4.2 along horizontal 
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direction that the surface roughness seemed to gradually diminish with 

increasing Au coating. To confirm it, AFM images were taken and root 

mean square (RMS) surface roughness was measured on all SERS 

substrates shown in Fig. 4.2. Figure 4.4 clearly indicates that surface 

roughness decreased monotonically with thicker Au coating for all 

three representative etching conditions. We speculate this loss of 

surface roughness accounted for the decreasing part of each curve. On 

the other hand, the increasing part might be attributed to the degree 

of Au coverage on porous Si surface. Specifically, there was no 

complete Au coverage when the Au coating was too thin, and, in turn, 

Figure 4.3. Au coating thickness dependence of Raman intensity (ν=1030 cm-1 of 
10-4 M BDT).  



103 

 

the Raman intensity was expected to be low. As the Au coverage 

neared toward completion, the Raman intensity climbed 

correspondingly. At the moment of achieving complete coverage, the 

Raman intensity reached maximum with the minimized trade-off of 

surface roughness.   

Furthermore, Fig. 4.3 shows that the optimal Au coating 

thickness shifted to right with the extended etching time. For example, 

the optimal Au coating thicknesses were ~50, ~100, and ~150 nm for 

1, 8, and 20 min etched SERS substrates, respectively. In fact, the 

Figure 4.4. Relationship between root mean square (RMS) surface roughness and 
Au coating thickness for three representative etching periods (0.5 min, 10 min, 
and 30 min).  
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right shift could also be explained by the degree of Au coverage on 

porous Si surface. As shown in Fig. 4.2 along vertical direction, the 

pores merged and formed structures in larger dimensions with the 

extended etching time. As a consequence, the amount of Au needed 

for complete coverage on porous Si surface increased correspondingly, 

resulting in a right shift of the optimal Au coating thickness. In 

addition, Fig. 4.3 indicates that the Raman intensity was overall 

boosted by extending the etching time, hinted by the stacking order of 

curves. For instance, Raman intensity of 30 min etched SERS substrate 

was about an order of magnitude higher than that of 1 min etched 

SERS substrate, regardless of Au coating thickness.  

In order to better present the underlying relationship, we plotted 

Fig. 4.5 with same data as in Fig. 4.3, but set etching time as x-axis 

instead. As shown in Fig. 4.5, each curve suggests that the Raman 

intensity sharply increased by an order of magnitude when the etching 

was prolonged from 0.5 to 10 min. To unveil the cause to this 

enormous gain, we compared panel (a) with (e), (b) with (f), (c) 

with (g), and (d) with (h) in Fig. 4.2 and found that the surface 

morphology of SERS substrates changed dramatically from 0.5 to 10 

min etching. Surface roughness analysis in Fig. 4.4 confirms that 10 

min etching increased surface roughness by about two orders of 

magnitude over 0.5 min etching. Apparently, this huge creation of 
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surface roughness contributed to the observed jump in Raman 

intensity. Still shown in Fig. 4.5, the Raman intensity of each curve 

remained nearly constant after etching time passed by 10 min. Again, 

we sought explanation for this relationship from the perspective of 

surface morphological variation. Comparisons of panel (e) with (i), (f) 

with (j), (g) with (k), and (h) with (l) in Fig. 4.2 suggest that the 

surface morphology of SERS substrates changed limitedly as the 

etching was prolonged from 10 to 30 min. As confirmed in Fig. 4.4, 

surface roughness of 10 and 30 min etched SERS substrates was in 

Figure 4.5. Etching time dependence of Raman intensity (ν=1030 cm-1 of 10-4 M 
BDT).  
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the same order of magnitude, which accounted for the nearly constant 

in Raman intensity. Lastly, unlike curves in Fig. 4.3, curves as a whole 

in Fig. 4.5 stay more compact, suggesting that Au coating thickness 

played less important role than etching time did in SERS performance. 

Specifically, with fixed etching time, the difference in Raman intensity 

between 30 nm and 300 nm Au coated SERS substrates was no more 

than three times, as evidenced in Fig. 4.5. 

In addition to the individual analysis on Au coating thickness and 

etching time, the combinational effect of these two parameters was 

also examined in this study. A contour map representing the 

distribution of Raman intensity with varying Au coating thickness and 

etching time is shown in Fig. 4.6(a). The map clearly suggests that 

the deepest etched porous Si (40 min) coupled with 200 nm Au 

coating yielded the highest enhancement, with its representative SEM 

image shown in Fig. 4.6(b). Moreover, the map hints an increasing 

tendency of Raman intensity along the diagonal pointing to the 

bottom-right direction. In light of this trend, we predict that further 

deeper etching coupled with further thicker Au coating is potentially 

capable of raising the Raman intensity to a further higher level.  
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4.3.4 Evaluations of enhancement factor and uniformity 

Enhancement factor is one of the most important parameters for 

characterizing SERS substrates and has various forms of expressions 

[24]. In this study, we chose analytical enhancement factor (AEF) to 

quantify our SERS substrate. AEF is defined as following, 

AEF=(cR/cSERS)*(ISERS/IR) 

where cSERS and cR are concentrations of analyte solutions for SERS 

and non-SERS measurements, respectively. ISERS and IR are Raman 

intensities of the same peak for SERS and non-SERS measurements 

performed under exactly same conditions. Here, the SERS substrate 

we used for evaluation was a 20 min etched porous Si with 150 nm Au 

Figure 4.6. (a) Contour map of Raman intensity at ν=1030 cm-1 of 10-4 M BDT 
solution with respect to two parameters: Au coating thickness and etching time. 
(b) SEM image of SERS substrate with optimized parameters: 40 min etched 
porous Si and 200 nm Au coating. Scale bar represents 1 μm. 

 

 

a b



108 

 

coating and the SERS analyte was 10-5 M BDT. For reference, we 

measured non-SERS signal of 10-1 M BDT on 50 nm Au coated bare Si 

wafer. The Raman intensities at ν=1030 cm-1 for two measurements 

were recorded for AEF calculation. Figure 4.7 shows that the SERS 

signal was almost 20 times as high as that of non-SERS. According to 

AEF equation, an enhancement factor of 2x105 was obtained for this 

SERS substrate over bare Au film, indicative of high sensitivity 

considering the reference material used here was Au.  

In addition, we randomly collected BDT Raman spectra on this 

Figure 4.7. SERS spectrum of 10-5M BDT acquired on 20 min etched porous Si 
with 150 nm Au coating (red). Raman spectrum of 10-1M BDT acquired on 50 nm 
Au film on un-etched Si (black).  
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SERS substrate (1 cm by 1 cm) as many as 20 times to characterize 

its uniformity. Figure 4.8 shows good resemblance among 20 

acquisitions, suggesting the substrate possessed high repeatability 

that is usually considered as a valuable attribute for practical 

applications. In addition, a quantitative study was carried out by 

analyzing the peak (ν=1030 cm-1) intensities of these 20 acquisitions. 

The relative standard deviation (RSD) is calculated to be 4.4% on this 

1 cm by 1 cm SERS substrate, consistent with the resemblance 

presented in Fig. 4.8. Although the RSD appears promising, it should 

be admitted that the scale of this SERS substrate is too small to be 

applied for production. More work is needed to explore if the 

repeatability can hold up for scaled up samples.  
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4.3.5 Effects of predefined Au nanoisland arrays by annealing  

While wet etching of Si assisted by physical vapor deposited 

metals has been reported elsewhere [31, 32], the present work 

introduced one more step in between metal deposition and Si etching: 

annealing. The objective for this extra step was to stabilize Au on Si as 

it is commonly known that Au film does not adhere well to Si wafer 

due to the inhomogeneous stress distribution across the Au-Si 

interface [33]. The adhesion issue is particularly active when 

immersing Au-coated Si into aqueous medium as the surface tension 

may break Au film badly. To solve this problem, annealing is a viable 

 

Figure 4.8. Raw SERS spectra of 10-5M BDT collected at 20 random spots on the 
SERS substrate (1 cm by 1 cm) of Fig. 4.7.  

 

Peak being studied 
RSD=4.4% 
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option as it facilitates the migration of Au atoms at the interfaces to 

more relaxed regions, leaving a more stable Au-Si interface. Moreover, 

annealing gives rise to the formation of quasi-periodic Au nanoisland 

arrays, which may contribute to better SERS repeatability and 

enhancement. 

In this study, we examined the effects of predefined Au 

nanoisland arrays, alternatively, annealing, by comparing the 

performance of SERS substrates etched from Au nanoisland arrays 

(annealed) and plain sputtered Au (un-annealed). The comparison was 

evaluated in aspects of SERS (i) robustness, (ii) uniformity within a 

batch, and (iii) enhancement. Firstly, during all three batches of 

independent experiments, the annealed substrates exhibited 

robustness when they were immersed into etching solutions, while 

small pieces of Au film indeed encountered peeling off for the un-

annealed substrates. It should be pointed out that no Raman spectrum 

was taken at those broken spots for the following test. Secondly, the 

relationship between Raman intensity and Au coating thickness for a 

10 min etched SERS substrate (Fig. 4.9(a)) indicates that annealed 

substrates (red curves) were superior to un-annealed substrates (blue 

curves) in terms of repeatability among batches, as evident by the 

better repeated red curves. Figure 4.9(b) quantitatively confirms 

such a claim by presenting the relative standard deviation (RSD) of 
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Raman intensity among three batches, where RSDs in the range of 1-5% 

and 2-25% were concluded for annealed (red columns) and un-

annealed (blue columns) substrates, respectively. Lastly, given the 

same Au coating thickness, Fig. 4.9(a) suggests that the Raman 

intensities of annealed substrates were slightly but unanimously higher 

than those of un-annealed substrates. In summary, our results 

demonstrated that using Au nanoisland arrays as etching catalyst led 

to better SERS performance in terms of robustness, batch to batch 

 

 

Figure 4.9. (a) Relationship between 
Raman intensity (ν=1030 cm-1 of 10-

4M BDT) and Au coating thickness for 
SERS substrates based on 10 min 
etched porous Si. Red and blue curves 
represent SERS substrates etched 
from annealed and un-annealed 
substrates, respectively. (b) RSD of 
Raman intensity among three batches 
of experiments shown in (a). Red and 
blue bars represent SERS substrates 
etched from annealed and un-annealed 
substrates, respectively.  
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repeatability, and enhancement. Further study is underway to 

establish a more in-depth understanding of the influences of 

predefined Au nanoisland arrays on SERS, as well as the mechanisms 

behind the observed difference in SERS enhancement.  

4.4 Conclusion 

Au nanoparticles decorated porous Si for SERS applications was 

prepared via metal-assisted wet etching and sputtering processes. Our 

work placed an emphasis on the influence of deep etching and 

concluded that deep etching increased SERS enhancement factor by an 

order of magnitude over shallow etching. In addition, the optimized 

experimental parameters for SERS substrates were obtained by 

investigating the SERS dependence on Au coating thickness and 

etching time. Moreover, the enhancement factor and uniformity within 

a batch of our SERS substrate were demonstrated to be very 

promising. Lastly, the effects of predefined Au nanoisland arrays 

(annealing) were experimentally proven beneficial for SERS 

performance, in terms of robustness, batch to batch repeatability, and 

enhancement.  

4.5   Reference 



114 

 

1. Davis, M. E., Ordered porous materials for emerging applications, Nature  
2002, 417, p. 813-821. 

2. Biener, J., Nyce, G. W., Hodge, A. M., Biener, M. M., Hamza, A. V. and Maier, 
S. A., Nanoporous Plasmonic Metamaterials, Advanced Materials, 2008, 20, p. 
1211-1217. 

3. Wittstock, A., Zielasek, V., Biener, J., Friend, C. M. and Bäumer, M., 
Nanoporous Gold Catalysts for Selective Gas-Phase Oxidative Coupling of 
Methanol at Low Temperature, Science, 2010, 327, p. 319-322. 

4. Chen, L., Yang, Y. and Jiang, D., CMPs as Scaffolds for Constructing Porous 
Catalytic Frameworks: A Built-in Heterogeneous Catalyst with High Activity 
and Selectivity Based on Nanoporous Metalloporphyrin Polymers, Journal of 
the American Chemical Society, 2010, 132, p. 9138-9143. 

5. Zeis, R., Mathur, A., Fritz, G., Lee, J. and Erlebacher, J., Platinum-plated 
nanoporous gold: An efficient, low Pt loading electrocatalyst for PEM fuel cells, 
Journal of Power Sources, 2007, 165, p. 65-72. 

6. Yoshikawa, H. and Myoui, A., Bone tissue engineering with porous 
hydroxyapatite ceramics, Journal of Artificial Organs, 2005, 8, p. 131-136. 

7. Chang, B.-S., Lee, gt, inits, C.K, fnm, Choon, K., Hong, K.-S., Youn, H.-J., 
Ryu, H.-S., Chung, S.-S. and Park, K.-W., Osteoconduction at porous 
hydroxyapatite with various pore configurations, Biomaterials, 2000, 21, p. 
1291-1298. 

8. Morris, R. E. and Wheatley, P. S., Gas Storage in Nanoporous Materials, 
Angewandte Chemie International Edition, 2008, 47, p. 4966-4981. 

9. Danishevskii, A. M., Popov, V. V., Kyutt, R. N. and Gordeev, S. K., Electrical 
and galvanomagnetic properties of nanoporous carbon samples impregnated 
with bromine, Physics of the Solid State, 2013, 55, p. 1487-1493. 

10. Wahl, P., Traussnig, T., Landgraf, S., Jin, H.-J., Weissmuller, J. and 
Wurschum, R., Adsorption-driven tuning of the electrical resistance of 
nanoporous gold, Journal of Applied Physics, 2010, 108, p. 073706-6. 

11. Panarin, A. Y., Terekhov, S. N., Kholostov, K. I. and Bondarenko, V. P., SERS-
active substrates based on n-type porous silicon, Applied Surface Science, 
2010, 256, p. 6969-6976. 



115 

 

12. Chan, S., Kwon, S., Koo, T. W., Lee, L. P. and Berlin, A. A., Surface-Enhanced 
Raman Scattering of Small Molecules from Silver-Coated Silicon Nanopores, 
Advanced Materials, 2003, 15, p. 1595-1598. 

13. Myeong-Lok, S., Sung-Jin, C., David, J. B., Tae Jung, P., Jae-Hyuk, A., Sang 
Yup, L. and Yang-Kyu, C., A nanoforest structure for practical surface-
enhanced Raman scattering substrates, Nanotechnology, 2012, 23, p. 
095301. 

14. Williamson, T. L., Guo, X., Zukoski, A., Sood, A., Díaz, D. J. and Bohn, P. W., 
Porous GaN as a Template to Produce Surface-Enhanced Raman Scattering-
Active Surfaces, The Journal of Physical Chemistry B, 2005, 109, p. 20186-
20191. 

15. Du, Y., Shi, L., He, T., Sun, X. and Mo, Y., SERS enhancement dependence on 
the diameter and aspect ratio of silver-nanowire array fabricated by anodic 
aluminium oxide template, Applied Surface Science, 2008, 255, p. 1901-1905. 

16. Choi, D., Choi, Y., Hong, S., Kang, T. and Lee, L. P., Self-Organized 
Hexagonal-Nanopore SERS Array, Small, 2010, 6, p. 1741-1744. 

17. Pan, Z., Zavalin, A., Ueda, A., Guo, M., Groza, M., Burger, A., Mu, R. and 
Morgan, S. H., Surface-Enhanced Raman Spectroscopy Using Silver-Coated 
Porous Glass-Ceramic Substrates, Appl. Spectrosc., 2005, 59, p. 782-786. 

18. Zhang, L., Chang, H., Hirata, A., Wu, H., Xue, Q.-K. and Chen, M., 
Nanoporous Gold Based Optical Sensor for Sub-ppt Detection of Mercury Ions, 
ACS Nano, 2013, 7, p. 4595-4600. 

19. Stewart, M. P. and Buriak, J. M., Chemical and Biological Applications of 
Porous Silicon Technology, Advanced Materials, 2000, 12, p. 859-869. 

20. Janshoff, A., Dancil, K.-P. S., Steinem, C., Greiner, D. P., Lin, V. S. Y., 
Gurtner, C., Motesharei, K., Sailor, M. J. and Ghadiri, M. R., Macroporous p-
Type Silicon Fabry−Perot Layers. Fabrication, Characterization, and 
Applications in Biosensing, Journal of the American Chemical Society, 1998, 
120, p. 12108-12116. 

21. Menna, P., Di Francia, G. and La Ferrara, V., Porous silicon in solar cells: A 
review and a description of its application as an AR coating, Solar Energy 
Materials and Solar Cells, 1995, 37, p. 13-24. 



116 

 

22. Huang, Z., Fang, H. and Zhu, J., Fabrication of Silicon Nanowire Arrays with 
Controlled Diameter, Length, and Density, Advanced Materials, 2007, 19, p. 
744-748. 

23. Li, X. and Bohn, P. W., Metal-assisted chemical etching in HF/H2O2 produces 
porous silicon, Applied Physics Letters, 2000, 77, p. 2572-2574. 

24. Le Ru, E. C., Blackie, E., Meyer, M. and Etchegoin, P. G., Surface Enhanced 
Raman Scattering Enhancement Factors:  A Comprehensive Study, The 
Journal of Physical Chemistry C, 2007, 111, p. 13794-13803. 

25. Haynes, C. L. and Van Duyne, R. P., Plasmon-Sampled Surface-Enhanced 
Raman Excitation Spectroscopy†, The Journal of Physical Chemistry B, 2003, 
107, p. 7426-7433. 

26. Emory, S. R., Haskins, W. E. and Nie, S., Direct Observation of Size-
Dependent Optical Enhancement in Single Metal Nanoparticles, Journal of the 
American Chemical Society, 1998, 120, p. 8009-8010. 

27. Jeanmaire, D. L. and Van Duyne, R. P., Surface raman 
spectroelectrochemistry: Part I. Heterocyclic, aromatic, and aliphatic amines 
adsorbed on the anodized silver electrode, Journal of Electroanalytical 
Chemistry and Interfacial Electrochemistry, 1977, 84, p. 1-20. 

28. Xu, H., Aizpurua, J., Käll, M. and Apell, P., Electromagnetic contributions to 
single-molecule sensitivity in surface-enhanced Raman scattering, Physical 
Review E, 2000, 62, p. 4318-4324. 

29. Schatz, G., Young, M. and Duyne, R., Electromagnetic Mechanism of SERS, in 
Surface-Enhanced Raman Scattering, K. Kneipp, M. Moskovits, and H. Kneipp, 
Editors. 2006, Springer Berlin Heidelberg. p. 19-45. 

30. Schatz, G. C. and Van Duyne, R. P., Electromagnetic Mechanism of Surface-
Enhanced Spectroscopy, in Handbook of Vibrational Spectroscopy2006, John 
Wiley & Sons, Ltd. 

31. Hui, F., Yin, W., Jiahao, Z. and Jing, Z., Silver catalysis in the fabrication of 
silicon nanowire arrays, Nanotechnology, 2006, 17, p. 3768. 

32. Huang, Z., Zhang, X., Reiche, M., Liu, L., Lee, W., Shimizu, T., Senz, S. and 
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Chapter 5- Influence of Trimethylsilane Plasma 

Coating on SERS Substrates and the 

Commercialization Potential of Plasma Coated SERS 

Substrates 

 

 

 

5.1 Introduction 

5.1.1 Plasma nanocoating 

  Plasma nanocoating technology is known as a powerful tool in 

surface modification and surface engineering of materials for various 

applications. Non-equilibrium plasmas or low-temperature plasmas, 

which can be easily created by electrical discharges under reduced 

pressures (e.g., 10 mtorr to 10 torr), are composed of highly reactive 

atomic, molecular, ionic and free radical species. When depositing 

gases such as organosilicons, hydrocarbons, or fluorocarbons are used, 

these highly reactive plasma species can develop ultrathin layers of 
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plasma coatings in nanometer scale and tailor the surface 

chemistry/characteristics in accordance with the targeted 

functionalities. Typical application examples of plasma nanocoatings 

include significant improvement in adhesion, wettability, printability, 

corrosion resistance, and surface modification of nanomaterials [1-9]. 

In general, plasma nanocoating technology possesses many unique 

advantageous features including that: 1) plasma nanocoating 

technology can create a variety of desirable surface functionalities to 

tailor surface characteristics of various materials for desired 

applications; 2) plasma nanocoatings are chemically inert and 

corrosion-resistant; 3) plasma deposition is a dry process with no 

hazardous effluent and therefore an environmental compatible 

technology.  

The use of plasma nanocaotings in surface-enhanced Raman 

spectroscopy (SERS) substrate development is expected to present 

several benefits. First, compare to conventional overlayer materials, 

the ultrathin plasma nanocoatings are extremely stable to both aging 

and temperature due to their highly three dimensional crosslinking 

chemical structures. This helps to maintain the desired high stability of 

SERS activity with minimal decrease in sensitivity. Second, the plasma 

coating can be made optically transparent and do not interfere with 

SERS measurement. Third, the surface chemistry and surface 
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properties of the plasma nanocoatings can be tailored and controlled 

by simply adjusting the plasma chemistry or plasma gas composition. 

The control of the surface chemistry will enable us to improve the 

surface affinity of specific analyte to SERS substrates and thus 

fabricate SERS active substrates with an analyte-specific affinity 

plasma nanocoating. In comparison with the previously used thiolate 

self-assembled monolayers (SAM) that are thermally unstable, plasma 

nanocoating when used in SERS substrate fabrication enjoys the 

capability in surface chemistry control for adjustable analyte affinity, 

greater physical and chemical stability, more complete surface 

coverage, and simplicity and reliability for large scale fabrication of the 

SERS substrates.  

5.1.2 Commercialization of SERS substrates 

Recently, SERS has attracted wide interests from a vast number 

of research areas owing to the rapid development of nanoscience and 

nanotechnology. Numerous micro and nano fabrication techniques 

have been explored in the past two decades in an attempt to obtain 

reliable and scalable SERS substrates, including electron beam 

lithography [10-12], nanosphere lithography [13, 14], plating [15, 16], 

colloidal chemistry [17], chemical and physical roughening [18, 19], 

oblique angle deposition [20, 21], de-alloying [22, 23], etc. While 
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great efforts have been made towards the real-world applications of 

SERS, there are still several technical and non-technical challenges 

that significantly impede the commercialization of SERS. First, most 

SERS substrates exhibit inconsistent activities, which is mainly due to 

the lack of surface structural/characteristic control and uniformity over 

the entire area of the substrate.  It is also worthy of pointing out that 

sensitivity is important, but not as important as other parameters such 

as the repeatability, stability, and reliability in many real-world 

applications. Second, although many manufacturing methods have 

been proposed and used for fabrication of SERS substrates, reliable 

large scale (wafer scale) fabrication need to be achieved in order to 

reduce the manufacturing cost and deliver affordable economic SERS 

substrates. Third, it is also a common problem that a subtle change in 

substrate manufacturing process can lead to significant changes of the 

Raman signals; an ideal SERS substrate should also allow relatively 

large processing tolerance for reliable performance. At last, 

considering that the real-world samples/analytes might contain a 

mixture of different chemicals, improved selectivity of SERS substrates 

and/or a better mechanism for cross-referencing will be needed. 

At present, there are a few vendors that have translated SERS 

technology into commercialized products. Among them, Klarite [24] 

who recently emerged with Renishaw Diagnostic is taking a leading 
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role in SERS market. Although the lithography based Au array made 

by Klarite has demonstrated a satisfactory combination of sensitivity 

and reliability, the high cost of such product has limited itself from 

wide acceptance. Other SERS products are mostly launched by 

startups, such as Ag sol-gel based SERS Vials by Real-Time 

Analyzers [25], SERS Media by Agiltron [26], ink-jet printed SERS 

paper substrates by Diagnostic anSERS Inc. [27], etc. Despite the 

promising prospect for these cost-effective SERS solutions, the break 

out year of commercial SERS products is still on the way.   

5.1.3 Our aims  

   In the first half of this chapter, we present a design that combines 

plasma nanocoating with regular SERS substrate fabrication, followed 

by a direct comparison between plasma coated and uncoated SERS 

substrates in terms of SERS performance and a brief summary of the 

influence of plasma coating on SERS substrates. As shown in Fig. 5.1, 

the plasma coated SERS substrate consists of three components: base 

wafer, SERS-active structure, and plasma nanocoating. Base material 

used in this design is Si wafer because of its readiness for processing 

and low cost for large scale production. The SERS-active 

nanostructures are achieved through Au capsulated SiO2 nanoparticles. 

Certain aggregation is introduced and well controlled by the addition of 
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surfactants, which can not only improve the SERS sensitivity at small 

scale (a few nanometers) but maintain uniformity at large scale (a few 

hundred nanometers). On top of the SERS-active nanostructures, an 

innovational nanocoating is deposited with cold plasma, aiming to 1) 

control surface chemistry and improve measurement consistency and 

2) protect the underneath nanostructures from degradation to improve 

the durability and reliability.  

 In the second half of this chapter, we evaluate the potential of 

commercializing plasma coated SERS substrate in several aspects, 

including a straight battle versus a commercial available product, 

repeatability, shelf life, applicability to different chemical species, and 

a real case study of detecting chemicals extracted from polluted fruits.  

Figure 5.1. The design of combining plasma nanocoating with regular SERS 
substrates fabrication.  
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5.2 Experimental section  

5.2.1 Fabrication of plasma coated SERS substrates 

40 nm SiO2 nanoparticles colloid (Nissan Chemical America 

Corporation) was diluted to 6 wt% in de-ionized (DI) water. 1 wt% 

polyvinylpyrrolidone (PVP, Sigma-Aldrich) was added into the above 

colloidal suspension as capping agent. Then the mixture was 

magnetically stirred for 2 h and ultrasonically treated to get 

satisfactory dispersion. The colloid was spun-coated (Laurell 

Technologies, WS-650sz-6NPP) onto Si wafer which had been rinsed 

by acetone, methanol and DI water in sequence and dried by nitrogen 

gas flow. The as-coated substrate was baked at 400 oC for 2 h in 

ambient oven to evaporate solvent residue, if any, and improve the 

adhesion between SiO2 nanoparticles and Si substrate. After baking, 40 

nm Au in mass thickness was deposited onto the SiO2 nanoparticles 

with an Emitech K650X sputtering tool. Please note, at this stage, 

SERS active substrates were already in place and they are referred to 

as SERS substrates in this work.  

Plasma coating on as-prepared SERS substrates was carried out 

by room temperature plasma polymerization of trimethylsilane (TMS, 

United Chemical Tech). The process took place in a Pyrex bell-jar type 

plasma reactor. The internal electrodes were set up with two cathode 
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electrodes and a grounded SERS substrate in the middle. After 

pumping down the reactor to its base pressure below 1 mTorr, reactive 

gas was introduced and controlled by 247C mass flow meter (MKS 

Instrument). The chamber pressure was monitored by a Baratron 

pressure meter and controlled by type 252 exhaust valve controller 

(MKS Instrument). Radio frequency (RF) power generator (13.56 MHz, 

RFX-600, Advanced Energy Industries) was used to initiate the glow 

discharge. Plasma treatment time was carefully controlled to ensure 

the coatings with desired thicknesses.  

5.2.2 Characterization of plasma coated SERS substrates 

The morphology of SERS substrates (pre and post plasma 

coating) was characterized by a Hitachi S-4700 field emission scanning 

electron microscope (FESEM). The plasma coating was examined with 

two aspects: (1) coating thickness and (2) surface free energy. 

Coating thickness was investigated by a null seeking-type AutoEL-II 

automatic ellipsometer with 632.8 He-Ne laser light source. The 

surface free energy was inferred from contact angle measurement that 

was conducted with sessile drop method. The contact angle of the 

water droplet on Si wafer surface was measured using a computer-

controlled video capturing system (Video Contact Angle System, ASC 

products 2500 XE). 
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5.2.3 SERS measurement 

A Renishaw RM1000 Raman Spectrometer System equipped with 

a Leica DMLB microscope was used for this work. This system is 

equipped with a 785 nm near-infrared diode laser source. During the 

measurement, light from the high power (maximum: 300 mW) diode 

laser was directed and focused onto the sample at a microscope stage 

through a 50× objective. Signals were detected by a 578 × 385 pixels 

CCD array detector. The size of each pixel was 22 μm × 22 μm. 

Spectra of samples were collected with 10 s exposure time, 0% focus, 

and ~ 20 mW laser power in the extended mode. Detection range was 

set from 600 to 1700 cm-1. Unless otherwise noted, the Raman 

spectrometer is the default choice for this work. 

In addition, a complementary portable Raman spectrometer 

(B&W Tek i-Raman) was mainly used for the purposes of building 

chemicals database. The portable Raman system has a resolution of 

4.4 cm-1 under the excitation of a 785 nm near-infrared diode laser 

source (maximum power at 330 mW). Raman spectra were collected 

using a 20× objective with a 10 s exposure time and ~ 50 mW laser 

output.  

All chemicals involved were purchased from Sigma-Aldrich and 

used as received. All analytes were prepared in water and acetonitrile 
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mixture (1:1 in volume). For each measurement, 0.2 μl analyte was 

dropped onto SERS substrates and dried in air. 

5.2.4 Sample preparation for carbaryl detection from polluted 

fruits 

Pure 100 parts per million (ppm) carbaryl stock solutions were 

prepared using a mixed solvent system (acetonitrile : H2O = 1 : 1, 

v/v). Solutions of 50, 10, 5, 1, 0.5, and 0.1 ppm carbaryl were 

prepared by serial dilutions from the 100 ppm solution. The solvent 

without pesticides was used as the control. 

Apples and tomatoes were weighed and their diameters 

measured. Assuming that an apple or a tomato is of spherical shape, 

surface area of a fruit was calculated. Using these data, given 

designated pesticide concentration on a fruit (ppm, or equivalently, 

µg/g), the mass of carbaryl (µg) that should be spiked on one cm2 of 

fruit skin was obtained. Then certain amount of carbaryl solutions were 

dropped onto a piece of ~ 4 cm2 fruit skin freshly peeled from the fruit 

with a pipette. Extra care was taken to ensure even distribution of the 

solution on the fruit skin. The skin sample was then blown dry, cut into 

smaller pieces, and put in a conical tube containing 4 mL of mixed 

solvent (acetonitrile : H2O = 1 : 1, v/v). After vigorously vortexed for 

1 min, the mixture was sonicated using an ultrasonic processor 
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equipped with a 6.5 mm tapered microtip (Sonics & Materials, Inc. 

Newtown, CT, USA) for 5 min with 30 s working and 10 s interval at an 

amplitude of 30%. Finally, the supernatant was filtered with a 0.22 µm 

syringe filter and the filtrate was used for SERS measurement. 

5.3 Results and discussion 

5.3.1 Influence of plasma nanocoating on SERS substrates 

It should be declared that the thickness of plasma nanocoating 

was measured on bare Si wafers instead of actual SERS substrates 

because the working principle of ellipsometer isn’t compatible with 

unsmooth surface. The thickness of plasma nanocoating was controlled 

 

Figure 5.2. Thickness of plasma nanocoating on bare Si wafers with different 
plasma treatment time.  
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by adjusting the plasma treatment time. As shown in Fig. 5.2, 8, 20, 

42, and 60 s TMS plasma nanocoating ended up with four different 

thicknesses of 10, 20, 50, and 100 nm, respectively.  

The contact angle measurement was conducted on actual SERS 

substrates. To calculate the change of surface energy after the plasma 

nanocoating, three types of solvents including HPLC grade water, 

diiodomethane, and ethylene glycol were used for the measurement of 

the contact angle. The surface energy was then calculated based on 

Lifshitz-van der Walls (LW)/acid-base (AB) approach.   

(1 cos )  L  2  (  S
LW L

LW   S
L

   S
L

 )     (1) 

According to Eq. 1, unknown values  S
LW , S

 , and  S
  were 

calculated from the known values L
LW , L

 , L
  (Table 5.1) and 

measured value of cos θ.  S
AB  was calculated by Eq. 2 and total surface 

energy was calculated by Eq. 3. 

 S
AB  2  S

   S
          (2) 

S  S
LW  S

AB           (3) 

 

Table 5.1. Surface energy of liquid used to calculate surface energies of uncoated 
and TMS plasma coated SERS substrates. The units are mJ/m2. Corresponding values 
are taken from the reference [28]. 
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 γL
+ γL

- γL
LW γL 

Water 25.5 25.5 21.8 72.8 

Diiodomethane 0 0 50.8 50.8 

Ethylene glycol 1.92 47.0 29.0 48.0 

 

As shown in Table 5.2, surface energy was controlled by the 

application of plasma nanocoating and tended to decrease as the 

nanocoating went to thick. For instance, surface energy of 100 nm 

TMS plasma coated SERS substrate equaled to 9.669mJ/m2.  

Table 5.2. The contact angles (cos θ) and their surface energies of uncoated and 
TMS plasma coated (thickness=10, 20, 50, 100nm) SERS substrates. Surface energy 
of each liquid is γL

+=25.5, 0, 1.92, γL
-=25.5, 0, 47.0, and γL

LW=21.8, 50.8, 29.0 for 
water, diiodomethane and ethylene glycol respectively.[28] γS

+ and γS
- are the 

surface energies contributed from electron acceptors and donors. γLW and γAB are 
surface energies from lifshitz-van der Waals interaction and Lewis acid-base 
interaction.  

 Contact angle (cos θ) Surface energy (mJ/m2) 

SERS  Water Diiodomethane Ethylene 
Glycol 

γS
+ γS

- γS
LW γS

AB γS 

Uncoated 0.839 0.969 0.743 0.419 37.468 49.237 7.924 57.16
1 

TMS 10nm -0.515 0.087 -0.044 0.0720 0.0334 15.006 0.0981 15.10
4 

TMS 20nm -0.508 -0.0175 -0.0523 0.176 0.532 12.259 0.612 12.87
1 

TMS 50nm -0.602 0 -0.0349 0.306 0.0162 12.7 0.141 12.84
1 

TMS 100nm -0.571 -0.139 -0.216 0.0553 0.291 9.415 0.254 9.669 
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A quick glance at the difference between uncoated and plasma 

coated SERS substrates is presented by the digital photograph of 

contact angle, shown in Fig. 5.3. The plasma nanocoating apparently 

altered the substrate surface to more hydrophobic. Microscopic 

investigation on uncoated and plasma coated SERS substrates was 

carried out with a FESEM. Figure 5.4(a) and (b) show the SEM 

images of SERS substrate before and after plasma nanocoating, 

respectively. Compared to the uncoated SERS substrate, plasma 

nanocoating clearly served as shell layer on top of the SERS-active 

nanostructures. In addition, the nanocoating seemed not uniform and 

might not have a full coverage on the underneath SERS-active 

 

Figure 5.3. Digital photograph of water droplets on uncoated (left) and plasma 
coated (right, 50 nm in thickness) SERS substrates.  
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nanostructures. It is very likely the nanocoating was primarily on the 

top of SERS-active nanostructures, leaving the sides of SERS-active 

nanostructures uncovered. This partial coverage feature of plasma 

nanocoating may play a critical role in SERS operation as it doesn’t 

prevent analyte from percolating into the gaps, or so called SERS hot 

spots, among SERS-active nanostructures.  

SERS detection of carbaryl, a chemical in carbamate family and 

mainly used as an insecticide, was performed using the uncoated and 

plasma coated SERS substrates described in Table 5.2. The 

representative Raman signal or peak intensity at 1379 cm-1 are shown 

in Fig. 5.5. It can be seen that the plasma nanocoating on SERS 

substrates improved the signal intensity over uncoated substrate. For 

instance, 100 nm plasma nanocoating raised the Raman signal by 

Figure 5.4. SEM images of SERS substrates before and after plasma nanocoating 
(50 nm in thickness).  
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about an order of magnitude compared with uncoated substrate. We 

have also observed very similar phenomena when using melamine as 

the analyte.  

The increase of the peak intensity in Fig. 5.5 could be attributed 

to two possible mechanisms: 1) reduced droplet-substrate contact 

area and reduced residue area with higher concentration of analyte; 

and 2) improved adsorption of analyte on SERS-active substrates. The 

first mechanism, consistent with our observation, is also illustrated in 

Fig. 5.6. When the analyte (in solvent) has a very small contact angle 

 

Figure 5.5. Relative peak intensity comparison at Raman shift of 1379 cm-1 using 
uncoated and plasma coated SERS substrates. The analyte was 100 ppm carbaryl 
in a solvent mixture of acetonitrile and deionized water (equal volume ratio). For 
each substrate, two measurements, one at the center and the other one at the 
edge of analyte residue area, were conducted.  
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(high surface energy) or easily wets the SERS surfaces, it generally 

will form a large and irregular residue. Variation of the contact angle 

may significantly influence the droplet to droplet residue concentration 

variations. On the contrary, the plasma nanocoating can deliver a 

surface with low surface energy that is hard to wet, leaving a small, 

regular and higher concentrated residue. In addition, plasma 

nanocoating ensures very uniform contact angle across a whole wafer 

and leads to more reproducible results. More importantly, the plasma 

coating makes the process more controllable. It is well accepted that 

an inorganic coating, if not permeable, could significantly degrade the 

enhancement factor, such as 1 nm of coating causing one order of 

magnitude signal decrease. However, we have not observed such 

degradation for the following possible reasons: 1) the coating is 

primarily on the top of Au nanostructure and may not fully cover the 

underneath SERS-active nanostructures, especially the side; 2) only 

some SERS-active nanostructure are coated; 3) the voids between 

plasma nanocoating make the coating permeable.   

5.3.2 Commercialization potential of plasma coated SERS 

substrates 

Since the inception of SERS, researchers have been exploring 

the opportunities for commercial applications of SERS. In the past 
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decade, great efforts in doing so have been made and the dream has 

come into true as several commercial SERS products are already 

available on the market. However, the constraints imposed by a set of 

quality criteria (sensitivity, repeatability, scalability, cost and 

combinations of these) are limiting these products from making big 

and anticipated impact on real-world applications. Therefore, the SERS 

commercialization project is still in the early stage of development.  

In this work, we evaluated the commercialization potential of 

plasma coated SERS substrates by directly comparing our substrates 

with a dominating commercial SERS product in terms of SERS 

sensitivity. Please note this SERS measurement was conducted on 

portable Raman spectrometer (B&W Tek i-Raman). Figure 5.7 shows 

the SERS spectra of brilliant cresyl blue (BCL) on plasma coated SERS 

Figure 5.6. Schematic illustration of the influence of plasma nanocoating on 
droplet shape and residue shape and size.  Please note the laser beam size, 
~5μm in our case, is much smaller than the residue size. 

Uncoated SERS substrates

Plasma-coated samples

Lower and less reproducible residue concentration

Higher and more reproducible residue concentration
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substrate (red and blue curves) and the commercial SERS product 

(black curve). At high concentration of 500 parts per billion (ppb), 

plasma coated SERS substrate clearly exhibits all the characteristic 

peaks of BCL, indicating plasma coated SERS substrate is capable of 

completely presenting the targeted analytes. At low concentration of 

100 ppb, both plasma coated SERS substrate and the commercial 

SERS product can deliver the main characteristic peak of BCL, though, 

other supplemental peaks are too weak to stand out.  Based upon this 

representative comparison, we conclude that the plasma coated SERS 

substrates perform equally, at least, to the commercial SERS product 

Figure 5.7. SERS spectra of 500 ppb (red) and 100 ppb (blue) BCL on plasma 
coated SERS substrate; black spectrum represents 100 ppb BCL on a commercial 
SERS product. 
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in terms of sensing sensitivity. (Comparisons of other chemicals show 

similar results and are not listed here.) 

In order to quantify the sensitivity of this plasma coated SERS 

substrates, measurement similar to previous chapters was conducted 

as well. Figure 5.8 shows the SERS spectrum of 10-5 M BDT acquired 

from plasma coated SERS substrates and standard Raman spectrum of 

10-1 M BDT acquired from 50 nm bare Au films. According to analytical 

enhancement factor (AEF) definition, an AEF of 104 over bare Au film is 

calculated for this plasma coated SERS substrates.  

 

Figure 5.8. SERS spectrum of 10-5M BDT acquired on plasma coated SERS 
substrates (top). Raman spectrum of 10-1M BDT acquired on 50 nm Au film on 
un-etched Si (bottom). 
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To investigate the versatility of plasma coated SERS substrates, 

we tested a list of chemicals with plasma coated SERS substrates on 

both B&W Tek and Renishaw platforms. The sensitivity of plasma 

coated and uncoated SERS substrates to these chemicals is listed in 

Table 5.3. Several points need be summarized about this table. First, 

for most chemicals, both plasma coated and uncoated SERS substrates 

are able to achieve ultrasensitive sensing at ppm level. Second, the 

competition between plasma coated and uncoated SERS substrates 

show mixed results, implying they are suited for different chemicals. 

But the difference between these two substrates is small overall. Last, 

the table indicates that Renishaw RM1000 unanimously outperforms 

B&W Tek i-Raman by about 5-10 times in sensitivity, which is a 

straightforward outcome considering the former platform has a much 

better resolutions than the latter platform.  

Table 5.3. Sensitivity of plasma coated and uncoated SERS substrates to various 

chemicals on two Raman spectrometers. 

Sensitivity 
Chemicals Plasma Uncoated Plasma Coated 

Name CAS Formula Portable 
Raman 

Bench-top 
Raman 

Portable 
Raman 

Bench-top 
Raman 

1,2-Bis(4-
pyridyl)ethane 

4916-
57-8 C12H12N2  5ppm  200ppb  10ppm  1ppm 

4-
Mercaptopyridine  

4556-
23-4 C5H5NS  500ppb 200ppb 1ppm 200ppb 

4-
Methylbenzenethiol  

106-45-
6 CH3C6H4SH  10ppm 2ppm 10ppm 2ppm 

Azinphos-methyl 86-50-0 C10H12N3O3PS2 2ppm 5ppm 5ppm 5ppm 
Brilliant Cresyl 

Blue 
81029-
05-2 C17H20N3OCl · 1/2ZnCl2  500ppb 100ppb 100ppb 50ppb 

Carbaryl  63-25-2  C12H11NO2 10ppm 1ppm 10ppm 1ppm 

Crystal Violet  548-62-
9 C25H30ClN3 200ppb 25ppb 200ppb 25ppb 
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Deiquat 
Monohydrate  

6385-
62-2  C12H12Br2N2 · H2O  10ppm 5ppm 50ppm 5ppm 

Malachite Green 
Chloride 

569-64-
2  C23H25ClN2  1ppm 1ppm 500ppb 500ppb 

Melamine  108-78-
1  C3H6N6 1ppm 1ppm 1ppm 250ppb 

Phosmet  732-11-
6 C11H12NO4PS2  10ppm 500ppb 25ppm 5ppm 

Rhodamine 6G  989-38-
8 C28H31N2O3Cl 1ppm 50ppb 1ppm 500ppb 

Sulfamethazine  57-68-1 C12H14N4O2S  1ppm 200ppb 5ppm 500ppb 

Thiram  137-26-
8  (CH3)2NCSS2CSN(CH3)2  5ppm 2ppm 10ppm 2ppm 

 

As mentioned earlier, repeatability is a key parameter to 

evaluate a SERS substrate, especially true when it comes to 

commercial application of SERS. In this work, we took a pair of paths 

to investigate the repeatability of plasma coated SERS substrates. In 

the first methodology, ten pieces of plasma coated SERS substrates 

(0.5 cm by 0.5 cm) were used to record SERS spectra of  melamine at 

two concentrations (2.5 and 1 ppm). The intensity of characteristic 

peak at band of 683 cm-1 was used to characterize the measurement 

variation. As shown in the top part of Fig. 5.9, the peak intensities of 

ten plasma coated SERS substrates generally fall into the same level 

for a selected concentration of melamine with a relative standard 

deviation (RSD) of 21.1% for 1 ppm. In addition, all peak intensities of 

2.5 ppm melamine is as about 2 to 2.5 times as those of 1 ppm 

melamine. In the second methodology, 1 ppm melamine was tested on 

ten plasma coated SERS substrates (0.5 cm by 0.5 cm) by three 

operators. As indicated in the bottom part of Fig. 5.9, intensity 
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variation indeed exists among three operators, but the result is overall 

consistent within each operator. The variation among three operators 

(1277, 1639, and 1713) is about 15.1%, falling within the intrinsic 

RSD of plasma coated SERS substrates. In addition, there is another 

possible source for this variation among different operators. That is, it 

may be attributed to the different operational skills and habits. To be 

specific, as we already shown in Fig. 5.5, the SERS signal intensity is 

usually stronger at the center than the edge area of residue. We 

speculate the intensity variation among operators resulted from 

selecting different areas of residue.   
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Shelf life is also a very important factor for evaluating a SERS 

 

Figure 5.9. Top: Recorded peak intensities of 683 cm-1 (2.5 and 1 ppm melamine) 
for ten plasma coated SERS substrates. Bottom: Recorded peak intensities of 683 
cm-1 (1 ppm melamine) on ten substrates that were operated by three operators. 
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substrate. Our preliminary data shows that the nanostructures shown 

in Fig. 5.4(b) did not show any detectable degradation after exposed 

in ambient for up to 12 months. As confirmed in Fig. 5.10(a), the 

SERS spectra of 0.5 ppm malachite green remain unchanged after 

different periods of aging, implying a long shelf life. Quantitatively, the 

peak intensity at 1173 cm-1 of these substrates was found to have a 

27.7% RSD during aging. And the peak intensity goes up and down in 

the process instead of showing clear trend. Along with the fact that the 

substrate has an intrinsic RSD of 21.1%, we speculate the aging effect 

is not obvious due possibly the protecting layer of plasma nanocoating. 

We also found that, very surprisingly, after a heat treatment at 700 °C 

in air for 2 h, the plasma coated SERS substrates still shows similar 

SERS effects as if without heat treatment, while the uncoated 

substrates can no longer serve as a SERS substrate. We speculate that 

Figure 5.10. (a) SERS spectra of 0.5 ppm malachite green on plasma coated 
SERS substrates after exposed in ambient for up to 12 months. (b) Raman 
intensity of a selected peak (1173cm-1) after exposed in ambient for different 
periods.  



143 

 

the uncoated Au nanostructures may experience a grain growth upon 

thermal attack, while the plasma nanocoating might serve as a cap 

layer that restrains surface diffusion and impedes the grain growth of 

Au nanostructures. 

Finally, we wrap up the evaluation of plasma coated SERS 

 

Figure 5.11. Average SERS spectra (n=8) of carbaryl solutions with different 
concentrations (in ppm). Spectra were presented with smoothing at 4 cm-1 and 
baseline adjustment by subtracting a 2nd order polynomial function. 
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substrate’s commercialization potential with a real case detection of 

carbaryl at trace amount level extracted from polluted fruits. As 

described in section 5.2.4, carbaryl of certain amount was purposely 

spiked into an apple or tomato to set up a polluted situation. Then we 

extracted the carbaryl from apple or tomato and tested it by plasma 

coated SERS substrate. According to the SERS spectra in Fig. 5.11, 

the plasma coated SERS substrate displays satisfactory detection 

capability as it is capable of detecting 0.1 ppm carbaryl. We also used 

the same methodology to detect other types of pesticides and the 

details could be found elsewhere [29]. 

5.4 Conclusion 

TMS plasma nanocoating has been applied onto the Au/SiO2 

SERS-active nanostructures. The thickness and surface energy of 

nanocoating were characterized by ellipsometry and contact angle 

method, respectively. The plasma nanocoating was found to 1) 

decrease surface energy of coated SERS substrates, particularly, with 

relative thick nanocoating, and 2) well control the size and shape of 

residue, leading to better SERS sensitivity and repeatability. SEM 

images reveal that plasma nanocoating sits primarily on top of the 

SERS-active nanostructures, leaving permeable regions at the sides of 

SERS-active nanostructures and ensuring the intactness of SERS “hot 
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spots”. In terms of SERS performance, preliminary chemical testing 

results indicate that plasma coated SERS substrates are more sensitive 

than the uncoated counterparts.  

In addition, a series of study was carried out in order to evaluate 

the commercialization potential of plasma coated SERS substrates. 

That includes a direct comparison versus a commercial SERS product 

in terms of SERS sensitivity, the versatility for different chemicals, the 

repeatability among different substrates and different operators, the 

shelf life, and a real case study on chemicals extracted from polluted 

fruits. All measurement results suggest that the plasma coated SERS 

substrates meet the general quality criteria for SERS applications and 

are worth considerations for commercial plan.  
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Chapter 6-Conclusion and Future Work 

 

 

 

6.1 Conclusion 

In this dissertation, four plasmonic Au nanostructures were 

fabricated via different microfabrication approaches and characterized 

with microscopic techniques. First, faceted ZnO/Au nanonecklace 

arrays (NN) were epitaxially grown on r-plane sapphire substrates by 

chemical vapor deposition, followed by sputtering. Second, Au 

nanoisland (NI) arrays with well controlled growth were prepared by 

repeated sputtering and post-deposition annealing. Third, nanoporous 

(NP) Si/Au composites were fabricated by metal-assisted wet etching 

and sputtering. Last, a novel plasma nanocoating (PN) technique was 

developed to overcoats SERS-active nanostructures and the benefits 

brought by such nanocoating was demonstrated. The properties and 

growth mechanisms of abovementioned plasmonic Au nanostructures 

were investigated with SEM, AFM, TEM, ellipsometry and contact angle 

analyzer. 
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The potential of these plasmonic Au nanostructures for SERS 

applications was evaluated by a series of criteria, including 

repeatability, sensitivity (analytical enhancement factor, AEF), cost, 

scalability, shelf life and fabrication steps. Table 6.1 presents the 

summarized data of these plasmonic Au nanostructures in each 

category. 

Table 6.1. Performance of four plasmonic Au nanostructures in reference to SERS 
evaluation criteria. 

Criterion ZnO/Au NN Au NI NP Si/Au PN SERS 

Repeatability n/a 
7.0% on 5cm 

x 5cm 

4.4% on 1cm 

x 1cm 

21.3% on 

150mm dia. 

AEF 1E4  3E4 2E5 1E4 

Cost 

Substrate 
r-sapphire 

$59/in2 

Si(100) 

$0.7/in2 

Si(100) 

$0.7/in2 

Si(100) 

$0.7/in2 

Energy 900C 2h 200C 6h 200C 2h 

400C 2h 

Plasma 

Generator 

Au 

Coating 
40-60nm 40-60nm >200nm 40-60nm 

Overall High Low Low Low 
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Repeatability 

1) The repeatability test was not performed on ZnO/Au NN 

because the effective area on this sample was too small to conduct 

repeated signal acquisition. 2) Au NI shows promising repeatability on 

5 cm by 5 cm sample. We did not test the repeatability on larger 

samples because this dimension already reaches the upper limit of our 

tool. 3) Repeatability of NP Si/Au is the highest among these 

nanostructures, but it is conducted on 1 cm by 1 cm sample. Future 

work is needed to conclude if the repeatability gets worse with 

enlarged sample. 4) Though the repeatability of PN SERS looks 

discouraging, it needs to be noted that this test is conducted on 150 

mm wafer scale.  

Sensitivity 

All the AEF measurement is conducted with bare and flat Au film 

as reference. Among these nanostructures, NP Si/Au exhibits the 

highest sensitivity, followed by Au NI, PN SERS, and ZnO/Au NN in 

Scalability ~1000μm2 5cm x 5cm 1cm x 1cm 150mm dia. 

Shelf Life n/a n/a n/a >12 months 

Fabrication 

Steps 
4 7 4 5 
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sequence, and the difference among last three nanostructures is 

limited.  

Cost 

The key factor in cost analysis is from the perspective of wafer 

substrate choice. With r-plane sapphire wafer being greatly pricier 

than Si wafer, along with the higher processing temperature, 

fabrication of ZnO/Au NN apparently costs much more than the 

manufacturing of other three. As for comparison among Au NI, NP 

Si/Au and PN SERS, the factors of energy and Au do not play 

significant roles because the consumptions of these two resources are 

in small amount.  

Scalability 

1) SEM characterization shows only a small portion of sapphire 

surface is covered with NN, so the scalability is a serious issue for 

ZnO/Au NN. 2) As we mentioned above, our tool limits the dimension 

of Au NI sample to 5 cm by 5 cm. But based on the mapping in Fig. 

3.11, there is a strong indication that this recipe may be further scaled 

up. 3) The scalability test of NP Si/Au has yet been conducted on 

samples larger than 1 cm by 1 cm. This subject will be addressed in 
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future work. 4) PN SERS has been successfully demonstrated at 150 

mm wafer scale.   

Shelf life 

Shelf life study has been performed only PN SERS and the result 

shows PN SERS is still effective after being exposed in ambient for 12 

months. 

Fabrication steps 

1) Fabrication of ZnO/Au NN starts with the synthesis of Au 

catalysts, followed by spin coating, thermal CVD and sputtering. 2) 

Preparation of Au NI appears time consuming as it involves repeated 

deposition and anneal process (four sputterings and three anneals), 

but the procedures themselves are simple to operate and repeat. 3) 

Production of NP Si/Au includes sputtering, anneal, etch and sputtering. 

4) Manufacturing of PN SERS involves colloid preparation, spin coating, 

baking, sputtering and plasma nanocoating.  

 In summary, the super high cost and the mediocre performance 

in other categories have placed ZnO/Au NN on the no go list for future 

study; the other three plasmonic nanostructures have exhibited 

enough merits, namely, the scalability of Au NI, the sensitivity of NP 
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Si/Au and the shelf life of PN SERS, to earn considerations for further 

refinement.  

6.2 Recommendations and Future Work 

The work included in this dissertation has made a big step 

forward in exploring the large scale production and real-world 

applications of SERS. In order to further improve the SERS 

performance of our plasmonic Au nanostructures, we recommend 

following work for future study:  

1. Au nanoisland arrays: Study the shelf life of Au nanoisland 

arrays. Further scale up the production with large capacity 

equipments and study the repeatability of larger scaled Au 

nanoisland arrays.  

2. Nanoporous Si/Au composites: Study the influences of 

pre-defined Au nanoisland arrays on the morphology of 

nanoporous Si and the corresponding SERS performance. 

Utilize different parameterized Au nanoisland arrays (for 

instance, single, double, and triple processed Au nanoisland 

arrays reported in Chapter 3 to prepare nanoporous Si and 

examine the corresponding SERS performance. Explore the 

scalability and determine the shelf life. 
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3. Plasma coated SERS-active nanostructures: Characterize 

the composition of plasma nanocoating by X-ray 

photoelectron spectroscopy (XPS). Find a more convincing 

way to investigate if the plasma nanocoating fully or partially 

covers the underneath SERS-active nanostructures.  

4. All plasmonic Au nanostructures: As we mentioned earlier, 

the analyte droplet leaves a non-uniform residue after 

evaporation, causing varied spectral response from different 

regions within a residue. In order to better control the residue, 

it would be highly useful to study 1) the interaction between 

analyte droplet and substrate surface and 2) the dynamics of 

droplet evaporating process (may need collaboration with 

thermal/fluid experts). 

5. All plasmonic Au nanostructures: Simulate the aging 

environment, such as high temperature, high humidity, and 

so on, to expedite the shelf life study.  
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