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Abstract 

Environmental pollution is a significant concern because of human and industrial 

discharges. Rapid and accurate detection of a pollutant is of the utmost importance in 

determining its health concern and environmental impact. This detection could be 

achieved through the development of a facile and hence broadly deployable sensor. In the 

present study, I was able to detect polycyclic aromatic hydrocarbons (PAHs) in aqueous 

solutions using a wide variety of mixed metal alloy Surface-enhanced Raman scattering 

(SERS) substrates. My work sought to optimize these substrates by varying their 

composition, base layers, and thermal annealing temperatures. Our findings have 

determined that the thinnest films, of the films I measured, exhibited the best SERS 

response. Furthermore, it was found that an annealing temperature of 300ºC was best able 

to produce the surface characteristics that lead to stronger signals. Finally, the base layer 

affected the results, silicon exhibited higher signals than glass.  
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Chapter 1 

Introduction 

1.1 Research background 

It is well recognized that rapid industrialization poses a great threat to the very survival of 

Earth because it allows for the uncontrolled disposal of different wastes into the 

environment.1,2 The excessive release of chemical contaminants into the environment can 

cause major public health problems and security problems.3 Remediation of a 

contaminant requires an understanding of how much of it is present in a particular area.1 

This may be accomplished with a chemical sensor.1,3 A chemical sensor consists of a 

transducer or a layer of chemical agents that are capable of transforming information into 

easily recognizable forms such as a change in voltage, change in current, or change in 

frequency. The change appears as a signal.3 An ideal sensor should have good sensitivity, 

reproducibility, and stability.4 In addition, it should be able to be used in both the 

laboratory and field.5,6 Also, it should be inexpensive and allow for the non-destructive 

characterization of the sample in the ambient air.6 

Even though there have been many technological advancements in the detection of 

environmental contaminants, the development of chemical sensors and biosensors that 

can quantify minute traces of contaminants in the presence of interfering agents has been 
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slow.1 Most of the current techniques for monitoring  organic contaminants in water such 

as chromatographic techniques or spectrometric techniques are time consuming and 

expensive.1,6 

1.2 PAHs in the Environment 

1.2.1 Origin of PAHs 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds that contain 

two or more fused benzene rings (Figure 1.2.1) in a linear or clustered arrangement.7,8 

They are a component of petroleum hydrocarbons and hence are important in energy 

production.9 However, their worldwide distribution has caused concern because of their 

adverse effects on living organisms.10,11 PAHs are ubiquitous compounds,11 present in 

air,12 water,12 and sediments.13 Soils are their principal sink.8 Large amounts of PAHs 

enter the environment via the incomplete combustion of fossil fuels,14 oil spills,7 

petrochemicals,15 motor vehicles,16 wood burning,9 incinerations,16 and pyrolysis of 

organic matter.17 In sedimentary rocks and marine environments, high levels of PAHs are 

released by the biochemical transformations of small organic molecules.18 
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Figure 1.2.1: Structures of a few PAHs.18 

1.2.2 Properties of PAHs  

PAHs are hydrophobic,8  but they exhibit strong affinity for lipids.19 PAHs have dipole 

moments of zero or close to zero.19 They do not show a tendency towards participating in 

different biodegradation processes and have relatively long lifetimes.10,17 Even though 

there are hundreds of individual PAHs species,7,15,17 the United States Environmental 

Protection Agency (US EPA) has classified sixteen PAHs as primary health 

hazards.11,13,15,17 They are naphthalene, acenaphthene, acenaphthylene, fluorine, 

phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 

dibenz[a,h]anthracene, and benzo[g,h,i]perylene.11 PAHs that have a low molecular 

weight as a consequence of their small number of aromatic rings (i.e. two to four) are less 

hydrophobic than those that have a high molecular weight.11  All in all, the adverse effect 
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of PAHs on the aquatic environment is quite alarming; these are discussed in the next 

section.20  

1.2.3 Health effects and detection of PAHs 

PAHs are toxic to biota10,21 and have an extremely hazardous nature.22 They can cause 

mutagenic,2,23 carcinogenic,8,11 and teratogenic20 effects on human body. It is observed in 

a recent study that the concentration of PAHs in surface seawater in the North Pacific and 

Arctic Ocean is in the range of 14 to 760 pg/L.24 Therefore, sophisticated analytical tools 

are required for their detection.21,25 The most common methods of identifying them in 

environmental samples are gas chromatography-mass spectrometry (GC-MS),14 

fluorescence spectroscopy,23 and Resonance Raman spectrometry.26 Mass spectrometry 

requires laborious sample preparation.26 Fluorescence-based liquid chromatography can 

detect PAHs, but it is expensive and, like mass spectrometry, requires laborious sample 

preparation.10 Also, it is affected by matrix problems such as spectral interference from 

other luminescent substances.26 Moreover, the broad fluorescence bands from a mixture 

of PAHs overlap with many small peaks, thereby making their identification even more 

difficult.26 
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1.3 Raman spectroscopy for PAHs detection 

1.3.1 Advantages of Raman spectroscopy 

Raman spectroscopy is a promising technique for the detection of PAHs because it often 

provides an unambiguous sample characterization.27 Raman spectroscopy is a non-

destructive tool that produces 'fingerprints' of each species in a sample that can 

subsequently be used to identify that species, with even similar compounds showing 

distinct Raman spectra.5,27,28 In addition, the technique allows for rapid sample 

characterization and minimal matrix preparation.28 Raman bands are usually 10-100 times 

narrower than fluorescence bands, so this technique provides for multiple detection 

opportunities and causes only minor band overlap.29 Also, Raman bands are not affected 

by humidity or the presence of oxygen.29,30 This technique is suitable for bioimaging and 

remote sensing as well.31 

1.3.2 Disadvantages of Raman Spectroscopy 

Raman spectroscopy is an exceptional tool for the in situ identification of chemical 

contaminants,20 but the identification of species at the ng/L level is difficult to accomplish 

with weak Raman signals.27,32,33 An adsorbed surface layer usually contains 1012 to 1014 

molecules per square cm, but ordinary Raman spectroscopy has a scattering cross-section 

on the order of 10-28 to 10-30 cm2 per molecule per steradian.34,35 This small scattering 

cross-section makes Raman spectroscopy unable to detect trace amounts of analytes.10 In 

fact, a very high electromagnetic field enhancement is required for their detection.34 
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1.4  Detection of PAHs by SERS 

1.4.1 A brief account of SERS 

Surface-enhanced Raman scattering (SERS) is a vibrational spectroscopic technique36,37 

that produces the vibrational spectra of an analyte placed on a metal surface.38,39,40 

Fleischmann and his co-workers utilized SERS for the first time in the mid-

1970s.41,42,43,44,45 Using pyridine adsorbed to silver, they observed a Raman signal that 

was 6-orders of magnitude higher than the ordinary Raman signal.41,45,46 

Nanostructures of noble metals that have relatively higher surface roughness are used 

extensively as SERS substrates.45,47,48,49,50 Functionalized colloids of silver,51,52 gold,48,51 

and copper20,49 are SERS-active materials. Metal nanoparticle assemblies53 and metal thin 

films32 can serve as SERS substrates as well. In addition, transition metals such as 

Pt,40,42,52 Co,42,46 Rh,40,42,46 Pd,42,46,52 Ru,46 Ni,42,46 and alkali metals such as Li,40,54 Na,40,54 

K,40,54 Cs,40 and Rb40 are SERS-active materials. Also, the Raman signal-enhancing 

capabilities of semiconductors were  observed by Yamada and Yamamoto.42,55 However, 

insulators are SERS-inactive materials.40      

1.4.2 Mechanism of SERS enhancement 

There are three resonance models that contribute to the enhancement of a Raman signal 

by SERS: (i) surface plasmon resonances arising from the metal nanostructures, (ii)  

molecular resonances from the analyte molecule, and (iii) charge-transfer resonances 

involving the transfer of charge between the analyte and the metal surface.39,56 However, 
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the two main mechanisms by which SERS enhances a Raman signal are the classical 

long-range electromagnetic field effect,12,36,54,57,58 and the short-range chemical 

effect.12,36,54,57,58 The simultaneous operation of these two effects increases molecular 

polarizability,44,58,59 thereby enhancing the Raman signal so that it may be 1014-1015 times 

higher than the ordinary Raman signal.43,53,54,60 The electromagnetic field effect usually 

enhances the signal by a factor of 108-1010,36,54,57 whereas the chemical effect usually 

enhances the signal by a factor of only 101-102.36,54,57 

The enhancement of a Raman signal by SERS is attributable to the excitation of surface 

plasmons in the vicinity of the metal nanostructures.59,61 The plasmons subsequently 

enhance the electromagnetic field around the metal nanostructures.61,62 Raman intensity 

varies with the fourth power of the local field enhancement on metal surfaces,63 therefore 

it allows to detect a very small amount of contaminants. However, the magnitude of a 

SERS enhancement depends on particle size of nanostructure materials,64,65 particle 

shape,65 geometry,65 composition of materials,65,66 surface morphology,64,67 and the 

orientation of the target molecules.61 The charge transfer between the roughened surface 

and the target species leads to a modification of the electronic properties of the molecules, 

thereby increasing its molecular polarizability.44,62,68 The formation of a new charge 

transfer band leads to an amplification of Raman scattering cross-sections.69,70  

1.4.3 Applications of SERS 

SERS is a powerful spectroscopic technique,56,71,72 that produces sharp molecular 

fingerprints60,73 so as to allow non-destructive detection of adsorbed molecules.10,74,75 
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With the rapid development of nanotechnology, SERS is receiving more attention from 

scientists in the fields of chemistry,45,76 physics,76,77 biological detection,10,37 and material 

sciences.37 SERS detects structurally similar species in an aquatic environment with very 

little or no scattering interferences from water.78,79 SERS can produce spectra from solid-

gas, solid- liquid, and solid-solid interfaces.40  

One important application of SERS is the detection of PAHs in aquatic environment. 

Sheng et al.10 had prepared metal heterojunction materials by the deposition of Au 

particles inside the titania nanotubes to detect benzo(a)pyrene. The results revealed a 

significant SERS enhancement in quantifying the analyte. Pfannkuche et al.20 carried out 

field monitoring of PAHs in the Baltic Sea using SERS and compared the results with 

those of GC/MS. It was observed that the two methods exhibited good performance in 

detecting as low as 150 ng/L of PAHs from sea water. Jiang et al.56 synthesized silver 

nanoparticles on copper wire to detect PAHs from an aqueous phase. The results revealed 

that the silver based SERS substrates are very promising in developing sensors for the 

detection of contaminants in environmental samples.  

The development of a facile and broadly deployable sensor for the in situ screening of 

surface water to detect the presence of PAHs has not been addressed so far. Hopefully, 

the as-prepared SERS sensor will lead to a greater interest in analytical monitoring of 

PAHs in areas of surface water pollution mediated by human intervention.10,20,56 
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1.5 Surface plasmons 

1.5.1  Nature of surface plasmons 

When irradiation strikes the surface of a metal, the conduction band electrons collectively 

oscillate at frequencies that are unique to the target metal.80,81,82 The propagation of 

conduction band electrons induces local plasmonic resonance on the surface of the metal: 

surface plasmons are thus excited.83,84,85,86 Surface plasmons may be referred to as surface 

plasmon polaritons87,88 or plasma polaritons.89 A strong plasmonic band appears when the 

frequency of the incoming electromagnetic radiation matches the resonance frequency of 

the conduction band electrons in the vicinity of the metal surface.27,82 

1.5.2 Detection of surface plasmons 

UV-vis spectroscopy is an excellent technique for identifying the plasmonic behaviour of 

metal particles.90 However, metal particles can possess more than one plasmonic 

resonance band depending on their size,91,92 shape,91,92 surrounding media,82,91 

interparticle distance,80,91 metal thickness,38,93 geometry,94 particle density,95 surface 

morphology,96 and the composition of target materials.66 Also, the process of metal 

deposition and metal reduction can alter the position of a surface plasmon band.97 For 

example, silver deposited by citrate borohydrate exhibits absorption bands within the 386 

to 401 nm range98 whereas silver nanoparticles deposited via thermal silver atoms that 

undergo subsequent nucleation exhibit absorption bands within the 453 to 548 nm 

range.99 Also, silver reduced by ascorbic acid exhibits an absorption band at 480 nm.99 In 
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practice, silver particles exhibit characteristic plasmonic peaks from 390 to 420 nm.100 

Localized surface plasmon resonance can cause the nanoparticles to absorb and scatter 

incident light to such an extent that a single particle could be viewed by an optical 

microscope in the UV-vis range of wavelengths.75,101,102,103 

1.5.3 Importance of surface plasmons 

In order to detect a harmful chemical species in an environmental sample, the d etection 

technique must be selective for the target molecule.104 In recent years, scientists have 

taken advantage of the surface features of metal nanostructures in the fields of optical 

sensing,92,95,105 biological detection,106,107,108 chemical analysis,106,109 and surface-

enhanced Raman spectroscopy.85,92 One of the major features of noble metal 

nanostructures is their ability to enhance optical fields when certain molecules are placed 

on their surface.63,110,111 Noble metals such as gold, silver, and copper possess unique 

linear and nonlinear optical properties,58,62,66 large specific surface areas,112,113 and high 

absorption cross-sections in the visible and infra-red regions of the electromagnetic 

spectrum.97,114  Thin films of these metals have shown promise in being used as molecular 

sensors that can detect chemical contaminants like phenanthrene, benzo(a)pyrene, pyrene, 

etc.90,115,116,117  

1.5.4 Surface plasmons and SERS hot spots 

Most of the surface of a metal nanosubstrate is not SERS-active because the signal 

enhancement occurs within a very confined area.118 The regions of the surface where the 

largest signal enhancements occur are called surface 'hot spots'.118,119 The locations of 'hot 
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spots' can vary, but the interparticle junctions between two nanostructured aggregates are 

considered to be surface 'hot spots'.43,54,57,90,118 A strong signal enhancement is observed 

with roughened surfaces of gold, silver, and copper because surface plasmon resonance 

occurs on the surface 'hot spots' in these metals.46,54,74 

1.6 Motivations of the present work 

Water pollution is increasing rapidly due to uncontrolled human interventions and 

industrial discharges.1,2,3 It is necessary to detect PAHs in bodies of water because of their 

adverse effects on human health.48 They must be detectable with a device that is rapid and 

inexpensive. The project described here aims to prepare noble metal-based SERS 

substrates for the detection of PAHs in water samples.  
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Chapter 2 

Experimental  

2.1 Preparation of substrates 

Plain microscopic glass slides (25×75×1.00 mm) were sliced with a diamond scribe into 

dimensions of approximately 25×25 mm (1×1 inch). Afterwards, they were immersed in 

three solvents: ethanol, 0.1M acetic acid and ultrapure water (18.2 MΩcm, Barnstead). 

Then, they were dried with an air gun. Silicon wafers and acetate sheets were exposed to 

same washing treatment. 

2.2 Metal evaporation 

The deposition was done with a home built thermal metal evaporator equipped with a 

vacuum chamber and an inbuilt Inficon XTM/2 JC Controls Deposition Monitor. The 

thickness of the films was measured at the time of evaporation with an in built Quartz 

Crystal Microbalance (QCM). 

Deposition of Ag and Cr on a glass slide 

Silver (Ag) and chromium (Cr) wires were placed on separate tungsten boats. The 

deposition was done at a chamber pressure of 8.3×10-3 torr. Chromium was deposited on 

the glass slide at rates of 0.5-1.6 Å/s. Its QCM thickness was measured as 34.1 nm. Then, 
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silver was deposited on top of the chromium at rates of 0.3-0.7 Å/s. Its QCM thickness 

was measured as 21.4 nm. The sum of the bilayer thickness was 55.5 nm.   

Au/Ag thin bilayer on a silicon wafer 

Gold (Au) wire was wound across the tungsten coil whereas Ag wire was placed on a 

boat. The chamber pressure was reduced to 3.4×10-4 torr. Then, Ag was deposited on the 

wafer at rates of 0.8-1.2 Å/s. Its QCM thickness was measured as 230.7 nm. Then, Au 

was deposited on top of the Ag. The QCM thickness of this layer was unavailable, but 

calculations from the weight of loaded material gave an approximate thickness of 3.2 nm. 

Therefore, the thickness of the bilayer film is assumed to be 233.9 nm. Gold was 

deposited on the thick silver layer to minimize possible oxidation.1 The Au layers were 

kept quite thin to advance our goal of a low-cost sensor, while other metal thicknesses 

were varied. Though SERS studies have been carried out on different materials,2 the use 

of metallic thin films on silicon substrates have been very rare.  

Au/Ag thick bilayer on a silicon wafer 

Au and Ag wires were placed on tungsten coil and boat, respectively. The chamber 

pressure was reduced to 3.5×10-4 torr. Ag was deposited on the wafer at rates of 0.3-2.8 

Å/s. Its QCM thickness was measured as 387.4 nm. Then, Au was deposited on top of the 

Ag at rates of 0.4-0.8 Å/s. Its QCM thickness was measured as 8.2 nm. The sum of the 

bilayer thickness was 395.6 nm. 
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Au/Ag mixed layer on a silicon wafer 

Au and Ag wires were placed on tungsten coil and boat, respectively. The chamber 

pressure was reduced to 3.8×10-4 torr. The deposition of Au and Ag was done 

simultaneously with rates of 0.6-1.9 Å/s. Total QCM thickness of the mixed film was 

453.8 nm. 

Au/Cu bilayer on a silicon wafer 

Au wires and copper (Cu) nodules were placed on a tungsten coil and a molybdenum 

boat, respectively. The chamber pressure was reduced to 2.3×10-4 torr. Cu was deposited 

on the wafer at rates of 0.4-0.5 Å/s. Its QCM thickness was measured as 7.1 nm. Then, 

Au was deposited on top of the Cu at rates of 0.9-1.7 Å/s. Its QCM thickness was 

measured as 8.8 nm. The sum of bilayer thickness was 15.9 nm.   

Ag deposition on an acetate sheet 

The chamber pressure was reduced to 3.3×10-4 torr. Ag was deposited on the sheet at 

rates of 1.2-3.7 Å/s. Its QCM thickness was measured as 260.1 nm. 

Cu on an acetate sheet 

The chamber pressure was reduced to 3.4×10-4 torr. Cu was deposited on the sheet at a 

maximum deposition rate of  10.3 Å/s. Its QCM thickness was measured as 153.2 nm. 
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Au/Ag on an acetate sheet 

Ag was deposited on the sheet. Its QCM thickness was measured as 260.1 nm. Then, Au 

was deposited on top of the Ag layer. Its QCM thickness was measured as 6.8 nm. The 

sum of the bilayer thickness was 266.9 nm. 

Au/Cu on an acetate sheet 

Cu was deposited on the sheet at rates of 1.2-3.6 Å/s during a chamber pressure of 

3.5×10-4 torr. Its QCM thickness was measured as 60.7 nm. Then, Au was deposited on 

top of the Cu at rates of 0.3-0.5 Å/s during a chamber pressure of 3.9×10-4 torr. Its QCM 

thickness was measured as 6.8 nm. The sum of the bilayer thickness was 67.5 nm.  

Cu/Ag on an acetate sheet 

Ag was deposited on the sheet. Its QCM thickness was measured as 260.1 nm. Then, Cu 

was deposited on top of the Ag layer. Its QCM thickness was measured as 152.7 nm. The 

sum of the bilayer thickness was 412.8 nm. 

2.3 Annealing of substrates 

The samples (except acetate substrates) were annealed at 250, 300, 350, and 400ºC for 2 

hours. The furnace (Thermolyne F114300) operated at ramping and cooling rates of 

100ºC/h. 
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2.4 AFM study 

The topography of the substrates was measured by a contact mode Atomic Force 

Microscope (AFM) (MFP-3D Asylum Research) with silicon cantilever (CSC37/Cr/Au, 

MikroMasch) that had force constants from 0.1 to 0.4 N/m. The images were taken at a 

scan rate of 0.75 Hz with line measurements of 512 points. Igor Pro 6.31 software was 

used to acquire sample images and analyze the data, including calculation of root-mean 

square (RMS) roughness. 

2.5 Phenanthrene treatment 

2.5.1 Preparation of stock solutions 

Solid phenanthrene (molar mass 178.23 g/mol, 98% pure) was obtained from Sigma-

Aldrich. To prepare a 1.0 ppm aqueous solution of this compound, 1 mg solid 

phenanthrene was dissolved in 1L of ultrapure water. In order to dissolve all of the 

phenanthrene, the solution was sonicated for 60 min and allowed to stand for a day. For a 

1.6 ppm solution of this compound, 1.6 mg of the analyte was dissolved in 1 L of 

ultrapure water. It was treated in the same manner as the 1.0 ppm solution. The maximum 

solubility of phenanthrene in water at 25ºC is 1.6 mg/L, therefore, we kept the highest 

concentration as 1.6 ppm. The quantity of phenanthrene required in preparing solutions of 

less than 1.0 ppm requires series dilution, so we kept the lowest concentration as 1.0 ppm.    
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2.5.2 Substrate exposure to phenanthrene solutions 

Metal-glass and metal-silicon substrates were immersed in the 1.6 ppm solution of 

phenanthrene for 30 min. The substrates were rinsed with ultrapure water to remove 

unbound phenanthrene. The Raman spectral measurement was done after drying the 

sample at room temperature.  

Metal-acetate substrates were treated with the 1.0 ppm solution first. After subsequent 

water rinsing, the Raman measurement was completed. Before the substrates were 

exposed to the 1.6 ppm solution, they were rinsed with copious amounts of ethanol. 

Water rinsing was done as before. 

2.6 Raman spectral measurement 

Raman spectra were recorded with a bench top spectrometer (Renishaw inVia, UK) that 

had a laser beam of 830 nm and 1200 lines/mm grating. The laser was kept low at 10% 

power to avoid possible sample damage and the integration time was fixed at 10 s. The 

light was focused using a microscope objective of 50× (Leica microscope). Prior to the 

sample run, the instrument was calibrated with silicon at 520.5 cm-1. The spectra were 

measured from 100 to 3200 cm-1 using extended scanning mode. The spectral analysis 

was performed with Renishaw WiRE 3.4 and Igor Pro 6.31 software.  
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2.7 SEM and EDX studies 

FEI Quanta 650 FEG Scanning Electron Microscope (SEM) equipped with a Bruker 

XFLASH 5030 SDD X-ray detector (Energy Dispersive X-ray, EDX) characterized the 

morphology of the films and the elemental composition.  
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Chapter 3 

Substrate characterization 

3.1 Ag/Cr/glass substrate 

AFM analysis 

The RMS roughness of the Ag/Cr bilayer was measured by AFM. For each sample, an 

average value of three different measurements was reported as the surface roughness. The 

preannealed sample possessed a roughness of 20.81 nm whereas the sample annealed at 

400ºC had the highest roughness (67.71 nm). Roughness for this and other samples on 

glass and silicon are summarized in Table 3.1.1.  
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Table 3.1.1: Roughness of different substrates (nm); each value is an average of three 

measurements, with the standard deviation within parentheses. 

Annealing 

temperature 

Ag/Cr glass Au/Ag mixed Au/Ag thin Au/Ag thick  Au/Cu 

Preannealed 20.81 (0.77) 5.40 (0.16) 2.74 (0.63) 1.52 (0.00) 0.33 (0.05) 

250ºC 20.48 (2.10) 7.62 (2.08) 3.24 (0.33) 6.98 (0.32) 1.29 (0.09) 

300ºC 53.04 (8.74) 250.16 (23.33) 27.40 (2.23) 40.59 (3.21) 6.78 (0.08) 

350ºC 52.67 (2.43) 265.33 (4.57) 39.93 (1.63) 62.24 (0.29) 17.75 (0.19) 

400ºC 67.71 (1.44) 223.81 (4.43) 121.34 (2.39) 117.47 (0.85) 16.44 (0.08) 

 

The annealing process changes surface morphology by increasing the number of clusters 

and bumps on the surface (Figure 3.1.1). This leads to an increase in surface roughness.  

 

Figure 3.1.1: AFM images of the Ag/Cr bilayer deposited on a glass surface: (a) pre-

annealed, (b) annealed at 250ºC, and (b) annealed at 400ºC. The figures show how the 

annealing process caused a change in surface morphology as well as surface roughness.  
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SEM and EDX studies 

The SEM images of the preannealed Ag/Cr substrate show high levels of Cr, but low 

levels of Ag.  

 

Figure 3.1.2: EDX spectrum for the Ag/Cr bilayer sample annealed at 300ºC. An 

abundance of silver was observed at 2.94 keV. 

 

The sample annealed at 300ºC contained high levels of Ag (Figure 3.1.2). The sample 

annealed at 350ºC contained a lower amount of Ag. However, no signal from Cr is 

visible. This indicates that there was a continuous layer of Ag over the Cr layer at this 

temperature. 

The Ag/Cr substrates deposited on a glass and annealed at lower temperatures contain a 

continuous Cr layer and Ag clusters on top of the Cr layer. The SEM and AFM images of 

the Ag/Cr bilayer films display an irregular distribution of surface clusters. This means 

that there is no uniformity in the surface roughness. 
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3.2 Au/Ag thin bilayer 

AFM analysis 

The Au/Ag thin bilayer deposited on a silicon wafer shows an increasing surface 

roughness with increasing annealing temperature (Figure 3.2.1). The lowest roughness 

(2.74 nm) was observed in the preannealed sample and the highest roughness (121.34 nm) 

was observed in the sample annealed at 400ºC.  

 

Figure 3.2.1: Change in surface roughness with a change in annealing temperature for the 

Au/Ag thin bilayer substrates prepared on a silicon wafer. Each measurement is made in 

triplicate. The corresponding data is shown in Table 3.1.1.  

SEM and EDX studies 

The EDX spectra for all samples (preannealed, annealed at 250, 300, 350, and 400ºC) 

look the same. According to the SEM results, the metals clustered. The distance between 

0 

50 

100 

150 

Preannealed 250 300 350 400 

R
o

u
gh

n
e

ss
 /

 n
m

 

Temperature / ºC 

Au/Ag/thin 



 

 

33 

 

clusters are in the order of 0.5 μm. Although the beam diameter is on the order of 10 nm, 

the electron interaction volume inside the sample is above 1 μm. Therefore, it is not 

possible to discern if there were any traces of metals still left between the clusters. All 

spectra contained traces of Mg and Al. These metals could have come from the deposition 

chamber or from the electron scattering process.  

3.3 Au/Ag thick bilayer 

AFM analysis 

The variation in surface roughness in the thick bilayer substrates is similar to the variation 

observed in the thin bilayer. The preannealed sample had the lowest roughness (1.52 nm) 

whereas the sample annealed at 400ºC had the highest roughness (117.47 nm). 

SEM and EDX studies 

The SEM images of the Au/Ag thick bilayer samples show that the bilayer forms a cluster 

array with increased annealing. The EDX data for these bilayer samples resembles the 

EDX data for the thin bilayer. 

3.4 Au/Ag mixed film 

AFM analysis 

The surface roughness for the Au/Ag mixed film increases up to an annealing temperature 

of 350ºC and subsequently declines at an annealing temperature of 400ºC (Figure 3.4.1). 
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The AFM images (Figure 3.4.2) show shrinkage of cluster size from 350ºC to 400ºC. This 

may cause a decrease in surface roughness. 

 

Figure 3.4.1: The change in surface roughness with change in annealing temperature for 

the Au/Ag mixed film. Each measurement is made in triplicate. The corresponding data is 

shown in Table 3.1.1.   

 

Figure 3.4.2: AFM images of the Au/Ag mixed film deposited on a silicon wafer: (a) 

annealed at 350ºC and (b) annealed at 400ºC. Annealing from 350ºC to 400ºC reduced the 

grain size. This may have caused a decrease in surface roughness.  
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SEM and EDX studies 

According to the SEM images, samples annealed at 350ºC and 400ºC form discrete 

clusters ranging in size from 100 nm to 2 μm. The surface fraction of these clusters is 

reduced significantly in comparison to the samples annealed at 250ºC  and 300ºC. There 

is a peak in the EDX spectra of the samples annealed at 350ºC and 400ºC at 

approximately 3.48 keV. This peak corresponds to Si. Therefore, the electron beam 

interaction volume is larger than the size of the clusters.  

3.5 Au/Cu bilayer 

AFM analysis 

The surface roughness of the Au/Cu bilayer films increases as the  temperature increases, 

except at 350ºC. A relatively small surface roughness for the Au/Cu thin films compared 

to the Au/Ag substrates is attributed to the formation of smaller clusters (Figure 3.5.1). 

This could be due, in part, to the fact that the Au/Cu bilayer is thinner to begin with, 

however, quite high roughness can be achieved from dewetting of even thin films. The 

Au grain size and separation (to enhance the SERS response) can be tuned through 

varying composition of the bilayer as well as its thickness. 
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Figure 3.5.1: AFM images of (a) the Au/Ag thick bilayer and (b) the Au/Cu bilayer. Both 

were deposited on a silicon wafer and annealed at 300ºC. The images show a difference 

in surface grain size. The Au/Ag thick bilayer (with a relatively large grain size) has a 

surface roughness of 40.59 nm whereas the Au/Cu bilayer (with smaller grains) has a 

surface roughness of only 6.78 nm.   

SEM and EDX studies 

The EDX spectra reveal that all of the spectra have a peak at 3.48 keV that is caused by 

Si. The Au peak at 0.247 keV in the sample annealed at 350ºC has a higher intensity in 

comparison to the same peak in other samples (preannealed and annealed).  

Unlike the Au/Ag bilayer films, there is discrete clustering at increased annealing 

temperatures in the Au/Cu samples (Figure 3.5.2). 
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Figure 3.5.2: SEM images: (a) Au/Ag thin bilayer and (b) Au/Cu bilayer. Both were 

deposited on a silicon wafer and annealed at 400ºC. The Au/Ag bilayer formed 

continuous beads at elevated annealing temperatures, but the Au/Cu bilayer formed 

discrete and isolated clusters.  

3.6 Acetate substrates 

Metal-acetate substrates are opaque in nature, as seen in the optical photographs in Figure 

3.6.1. As outlined in the next chapter, these substrates presented problems for use in 

SERS-based detection; therefore, further microscopic studies were not carried out.  

 

Figure 3.6.1: Metal-acetate substrates: (a) Ag/acetate, (b) Cu/acetate, (c) Au/Ag/acetate, 

(d) Au/Cu/acetate, and (e) Cu/Ag/acetate. In (c) and (d), the top layer was Au whereas the 

top layer was Cu in (e).  
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Chapter 4 

SERS enhancement studies on the 

prepared substrates 

4.1 Metal-silicon substrates 

4.1.1 Au/Ag thin bilayer  

The SERS spectrum for the Au/Ag thin bilayer substrate annealed at 300ºC and the 

Raman spectrum of solid phenanthrene are shown in Figure 4.1.1.1. 
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Figure 4.1.1.1: SERS spectrum of phenanthrene on a Au/Ag thin bilayer deposited on a 

silicon wafer and annealed at 300ºC. The Raman spectrum of solid phenanthrene is 

shown for an easy comparison. The arrows (vertical and diagonal) indicate the SERS 

enhancement of phenanthrene; the vertical arrows show the principal vibrational modes.  

Results 

Substrate annealed at 300ºC: Characteristic phenanthrene peaks were observed at 409, 

443, 503, 549, 713, 831, 1038, 1233, 1350, 1416, 1440, 1615, and 1620 cm-1.  

Assignment of main peaks: The peak at 409 cm-1 was assigned to the C-C-C bending 

vibrations1 and the peak at 1038 cm-1 was assigned to the H-C-C bending vibrations.2 The 

peak at 1440 cm-1 was caused by the C-C stretching vibrations of the benzene ring.1,2 

However, an intense Raman peak for silver particles was found at 1441 cm-1 as well.3 The 

peak at 1620 cm-1 is due to the aromatic C=C stretching vibrations.1 In fact, the peaks that 

appeared around 410 (C-C-C bending), 1040 (H-C-C bending), 1440 (aromatic C-C 
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stretching), and 1620 (aromatic C=C stretching) cm-1 were assumed as the fundamental 

vibrational modes of phenanthrene. The Au/Ag thin bilayer annealed at 300ºC exhibited 

all of these vibrations. Therefore, the SERS spectrum of this sample was placed alongside 

the Raman signals of solid phenanthrene for an easy comparison. To avoid spectral 

complexity, the Raman spectrum of the solid phenanthrene was removed in subsequent 

analyses.  

Assignment of other peaks: The peak at 503 cm-1 was caused by the skeletal 

deformation vibrations4 and the peak at 1231 cm-1 was assigned to the presence of C-H 

in-plane bending vibrations.4 Moreover, the peaks at 1350 and 1416 cm-1 were assigned 

to the C-C stretching vibrations of the benzene ring.1,5 Also, aromatic C=C stretching 

vibrations were observed at 1615 cm-1.1 The Raman spectrum of solid phenanthrene 

exhibited a signal at 1242 cm-1 that corresponds to H-C-C bending.1 Therefore, the peak 

at 1233 cm-1 was believed to be caused by the H-C-C bending vibrations of the liquid 

phenanthrene. The peak at 443 cm-1 was probably caused by the presence of AgO 

particles6 whereas the peak at 659 cm-1 was caused by silver particles.3 Unassigned peaks 

were observed at 626, 770, 809, and 900 cm-1.  

Preannealed substrate: The preannealed substrate gave characteristic phenanthrene 

peaks at 409, 491, 616, 710, and 1037 cm-1 (Figure 4.1.1.2). The preannealed substrate 

had the lowest SERS enhancement. The peaks at 409 and 1037 cm-1 were assigned to the 

C-C-C bending and H-C-C bending vibrations, respectively.1 



 

 

41 

 

 

Figure 4.1.1.2: SERS spectra of phenanthrene on a Au/Ag thin bilayer deposited on a 

silicon wafer. The temperatures indicate annealing of the substrate prior to exposure of 

phenanthrene. The arrows show the positions of the main phenanthrene peaks.   

 

Substrate annealed at 250ºC: Two quite distinct phenanthrene peaks were observed at 

1038 and 1602 cm-1. The peak at 1038 cm-1 was assigned to the C-C-C bending 

vibrations1 and the peak at 1602 cm-1 was assigned to aromatic C=C stretching vibration.7 

The peak at 1301 cm-1 is not assigned to phenanthrene and may be due to fluorescence. 

Substrate annealed at 350ºC: Characteristic phenanthrene peaks were found at 716, 

1183, and 1445 cm-1. The silicon peak (523 cm-1) for this sample was well pronounced. 

The signal at 1445 cm-1 was assigned to aromatic C-C ring stretching vibrations1 and the 

peak at 1095 cm-1 was believed to be caused by silver particles.3 The characterization of 

the peaks at 885 and 1301 cm-1 are unknown. 
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Substrate annealed at 400ºC: Characteristic phenanthrene peaks occurred at 1048 and 

1603 cm-1 which were assigned to the H-C-C bending and aromatic C=C stretching 

vibrations, respectively.1,7 

Discussion 

The results of the aqueous phenanthrene-treated Au/Ag thin bilayer show that the 

annealing process causes an enhancement of SERS response. However, the sample 

annealed at 300ºC exhibited the most peaks compared to the other samples. Although the 

sample annealed at 400ºC gave the highest signal, it was highly influenced by background 

fluorescence. In terms of a large SERS enhancement and small background fluorescence, 

the sample annealed at 300ºC are considered to be the best SERS-active material. 

Therefore, an annealing temperature of 300ºC is considered to be the ideal one at which 

the best SERS-response could be achieved to detect PAHs using Au/Ag substrates.  

There are two shifts in the position of the phenanthrene peaks in the spectra for the Au/Ag 

thin films. The large signal at 1350 cm-1 in the solid analyte, which was assigned to the C-

C stretching vibrations,1 was moved to 1341 (at 300ºC), 1304 (at 350ºC), 1297 (at 250ºC), 

and 1296 cm-1 (at 400ºC) with a corresponding increase in peak intensity. The solid 

phenanthrene peak at 1624 cm-1 was moved to 1622 (at 300ºC), 1602 (at 250ºC), 1595 (at 

350ºC), and 1598 cm-1 (at 400ºC). These signal movements may be caused due to 

bonding interactions between the analyte and the metal surface.7  
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The SEM images revealed that the annealing process formed a continuous metal cluster 

on the surface. The sample annealed at 300ºC gave rise to the development of more 

compact layers (approximate gaps of 0.2 μm between two clusters), thereby leaving 

smaller uncovered surface sites. Also, a large SERS enhancement for the sample annealed 

at 300ºC may have arisen because of a strong plasmonic interaction between closely 

distributed metal clusters.8 As the annealing temperature increased from 300ºC to 350ºC, 

the metal layers became more compact (approximate gaps of 1.0 μm between two 

clusters). This resulted in even more uncovered silicon surfaces. As a result, the surface 

site became unavailable for stronger plasmonic interactions. This reduced the SERS 

intensity at this temperature. The SEM images (Figure 4.1.1.3) show a clear evidence of 

this phenomenon. 
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Figure 4.1.1.3: SEM images of the Au/Ag thin bilayer samples: (a) annealed at 300ºC and 

(b) annealed at 350ºC. 

4.1.2 Au/Ag thick bilayer 

The SERS spectra for the Au/Ag thick bilayer are shown in Figure 4.1.2.1. 

 

Figure 4.1.2.1: SERS spectra of phenanthrene on a Au/Ag thick bilayer deposited on a 

silicon wafer. The arrows illustrate the main phenanthrene peaks. 
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Results 

Preannealed substrate: It showed phenanthrene signals at 406, 710, 1001, 1037, 1169, 

1364, and 1440 cm-1. The peaks at 406 and 1037 cm-1 were assigned to the C-C-C 

bending and H-C-C bending vibrations, respectively.1 The signal at 1364 cm-1 was due to 

C-C vibrations in the aromatic ring.5 Also, the peak at 1440 cm-1 was caused by the C-C 

stretching vibrations of aromatic ring.1 The signal at 1001 cm-1 was believed to be caused 

by the combined effects of C-C stretching and C-H rocking vibrations.9 Peaks with 

unknown characterizations were observed at 458, 530, 811, 843, 902, 943, 974, 1154, 

1222, 1256, 1332, and 1461 cm-1. 

Substrate annealed at 250ºC: Two small bumps were observed at 1331 and 1624 cm-1. 

The peak at 1624 cm-1 was due to C=C vibrations of aromatic ring.1 

Substrate annealed at 300ºC: A phenanthrene peak was observed at 409 cm-1 and a 

small bump was observed at 471 cm-1. The peak at 409 cm-1 was assigned to the C-C-C 

bending vibrations.1 Two intense fluorescence peaks were observed at 784 and 1296 cm-1. 

Substrate annealed at 350ºC: An intense silicon peak was observed at 522 cm-1 and a 

small phenanthrene signal was found at 713 cm-1. The bump at 1593 cm-1 was assigned to 

stretching vibrations in the aromatic ring.10 Two bumps with unknown characterizations 

were found at around 880 and 1302 cm-1. 

Substrate annealed at 400ºC: Phenanthrene peaks were found at 1296, 1317, 1339, and 

1599 cm-1. The peak at 1599 cm-1 was assigned to the aromatic C=C stretching 

vibratiions.7 The peak at 1339 cm-1 was assigned to the H-C-C bending vibrations.2 
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Discussion 

In the Au/Ag thick bilayer, the SERS intensity of the preannealed sample was comparable 

to that of solid phenanthrene. This spectral feature was observed in thin bilayer substrates 

as well. Also, like the thin bilayer, there were shifts in the position of two phenanthrene 

peaks. The peak that appeared at 1351 cm-1 in solid phenanthrene, assigned to the C-C 

stretching vibrations,1 was  moved to 1331 (at 250ºC), 1317 (at 400ºC), 1302 (at 300ºC), 

and 1300 cm-1 (at 350 ºC). The characteristic phenanthrene signal at 1615 cm-1 was 

moved to 1624 (at 250ºC), 1603 (at 400ºC), 1596 (at 350ºC), and 1598 cm-1 (at 300ºC). 

These shifts may have taken place because of the bonding interactions between 

phenanthrene and the surface of the bilayer.7 As with the thin bilayer substrates, the peak 

shifted to a lower wavenumber with increased annealing. The sample annealed at 300ºC 

was heavily affected by fluorescence compared to the other samples. In contrast, the thin 

bilayer substrate that was most affected by fluorescence was the sample annealed at 

400ºC. 

The SEM images showed that samples clustered at elevated temperatures (Figure 4.1.2.2). 

An intense silicon peak at 523 cm-1 for the sample annealed at 350ºC revealed that, as the 

sample clustered, there was a wide distribution of particles that resulted in more 

uncovered surface sites. 
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Figure 4.1.2.2: The SEM images of the Au/Ag thick bilayer samples: (a) annealed at 

250ºC and (b) annealed at 350ºC. The images show that (a) possessed an average distance 

of 0.3 μm between clusters, but (b) possessed an average distance of 1.2 μm between 

clusters. Annealing made the uncovered surface even more pronounced, thereby leaving 

insufficient beads of clusters for surface plasmon resonance. This may have caused the 

weak SERS response for substrates annealed at 350ºC. 

Metal thickness and SERS enhancement 

In the thin substrates, the thickness of the top (Au) layer was 3.18 nm and the thickness of 

the bottom (Ag) layer was 230.7 nm. The thickness of this bilayer was 233.9 nm. In the 

thick substrates, the thickness of the top (Au) layer was 8.2 nm and the thickness of the 

bottom (Ag) layer was 387.4 nm. The thickness of this bilayer was 395.6 nm. As a result, 

the thick bilayer contained more gold and silver. The results reveal that the thin bilayer 

exhibited a greater SERS enhancement than the thick bilayer. Fu et al.11 observed that 

excessive coating by silver can decrease the SERS intensity. An arbitrary metal thickness 
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is undesirable to elicit a strong SERS response. A big SERS enhancement is found when 

the frequency of the incident radiation matches the surface plamonic resonance frequency 

of the metal particles.12,13 If Raman excitation wavelength of 785 nm is used, a thin silver 

layer of 15 to 25 nm is sufficient to generate enough plasmonic signals.11 Generally, 

strong plasmonic resonance arises if the metal thickness is below 10 nm.11 In this study, 

the SERS spectra were collected with an 830 nm excitation wavelength. There was good 

agreement with the results from this study and the experimental set-up followed by the 

previous research group11 to get a big SERS response.  

The SEM images reveal that the thick bilayer contained large pinholes with approximate 

sizes ranging from 1.0 to 2.0 μm. This happened because the thick layer gave rise to the 

formation of bigger clusters by combining small particles together.11 The small surface 

area that was covered with metal beads in the thick film did not allow as many Raman 

signals to be produced from the phenanthrene solution as expected. As a result, the thick 

layer provided a weaker SERS response than the thinner one. This result illustrated the 

dependency of a good SERS enhancement on metal thickness. Furthermore, experimental 

evidence shows that the intensity of SERS signals is greatly reduced if the substrate 

contains a top gold layer with a thickness higher than 200 nm.11 

4.1.3 Au/Ag mixed film 

The SERS spectra for the Au/Ag mixed substrates are shown in Figure 4.1.3.1. 
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Figure 4.1.3.1: SERS spectra of phenanthrene on a Au/Ag mixed layer deposited on a 

silicon wafer. The arrows show the positions of the main phenanthrene peaks. 

Results 

Preannealed substrate: Major phenanthrene peaks were observed at 550, 712, 833, 

1040, 1351, 1441, and 1563 cm-1. The peak at 550 cm-1 was assigned to the C-C-C 

bending vibrations.1 The peaks at 1040 and 1351cm-1 were assigned to the H-C-C 

bending and C-C stretching vibrations, respectively.1,5 The peak at 1441 cm-1 was due to 

aromatic C-C ring vibrations.1 However, an intense Raman peak corresponding to silver 

particles was observed  at 1441 cm-1 as well.3 The peak at 1563 cm-1 was believed to be 

caused by the C-C ring vibrations.1 Peaks with an unknown characterization appeared at 

934, 1182, 1301, 1501, and 1512 cm-1. 

Substrate annealed at 250ºC: Characteristic phenanthrene peaks occurred at 412, 551, 

714, 1040, and 1441 cm-1. The signals found at 412 and 551 cm-1 were assigned to the C-
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C-C bending vibrations1 whereas the peak at 1040 cm-1 was assigned to the H-C-C 

bending vibrations.1 The strong peak at 1441 cm-1 was due to the C-C stretching 

vibrations of the aromatic ring.1 Peaks with an unknown characterization appeared at 

1166 and 1298 cm-1. 

Substrate annealed at 300ºC: The peak at 521cm-1 was the characteristic peak of silicon. 

Substrate annealed at 350ºC: Phenanthrene signals appeared at 711 and 809 cm-1. The 

peak at 522 cm-1corresponds to silicon. 

Substrate annealed at 400ºC: Characteristic phenanthrene peaks were observed at 405, 

577, 714, 805, 1001, and 1201 cm-1. The intense peak at 431 cm-1 was assigned to the 

presence of silver oxides (AgO).6 The peaks at 405 and 1200 cm-1 were assigned to the C-

C-C bending and H-C-C bending vibrations, respectively.1 The peak at 805 cm-1 was 

assigned to the C-H out-of-plane bending vibrations.14 The peak at 1001 cm-1 was 

believed to be caused by the combined effects of C-C stretching and C-H rocking 

vibrations.9 At this temperature, the silicon peak (523 cm-1) was much more pronounced. 

Discussion 

For the Au/Ag mixed films, a large SERS enhancement was found using the preannealed 

sample, but it was highly influenced by background fluorescence. This finding is in 

contrast to the findings from the two Au/Ag bilayer films. In those cases, the preannealed 

samples were influenced the least by fluorescence. Like the bilayer substrates, there were 

shifts in the position of phenanthrene peaks. The signal at 578 cm-1 in solid phenanthrene 

was moved to 549 (preannealed), 551 (at 250ºC), and 549 cm-1 (at 400ºC). The peak at 
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712 cm-1 was moved to 711 (preannealed), 714 (250ºC), and 715 cm-1 (400ºC). Unlike the 

Au/Ag bilayer substrates, the mixed films exhibited a band shift towards higher 

wavenumbers with increased annealing. These signal displacements were attributed to the 

formation of bonding interactions between phenanthrene and the metal surface.7 

The SEM images reveal that, at a relatively low annealing temperature (300ºC), the 

surface of the film was mostly covered by continuous metal layers. Small crevices that 

were only 0.5 μm in diameter were visible. As annealing increased up to 400ºC, discrete 

clusters with approximate sizes of 0.5 to 1.5 μm were produced (Figure 4.1.3.2). The 

wider distribution of metal clusters at a higher temperature such as 400ºC could form 

poor plasmonic hot spots that would render the substrate a weak material for enhancing 

Raman signals with SERS.  However, at higher annealing temperature, the cluster formed 

a more spherical shape. This observation was confirmed by the UV-vis absorption spectra 

of the mixed film. According to Mie theory, spherical particles exhibit a single surface 

plasmonic resonance band whereas anisotropic particles exhibit more than one absorption 

peak in the UV-vis spectra.3 The plasmonic resonance band for the spherical silver 

particles was found at around 400 nm.15 The UV-vis spectra for the mixed layers that 

were preannealed and annealed at 250ºC showed principal absorption peaks at 417, 436, 

470, and 523 nm. The absorption maximum gradually disappeared as the particles became 

more spherical in shape at higher temperatures (350ºC and 400ºC). Also, a small 

absorption band was observed at 499 nm at these higher temperatures.  
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Figure 4.1.3.2: SEM images display the effect of annealing on shape of, size of, and 

distance between clusters in the Au/Ag mixed film deposited on a Si wafer. Image (a) 

shows that the sample annealed at 300ºC formed interlinked beads (with an approximate 

gap of 0.5 μm) whereas (b) shows the formation of spherical clusters at 400ºC. The latter 

caused an increase in the distance between two clusters (0.5 to 1.5 μm) that could be 

responsible for the poor SERS enhancement.  

SERS enhancement on Au/Ag bilayers and mixed layer 

The thickness of the mixed layer was 453.8 nm whereas the thin bilayer had a thickness 

of 233.9 nm and the thick bilayer had a thickness of 395.6 nm. Therefore, the mixed layer 

contained almost the same amount of gold and silver as the thick bilayer. The SERS 

signals of these films revealed that the preannealed samples of the thick bilayer and 

mixed film exhibited a higher SERS enhancement compared to other samples. The SEM 

images showed that the annealing process allowed the bilayers to form continuous beads 

that were evenly distributed on the silicon surface. However, it showed that the mixed 
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films formed discrete clusters at a higher annealing temperature (400ºC). These clusters 

had spherical shapes and a large interparticle distance. The much wider distribution of 

particles in the mixed film at an elevated annealing temperature caused the mixed film to 

exhibit even weaker SERS responses than the bilayers. Therefore, the mixed films are 

less promising in devising a molecular sensor.     

4.1.4 Au/Cu bilayer 

The SERS spectra of the Au/Cu bilayer substrates are shown in Figure 4.1.4.1. 

 

Figure 4.1.4.1: SERS spectra of phenanthrene on a Au/Cu bilayer deposited on a silicon 

wafer. 

Results 

The Au/Cu substrates exhibited a broad peak at around 2100 cm-1. The sample with the 

highest shoulder intensity was the sample annealed at 400ºC. The silicon peak (522 cm-1) 

was the most intense in all samples. 
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Discussion 

Annealing of the Au/Cu bilayer samples formed isolated clusters with irregular size and 

shape. Aggregated metal particles show a larger SERS enhancement than isolated ones.8 

In the case of gold films, it was observed that strong plasmonic responses are usually 

found with interparticle gaps of 2 to 27 nm.16,17 However, the SEM images revealed that 

the Au/Cu bilayer that was annealed at 350ºC possessed interparticle gaps that were 

between 100 and 200 nm. This was the biggest particle separation found in all of the 

bilayer samples (Figure 4.1.4.2). The large interparticle gap made the silicon surface even 

more exposed than usual. Therefore, sufficient plasmonic hot spots were not able to form 

and the resulting weak plasmonic resonance may have caused a decrease in intensity of 

the SERS signals.18 The intense Raman signal at 522 cm-1 was evidence of a barren 

silicon surface. This was confirmed by EDX data showing a strong silicon peak at around 

1.75 keV. 

 

 

 



 

 

55 

 

 

Figure 4.1.4.2: A comparison of SEM images between two different types of bilayers: (a) 

Au/Ag thin bilayer and (b) Au/Cu bilayer. Both were annealed at 350ºC. In (b),  a larger 

distribution of particles than that of (a) may have caused a weaker SERS response.  

 

Jeon et al.18 observed that surface roughness is one of the key factors that affects SERS 

enhancement. Generally, SERS enhancement increases with increasing surface 

roughness.19,20 The AFM analysis showed that the Au/Cu bilayers had a relatively smaller 

surface roughness (8.51 nm) compared to the Au/Ag mixed layer (150.46 nm) and Au/Ag 

bilayers (38.93 nm for the thin bilayer and 45.76 nm for the thick bilayer). Annealing 

causes bumps that produce larger surface roughness. However, annealing of the Au/Cu 

bilayer did not cause major changes in the surface features, thereby causing the annealed 

substrates to have a poor surface roughness. Therefore, a small surface roughness of the 

Au/Cu bilayers may have caused a weak SERS response to be produced. Furthermore, 

copper-based substrates are less stable than silver- or gold-based substrates.13 
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4.2 Metal-glass substrates 

The glass substrate often influenced the Raman spectrum of the film. For reference, 

Figure 4.2.1 shows the Raman spectrum of a plain glass slide.  

 

Figure 4.2.1: Reference Raman spectrum of a plain glass slide. 

 

4.2.1 Ag/Cr bilayer 

The SERS spectra of the Ag/Cr/glass substrates are shown in Figure 4.2.1.1. 
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Figure 4.2.1.1: SERS spectra of phenanthrene on a Ag/Cr/glass substrate. 

Results 

Preannealed substrate: A phenanthrene peak was observed at around 709 cm-1, but its 

intensity was poor compared to those of the annealed samples. The characteristic 

aromatic C-H stretching vibrations appeared at 2835, 2856, and 2899 cm-1.7,21  

Preannealed substrate were only slightly affected by background fluorescence.  

Substrate annealed at 250ºC: Two small bumps were observed at 142 and 251 cm-1 and 

an intense fluorescence peak appeared at 714 cm-1. Also, a small bump is visible at 

around 2600 cm-1. 

Substrate annealed at 300ºC: Characteristic phenanthrene peaks were observed at 136, 

198, 599, 621, and 752 cm-1. The peak at 599 cm-1 was assigned to the in-plane C-C-C 

deformation1 and the peak at 752 cm-1 was attributed to the skeletal stretching 

vibrations.22 
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Substrate annealed at 350ºC: Phenanthrene peaks were observed at 131, 231, 590, 715, 

and 1441 cm-1. The peak at 1441 cm-1 was assigned to the C-C stretching vibrations of the 

aromatic rings.1 The intense characteristic Raman signal of silver oxide (AgO) was 

observed at 216 cm-1.6 Therefore, the peak at 231 cm-1 was assumed to occur because of 

the presence of AgO layers. The centre of the large fluorescence peak is located at 715 

cm-1. Peaks with unknown characterization were observed at 1463 and 1538 cm-1. 

Substrate annealed at 400ºC: The spectrum was dominated by glass fluorescence with a 

small bump appeared at 2600 cm-1. 

Discussion 

The results of the Ag/Cr bilayer samples with aqueous phenanthrene treatment show that 

the substrate annealed at 300ºC gave the highest SERS enhancement and that the sample 

annealed at 350ºC gave the second highest. The preannealed sample was the least 

responsive towards SERS. The region of the surface covered by silver was the most 

SERS-active.20 The EDX data showed that the preannealed sample did not have a silver 

layer thickness that was high enough to produce a strong SERS enhancement. Therefore, 

we can expect a poor SERS response for the preannealed substrate. More evidence for 

this conclusion comes from the relatively smaller (20.81 nm) surface roughness for the 

preannealed sample compared to the annealed samples. On the other hand, the AFM data 

showed a much larger surface roughness for the samples annealed at 300ºC (53.04 nm) 

and 350ºC (52.67 nm). The SEM images (Figure 4.2.1.2) show that the sample annealed 

at 350ºC contained bright spots enriched with silver, but the amounts of silver were 
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reduced at a higher annealing temperature (400ºC). This may have caused a poor SERS 

enhancement of the sample annealed at 400ºC. Large SERS enhancement for the samples 

annealed at 300ºC and 350ºC were believed to be caused by their high surface roughness 

and high silver content on their surface.  

 

Figure 4.2.1.2: SEM images of the Ag/Cr/glass samples: (a) annealed at 350ºC and (b) 

annealed at 400ºC. In (a), the spots represent the areas with enriched silver (bright), 

chromium with less silver (grey), and absence of either silver or chromium (dark). In (b), 

the apparent absence of silver may have caused a decline in SERS intensity. 

Effects of annealing and background fluorescence 

One of the most challenging aspects of Raman spectroscopy is the appearance of 

background fluorescence.23 It is more pronounced if glass substrates are used. In fact, 

there is a competition between SERS enhancement and background fluorescence. The 

Ag/Cr/glass substrates show that annealing increases surface roughness which, in turn, 

increases the SERS intensity. Also, annealing improves metal bilayer and analyte 
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contact.17 This results in more SERS signals being detected for the annealed samples than 

for the preannealed sample. However, annealing increases background fluorescence when 

glass substrates are used. Background fluorescence was lowest in the spectra for the 

preannealed sample and highest in the samples annealed at 350ºC. In the Ag/Cr/glass 

system, it was observed that annealing displaces the position of the fluorescence peaks. 

The most intense fluorescence band appeared at 721 cm-1 for the sample annealed at 

350ºC dropped to 703 cm-1 for the preannealed sample. Therefore, it is necessary to 

address issues relating to background fluorescence when working with glass substrates. 

Fortunately, fluorescence can be minimized by increasing the time it takes to acquire the 

Raman image.1 If this could be done properly, the glass substrates would be a more 

promising option for the fabrication of optical sensors and biosensors. Furthermore, these 

cost effective glass materials provide good stability and a small amount of substances can 

be characterized easily on glass surfaces.24 

4.3 Metal-acetate substrates 

The principal Raman peaks obtained from acetate substrates correspond to the  peaks 

observed in the blank acetate sheet. In most instances, the intense peaks from the acetate 

sheet were superimposed over the phenanthrene spectrum (Figure 4.3.1). This made it 

difficult to identify the individual functional groups of phenanthrene. 
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Figure 4.3.1: A comparison of the Raman spectrum of solid phenanthrene with that of the 

plain acetate sheet. 

4.3.1 Cu/acetate 

The SERS spectra for the Cu/acetate system are shown in Figure 4.3.1.1. 
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Figure 4.3.1.1: Raman spectra of the Cu/acetate substrate treated with phenanthrene 

solution. Thick arrows illustrate peaks that were common to both phenanthrene and the 

acetate sheet. 

Results and discussion 

The Cu/acetate substrate displayed almost the same number of Raman signals as the plain 

acetate sheet, but with larger intensities. The substrate exposed to the 1.6 ppm solution of 

phenanthrene was more heavily influenced by background fluorescence than the substrate 

exposed to the 1.0 ppm solution. Major Raman peaks corresponding to both phenanthrene 

and the acetate sheet were observed at 128, 703, 1096, and 1620 cm-1. 

4.3.2 Au/Cu/acetate 

The SERS spectra of the Au/Cu/acetate system are shown in Figure 4.3.2.1. 
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Figure 4.3.2.1: Raman spectra of phenanthrene on a Au/Cu/acetate substrate. The arrows 

show peaks present in both phenanthrene and the acetate sheet. 

Results and discussion 

The substrate exposed to the 1.0 ppm solution of phenanthrene was more heavily 

influenced by background fluorescence than the substrate exposed to the 1.6 ppm 

solution. The substrate treated with the 1.6 ppm solution produced more signals. Major 

Raman peaks corresponding to both phenanthrene and the acetate sheet were observed at 

703, 1100, and 1729 cm-1.  

4.3.3 Ag/acetate 

The SERS spectra of the Ag/acetate system are shown in Figure 4.3.3.1. 
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Figure 4.3.3.1: SERS spectra of phenanthrene on a Ag/acetate substrate. The thick 

arrows, except for the one pointing to the band at 664 cm-1, show the peaks that were 

caused by phenanthrene (664 cm-1 was caused by fluorescence). 

Results and discussion 

Two shoulders were observed at around 136 and 826 cm-1. They correspond to the solid 

phenanthrene peaks. Like the Ag/Cr/glass substrates, the SERS spectra for the Ag/acetate 

systems were heavily influenced by background fluorescence. The position of the highest 

fluorescence peak of this system was almost identical to the position of the highest 

fluorescence peak for the Ag/Cr/glass substrates (~700 cm-1).  

4.3.4 Au/Ag/acetate 

The SERS spectra of the Au/Ag/acetate system are shown in Figure 4.3.4.1. 
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Figure 4.3.4.1: SERS spectra of phenanthrene on a Au/Ag/acetate substrate. The thick 

arrow corresponds  to a phenanthrene peak. 

Results and discussion 

Characteristic phenanthrene peaks were observed at 131 and 1038 cm-1. The 

Au/Ag/acetate substrates were heavily influenced by background fluorescence.  

4.3.5 Cu/Ag/acetate 

The SERS spectra of the Cu/Ag/acetate system are shown in Figure 4.3.5.1. 
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Figure 4.3.5.1: SERS spectra of phenanthrene on a Cu/Ag/acetate substrate. The thick 

arrow corresponds to a phenanthrene peak.  

Results and discussion 

No significant spectral features were observed for the Cu/Ag/acetate system. However, an 

intense peak corresponding to the phenanthrene signal appeared at 147 cm-1. The 

Cu/Ag/acetate substrates were heavily influenced by background fluorescence like the 

other substrates partly made up of acetate sheets. 

4.4 Drawbacks of the present study 

The substrates described in this work were tested in freshwater samples, but the intended 

application is in seawater. Silver materials are unstable in saline water25 and copper forms 

an oxide in the presence of atmospheric oxygen.13 However, metal oxides can form 

effective sublayers to enhance SERS from the attached noble metal,3 therefore subsequent 
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tests need to be carried out on the SERS activity of these substrates in saline samples. 

Overall, SERS is considered as an effective tool for the detection of PAHs in screening 

environmental samples due to its non- invasive nature to target molecues.14,26,27,28 
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Chapter 5 

Conclusion and future directions 

5.1 Summary 

The Au/Ag bilayers that were deposited on silicon wafers generated large Raman signals 

for phenanthrene. The highest annealing temperatures (i.e. 350ºC and 400ºC) reduced the 

intensity of the signals. Also, a low metal thickness produced larger signals than a high 

metal thickness. The behaviour of the Au/Ag mixed film was different from that of the 

bilayer films. While the signals of the bilayer substrates increased upon annealing up to 

300ºC, the mixed film showed the most intense signals when it was unannealed. This 

result is attributed to the formation of well-separated clusters on the mixed film at higher 

temperatures. Also, Au/Cu thin films deposited on silicon wafers gave a weak SERS 

response. All in all, these results show that the Au/Ag substrates are excellent devices for 

the detection of PAHs in bodies of water.  

The Ag/Cr bilayer that was deposited on a glass slide generated large Raman signals for 

phenanthrene. The observed spectra may have been attributed to a combination of the 

silver content of the top layer and surface roughness. The substrate that was annealed at 

300ºC generated the largest Raman signals. The likely cause of this effect was the 

relatively high surface roughness of the substrate. The amount of silver in the bilayer was 
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reduced at higher annealing temperatures. This resulted in poorer SERS signals. These 

results show that it is crucial to take SERS measurements at the annealing temperature 

that will maximize the size of the Raman signal. Also, they show that inexpensive and 

easily prepared silver-glass substrates can be used in the future to develop portable SERS 

sensors that detect PAHs in water.  

The performance of the metal-acetate substrates was poor. The Raman signals generated 

by the analyte were masked by those of the blank acetate sheet. As a result, the 

characterization of individual analyte signals was very difficult. This result shows that 

metal-acetate sheets are not reliable SERS substrates.  

5.2 Future directions 

SERS is an excellent tool to identify PAHs in bodies of water because it is non-

destructive and wieldy. However, the poor reproducibility,1 but high sensitivity1 of SERS 

spectra makes the technique a 'double-edged' sword.2 Therefore, it demands a thorough 

study on the sensitivity and reproducibility behaviors of SERS technique in detecting 

PAHs from aqueous phase using metal substrates.  

There are several additional parameters which need to be tested as well. The SERS 

signals will be more intense if silver is deposited on glass and silicon surfaces that have a 

small thickness (i.e. 2 to 20 nm). Future experiments should be carried out with higher 

acquisition times and increased light power. Moreover, the performance of these SERS 

substrates should be studied in experimental set-ups that vary parameters such as 

excitation wavelength and duration of phenanthrene treatment. Field trials on the 
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substrates with real environmental samples could be an excellent option to test their 

efficiency. 

 

Bibliography 

1.  Fang, J.; Lebedkin, S.; Yang, S.; Hahn, H. Chem. Commun., 2011, 47, 5157-5159. 

2. Xu, W.; Xiao, J.; Chen, Y.; Chen, Y.; Ling, X.; Zhang, J. Adv. Mater., 2013, 25, 

 928-933.  

 


	Chapter 1
	Introduction
	1.1 Research background
	1.2 PAHs in the Environment
	1.2.1 Origin of PAHs
	/
	1.2.2 Properties of PAHs
	1.2.3 Health effects and detection of PAHs

	1.3 Raman spectroscopy for PAHs detection
	1.3.1 Advantages of Raman spectroscopy
	1.3.2 Disadvantages of Raman Spectroscopy

	1.4  Detection of PAHs by SERS
	1.4.1 A brief account of SERS
	1.4.2 Mechanism of SERS enhancement
	1.4.3 Applications of SERS

	1.5 Surface plasmons
	1.5.1  Nature of surface plasmons
	1.5.2 Detection of surface plasmons
	1.5.3 Importance of surface plasmons
	1.5.4 Surface plasmons and SERS hot spots

	1.6 Motivations of the present work
	Bibliography

	Chapter 2
	Experimental
	2.1 Preparation of substrates
	2.2 Metal evaporation
	Deposition of Ag and Cr on a glass slide
	Au/Ag thin bilayer on a silicon wafer
	Au/Ag thick bilayer on a silicon wafer
	Au/Ag mixed layer on a silicon wafer
	Au/Cu bilayer on a silicon wafer
	Ag deposition on an acetate sheet
	Cu on an acetate sheet
	Au/Ag on an acetate sheet
	Au/Cu on an acetate sheet
	Cu/Ag on an acetate sheet

	2.3 Annealing of substrates
	2.4 AFM study
	2.5 Phenanthrene treatment
	2.5.1 Preparation of stock solutions
	2.5.2 Substrate exposure to phenanthrene solutions

	2.6 Raman spectral measurement
	2.7 SEM and EDX studies
	Bibliography


	Chapter 3
	Substrate characterization
	3.1 Ag/Cr/glass substrate
	AFM analysis
	SEM and EDX studies

	3.2 Au/Ag thin bilayer
	AFM analysis
	SEM and EDX studies

	3.3 Au/Ag thick bilayer
	AFM analysis
	SEM and EDX studies

	3.4 Au/Ag mixed film
	AFM analysis
	SEM and EDX studies

	3.5 Au/Cu bilayer
	AFM analysis
	SEM and EDX studies

	3.6 Acetate substrates


	Chapter 4
	SERS enhancement studies on the prepared substrates
	4.1 Metal-silicon substrates
	4.1.1 Au/Ag thin bilayer
	Results
	Discussion
	4.1.2 Au/Ag thick bilayer
	Results
	Discussion
	Metal thickness and SERS enhancement
	4.1.3 Au/Ag mixed film
	Results
	Discussion
	SERS enhancement on Au/Ag bilayers and mixed layer
	4.1.4 Au/Cu bilayer
	Results
	Discussion

	4.2 Metal-glass substrates
	4.2.1 Ag/Cr bilayer
	Results
	Discussion
	Effects of annealing and background fluorescence

	4.3 Metal-acetate substrates
	4.3.1 Cu/acetate
	Results and discussion
	4.3.2 Au/Cu/acetate
	Results and discussion
	4.3.3 Ag/acetate
	Results and discussion
	4.3.4 Au/Ag/acetate
	Results and discussion
	4.3.5 Cu/Ag/acetate
	Results and discussion

	4.4 Drawbacks of the present study
	Bibliography


	Chapter 5
	Conclusion and future directions
	5.1 Summary
	5.2 Future directions
	Bibliography



