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Abstract 

 

Biosensing involves the detection of analytes using biological elements as receptor 

agents for the specific binding of molecules to a surface. Surface-enhanced Raman 

spectroscopy (SERS), a surface-sensitive vibrational spectroscopy technique used to 

amplify Raman signals, provides unique advantages for biosensing. Unique Raman 

fingerprint spectra of targeted molecules allows for accurate identification of unknown 

samples. Inconsistencies in Raman signal enhancements, however, due to the 

irregularities of metallic features at the nanoscale, is a significant challenge with SERS. 

Nanofabrication technologies, including electron beam lithography (EBL) and 

nanoimprint lithography (NIL), provide resolution capabilities at the nanoscale.  

 

In this work, nanofabrication methods were used to fabricate SERS substrates for the 

detection of analytes using various immobilization strategies. Control over signal 

intensity and detection of biological bonding, with analytes in aqueous solutions was 

demonstrated. Investigations and testing of various aspects in the fabrication processes 

allowed for significant control over features at nanoscale dimensions. 
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 Introduction  1.

The ability to design, build, and organize at the nanoscale has brought into our reach a 

new and essentially unexplored field of research that allows control over molecular-

sized features that behave, to a large extent, very differently than larger scaled devices 

with which we have previously worked. With nanotechnology, referring to dimensions 

ranging from 1 to 100 nm, there is an ever-increasing enthusiasm as advances in both 

fabrication and understanding at this scale promise profound technological changes. 

With all that has already been done, we are only still in the beginnings of what impact 

this field will have on our lives in the short term and in the future [1ī3]. There remains 

much still to be discovered, with many areas of research still waiting to be explored 

involving nanotechnology, as Richard Feynman stated in 1960, ñsimply because we 

havenôt yet gotten around to itò [4]. The ability to engineer at the nanoscale provides 

difficult challenges where reproducibility, control, and stability of systems will require 

significant efforts, skills, and collaborations. 

Concerns regarding outbreaks of infectious diseases, bioterrorism, pollutants, and other 

hazardous chemical or biological threats require the need for low-cost, accurate, and 

sensitive devices to provide warning of such dangers. Biosensors, which are devices 

aimed to detected such hazards as well as for detecting other chemicals or biological 

elements, such as with blood-glucose monitors, can be difficult to build. One area in 

which nanofabrication has shown great benefits is in biosensing. With an already 

significant world-wide market for different types of biosensors, some key benefits of 

nanoscale control can be realized in such areas as resonator mass-sensors [5, 6], field 

effect transistor based sensors [7], plasmonic sensors including surface-plasmon 

resonance (SPR) for measuring refractive index changes [8, 9], and surface-enhanced 

Raman spectroscopy (SERS) which provides a wealth of chemical bonding information 
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[10ī16]. In particular, surface-enhanced Raman spectroscopy, while utilized and 

somewhat understood for some time now, has had limitations for practical use in 

biosensing that potentially can be overcome due to the significant advancements in 

nanotechnology. 

In this thesis, nanofabrication methods including electron beam and nanoimprint 

lithography have been used to fabricate surface-enhanced Raman spectroscopy 

substrates with nanoscale control for the detection of proteins and other molecules using 

varying immobilization strategies. This work involves the testing of different plasmonic 

materials, and characterization of aspects of the fabrication process to gain a greater 

insight into the control at which features can be made. Testing of different analytes with 

varying metal geometry, material, pitch and spacing, allowed for tuning of the features 

to allow high enhancements with control over the intensities obtained. SERS spectra of 

different proteins showed that distinct signals could be seen while fluorescence became 

a significant problem for other proteins at high frequency excitation. Due to the surface 

sensitivity of SERS, a dopamine binding DNA aptamer was used for specific binding to 

allow for detection of binding to the dopamine molecule. 

Chapter 2 in this thesis presents a literature review on biosensing, emphasizing surface 

plasmonic sensing SERS. This chapter will also cover some of the challenges that need 

to be overcome for practical use of such sensors including such aspects as material 

compatibility, nanoscale reproducibility, and immobilization requirements for detection. 

Details on some key aspects of nano-fabrication involved in building and testing nano-

biosensors will  be presented in this chapter to give a basis for the aspects involved in 

this research. 
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Chapter 3 discusses the details of the experimental techniques developed and used for 

the various aspects of biosensor fabrication, biofunctionalization, and detection of 

analytes including an overview of some of the key tools for fabrication and analytical 

testing.  

Chapter 4 gives an overview of fabrication methods and results for nanoscale dielectric 

SERS substrates using electron beam lithography (EBL) and nanoimprint lithography 

(NIL)  with their corresponding plasmonic enhancement. 

Chapter 5 gives an analysis of the various detection capabilities and results obtained for 

different molecules, proteins and aptamer/ligand binding as well as simulation results of 

the Raman spectrum of different molecules. 

Chapter 6 concludes this thesis by giving an overview of the results and analysis 

focusing on some of the items that seemed most significant in this work. An outlook on 

the future work that could be performed is also given. 
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 Detecting Biological Molecules and Structures 2.

 Biosensors 2.1.

Biosensors are analytical devices used for the detection or identification of specific 

analytes using living organisms or biological elements as the deviceôs recognition 

component [17ī19]. Biological elements used for detection commonly include 

antibodies/antigens [20], enzymes [21, 22], DNA [23, 24], prokaryotic and eukaryotic 

cells [25], organelles [26], and synthetic biomimetics [27, 28]. Aspects of biosensors 

often involve multiple stages of analysis and processing with a flow of information 

including: (1) exposure to a target in an aqueous solution or gas state; (2) molecular 

recognition receptors; (3) a transduction system to transform detected signals into a 

readable or interpretable form; (4) amplifiers and electronics to give data proportional to 

the detected signals; and (5) display and output to transmit and record the data for the 

end user (see Figure 2.1) [29, 30].  

 

Figure 2.1 ï Model of a common sensor system incorporating aspects of specific 

targeting of analytes using biological elements as receptor components, transducer 

elements, signal amplification and electronics, and readout display of signal for 

interpretation from the end user. 
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Molecular recognition is defined as non-covalent binding between two or more 

molecules where there is a strong and long-lived interaction arising from molecular 

complementarity [31ī33]. Such longstanding interactions stem non-covalent bonding 

such as electrostatic forces, ion-dipole interactions, -́  ́ bonding, hydrogen bonding, 

and/or van der Waals forces between molecules [34, 35].  Molecular recognition is 

essential to life and involved in almost every stage of biological processes including 

DNA replication, protein synthesis, subcellular physiology of receptor-ligand 

interactions, and immune response involving antibody-antigen pairing [34ī37]. Such 

interactions occurring at the molecular level provide a natural basis for biosensing 

technologies due to their highly targeted binding capabilities. A number of applications 

incorporating molecular recognition are now commonly used with a large and growing 

market, especially in self-testing devices for cholesterol, blood glucose, colon or rectal 

cancer, pregnancy, ovulation, and occult blood testing [38ī40]. Molecular biosensing is 

usually focused on detection of biological agents such as bacteria cells and spores, 

viruses, metabolites, and toxins [41, 42]. It is recognized that the most vital factor in an 

effective biosensor is its specific molecular recognition capability, while other factors 

such as size, speed of operation, real-time monitoring, sensitivity, cost and accuracy of 

prediction (in avoiding false reporting) are all dependent on the specific requirements of 

the device or detection needs [41, 43]. There remains, however, many difficulties in bio-

recognition or bio-detection where signal ñreproducibility, sensitivity and poor signal-

to-noise ratiosò can limit the capabilities of detection for many different techniques [44]. 

One of the other significant challenges commonly involved in biosensing is the 

immediate detection of analytes for real-time sensing. Often, the need for fast analysis 

can be crucial for safety and health, where current biosensing modalities are limited. 

Quantitative analysis can also be an important aspect for a thorough assessment in some 
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circumstances, while the mere detection of higher (or lower) than expected values 

would be invaluable in other situations [41]. The underlying factors in any method 

ultimately come down to the methodôs capabilities and the requirements needed for a 

particular sensing device. 

 Surface Enhanced Raman Spectroscopy 2.2.

 Raman Scattering 2.2.1.

C.V. Raman, in 1928, presented his discovery of ña new kind of radiation or light- 

emission from atoms and moleculesò [45]. This phenomenon, known as Raman 

scattering, is an inelastic scattering of monochromatic light arising from vibrational 

modes of probed molecules. Although the number photons that are scattered by an atom 

or molecule is relatively low, the majority of photons that do experience scattering are 

due to elastic or Rayleigh scattering, where no new wavelengths of light are produced, 

with even fewer photons scattered by the Raman effect. In Raman scattering, where 

photons undergo inelastic scattering and have a resultant change or shift in frequency 

with lower frequencies corresponding to a lower energy (Stokes shift) or an increase in 

frequency or energy (anti-Stokes shift), leaving the molecule with a higher or lower 

vibrational energy after excitation depending on the resultant shift (see Figure 2.2) [46, 

47]. These inelastically scattered photons provide unique information on the structure of 

the molecule. In contrast to fluorescence, where incident light is completely absorbed by 

the molecule and the molecule is transferred to an allowed quantum state before 

emission of a photon after a certain resonance lifetime, Raman scattering is mediated by 

short-lived virtual states of electrons. Such non-resonant scattering is what offers the 

unique fingerprint information, where shifts in energy remain constant regardless of the 

excitation frequency. The resulting shifts in the detected light wavelengths, 
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corresponding to different vibrational modes, are what offer the abundant information 

composing unique fingerprints for molecules (see Figure 2.3).  
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Figure 2.2 - Jablonski diagram showing the change in energies depending on the 

scattering type. (a, c) Stokes and anti-Stokes shifted Raman scattering, (b) Rayleigh 

scattering and (d) fluorescent emitted light [48]. 

 

Raman spectroscopy is a powerful technique for analytical sciences, yet a major 

limitation of the method is that the Raman scattering effect for molecules is very low. 

When compared to fluorescence, Raman scattering generally produces signals several 

orders of magnitude lower than fluorescence [10, 49, 50]. Cross sections of the 

scattering, which define the probability of inelastic scattering from a particular 

molecule, are typically in the range of 10
-29

 m
2
 and lower, whereas fluorescent cross-

sections can be up to 10
-20

 m
2
 and higher [51, 52]. This low Raman cross section for 

most molecules generally requires large concentrations of the analyte and expensive 

sensitive detection methods and excitations sources to produce noticeable signals.  
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Figure 2.3 - Offset Raman spectra of dopamine powder from own work with 532 nm 

(black) and 780 nm (red) excitation laser. The shorter wavelengths show increased 

details but with a trade-off of increased fluorescence for some samples, such as DNA 

and some proteins. All detected spectra throughout this thesis display the Stokes-shifted 

spectra. 

 

Only with advancements in many of the optics, including optical filters, low-cost lasers, 

and charge-coupled devices (CCDs), has Raman spectroscopy become widespread as a 

reliable analytical tool [49]. Usually molecules with the highest Raman activity are 

those susceptible to the highest change in molecular polarizability [50, 53]. To 

overcome weak Raman signals, reporter tags, analogous to fluorescent labeling, allow 

indirect detection, which has been shown to be effective at measuring very small 

quantities of analytes. This method, however, suffers from complexities involved in 

tagging and may not always be feasible for biosensing where certain molecules cannot 

easily be tagged. Ideally, direct detection of analytes without use of tags allows the most 

effective detection method for biosensing, which normally requires a molecule to be at 

least slightly Raman active.  

Another challenge with traditional Raman spectroscopy is that weak Raman signals are 

often ñwashed-outò by fluorescence, often limiting work to non-fluorescent samples or 

working at longer wavelengths for improved detection with the trade-off of lower 
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signals for most peaks. Raman scattering efficiency has loosely been stated to decrease 

inversely proportional to the fourth power of the wavenumber difference according to 

the corresponding formula of the Raman intensity,  Ὅᶿ ’Ӷ ’Ӷ  where ’Ӷ is the 

spectroscopic wavenumber of the excitation source (ρȾ‗), and ’Ӷ is the wavenumber of 

the vibrational mode of a molecule (’Ⱦὧ) [49, 54]. As seen in Figure 2.3, peaks above 

2500 cm
-1
 disappear with a 780 nm excitation laser source. This can be attributed 

partially to this relationship, but more likely a low quantum efficiency of the CCD at 

longer wavelengths. Another disadvantage of longer wavelength excitation is the 

increased thermal and electric noise. Methods such as Fourier Transform Raman and 

improved CCD detectors have enabled Raman spectroscopy at longer excitation 

wavelengths but still signals can be weak and more difficult to work with [49, 55]. 

Simulation work predicting the vibrational modes of molecules using quantum chemical 

computation methods allows for an added understanding of Raman peaks and their 

corresponding vibrational modes. The General Atomic and Molecular Electronic 

Structure System (GAMESS) is one example of a chemical computation software which 

allows for the prediction of such vibrational modes (see also section 3.1.10) [56ī58]. 

 Surface-Enhancement of Raman Signals 2.2.2.

In 1974, a published Raman experiment of pyridine adsorbed on a silver surface was 

reported [59]. Later, two groups independently presented and highlighted that the 

signals obtained were much stronger than expected and could not be explained by the 

regular Raman effect. Their arguments attribute the enhancement to both a chemical 

[60] and electromagnetic [61] interaction. These discussions were the first contributions 

to a technique now known as surface-enhanced Raman spectroscopy or scattering 

(SERS). Although the exact causes for enhancement are still under debate, it is 
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generally accepted that the overall enhancement is due to the interaction of the 

molecules with plasmonic waves in the metal [62], and to some extent, the chemical 

charge-transfer of the molecule with the surface. SERS involves the enhancement of 

scattered light from a probed sample due to plasmonic waves created at nanostructured 

surface. Plasmonics involves the interaction between electromagnetic fields and free 

electrons in metal. Electrons can interact with the electric component of light, and 

oscillate collectively due to the light waves. Enhancements well above 10
6
 can be seen 

with some claiming enhancements of as much as 10
10

 [63, 64] using SERS. One of the 

key advantages of SERS is that it provides chemical bonding information of analyte 

materials and identification of samples, but recent efforts indicate a potential to provide 

quantitative analysis as well [12]. Biosensing using SERS in the last few decades has 

become an area of intense research with a significant increase [64] in studies involving 

SERS since the early 1980s [9, 13, 65]. There are a number of reasons why SERS has 

been suggested as such an effective methodology for biosensing. Many biological 

recognition materials require aqueous solutions to be stable [66, 67]. Because water, and 

other components found in complex buffers often have weak Raman scattering, 

background noise can be reduced by properly focusing laser light on SERS surfaces 

where analytes can be attached through an aqueous solution. SERS is highly dependent 

on metal substrate fabrication precision, so to a large extent, the challenge of creating an 

effective SERS biosensor has ultimately come down to a nano-engineering problem, 

where reproducibility of Raman signals depends on factors such as metal pattern 

geometry, spacing, size and position of metallic structures, all at nanoscale dimensions 

[9, 10]. This nanoscale control requires innovative nanofabrication techniques. The 

SERS effect also relies on the bio-functionalization of surfaces with the molecular 

recognition material, which is another significant biochemistry problem [11, 12]. The 
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many aspects of SERS biosensors involve multi-disciplinary studies across among a 

number of research fields. 

 SERS Substrate Fabrication Methods 2.3.

A number of different methods for producing SERS biosensors have been demonstrated 

with increasing complexity in fabrication as higher control over the consistency in 

signal enhancement is required. Metallic spheres in solution offer unique abilities to 

detect analytes in the solution with in-vivo monitoring, but the method is limited in 

reproducibility of signal enhancements (see Figure 2.4). Changes in inter-metallic 

particle gaps can result in large fluctuations in Raman signals of adsorbed analytes due 

to regions of intense electro-magnetic signals between particles often referred to as ñhot 

spotsò. Signals arising from hot spots between particles can give misleading results due 

to the random nature of their motion [12, 63, 68, 69]. The ability to control such hot 

spots on a flat surface offers a number of advantages including the possibility to control 

metallic feature sizes and geometry [10]. Roughened metal surfaces, metallic 

nanospheres on a surface, and nanosphere lithography have been used extensively to 

provide high signal surfaces for SERS measurements. However, even such control over 

features such as metal particle sizes, pitch, and proximity to neighboring metallic 

features is crucial to validating SERS for reliable biosensing [70].  

In order to fabricate highly reproducible SERS substrates, nanofabrication technologies 

such as electron beam lithography (EBL) and nanoimprint lithography (NIL) both offer 

advantages of nanometer-scale resolution with each having certain advantages and 

challenges in fabrication. Electron beam lithography, a standard for fabricating features 

with resolution down to below 10 nm [71ī78] offers an effective method for fabrication 

of SERS devices due to the nanoscale control over features and flexibility in testing 
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different device designs. A major limitation in electron beam lithography, however, is 

the slow patterning or exposure.  

Another emerging technology, which has quickly become an important nanofabrication 

technology, is nano-imprint lithography (NIL). NIL offers both high-resolution 

fabrication, and the potential for high throughput fabrication of devices. This technology 

requires the use of a mold or stamp, which is fabricated by EBL but can be used for the 

fabrication of a large number of subsequent ñcopiesò of the original mold. NIL been 

shown to also provide sub 10 nm resolution, with theoretical lower limits than what has 

already been demonstrated [79, 80]. Figure 2.5 illustrates the periodicity of features that 

can be fabricated at the nanoscale for the detection of biological agents. 

Dielectric substrates have also been shown to significantly increase the intensities in 

SERS due to localized and focused fields existing at the surface between the metallic 

features [81]. Also, high quality fused silica, a clear glass with high transmission of 

optical wavelengths and excellent dielectric properties, provides transparency for SERS 

imaging with a very low background spectrum compared to many other substrate 

materials such as silicon [82, 83].  

Fabrication on dielectric substrates, especially at the nanoscale, produces significant 

challenges with nanofabrication processing. Issues regarding charge build-up during 

fabrication, adhesion, and other factors need to be considered when working with glass 

or any type of insulating substrate. These difficulties can be overcome but require 

attention. The ability to fabricate on transparent dielectric materials could prove to be 

critical for fabricating SERS biosensors for detection of analytes in solution where the 

potential for microfluidic channeling would be beneficial [84]. 
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Figure. 2.4 - Some common SERS platforms for signal enhancement. (a) Roughened 

silver surface, (b) metallic spheres in solution [85], (c) nanosphere particle arrays [86], 

and (d) EBL fabricated periodic metal dot array. Images (b, c) published with 

permission. Images (a, c) obtained from experimental work. 

 

Figure 2.5 - Illustration of a laser beam focused on nano-patterned metallic dots with 

immobilized protein. The green arrows represent the scattered Raman light. 
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 Electron Beam Lithography 2.4.

Electron beam lithography (EBL) is an invaluable enabling technology for 

nanofabrication due to its flexibility for direct writing of sub 10 nm features, which is 

used for direct lithography as well as mask generation for deep ultraviolet (DUV) and 

extreme ultraviolet (EUV) technologies. In EBL, a beam of electrons, focused down to a 

spot as small as a few nanometers in diameter, scans across the surface of an electron-

beam resist to generate a specific pattern, causing a change in the solubility of the resist 

in patterned or exposed regions. Electron beam (E-beam) resists that incur a higher 

solubility after exposure are known as positive tone resists whereas negative tone resists 

have a lower solubility after exposure. For many positive tone resists, such as 

poly(methyl methacrylate) (PMMA), ZEP520, and SML, electron beam exposure 

results in scission of the polymer chains composing the resist. The segmentation of the 

polymer chains into smaller fragments is what allows the resists to become soluble in 

the developer. For negative-tone EBL resists, such as hydrogen silsesquioxane (HSQ), 

Ma-N, and UVN30, low solubility is caused by cross-linking reactions creating larger, 

less soluble structures [73, 87]. The process of electron beam lithography includes: (1) 

Spin-coating of a uniform layer of electron beam resist on a substrate; (2) exposure of 

the resist material in a vacuum chamber with an electron beam patterned across the 

resist; and (3) development of the sample with a specific developer to remove the 

soluble regions (see Figure 2.6). 

Ultimately, the resolution attainable is limited not entirely by the electron beam spot 

size but rather from a number of factors including resist chemistry, resist development 

after exposure, substrate charging due to poor charge dissipation of electrons during 

exposure, as well as from both forward and back-scattered electrons and their resultant 

generation of secondary electrons [73, 74, 77, 88]. So-called proximity effects in EBL 
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occur outside directly exposed areas due to forward and back-scattering. The effects of 

the beam energy play a major role in the EBL process with different energies being 

advantageous depending on the application. High energy ~100 keV electrons are able to 

penetrate deeper into the samples with less forward scattering of the beam [89], 

allowing higher resolution features. Proximity effects are more prevalent for high 

electron beam energies as the backscattered electrons travel a further distance in the 

substrate before they reach the resist. Trade-offs of lower pitch resolution due to 

increased back-scattering, higher doses as most of the electrons penetrate deep into the 

substrate as opposed to the resist, and possible damage to underlying features have also 

given rise to fabrication of features with lower energies in the sub 10 keV range 

[76, 90].  

Mechanisms involved in resist development post-exposure also play a critical role in the 

quality and resolution of EBL-patterned devices. Collapse of the resist structure can 

occur during development and drying due to intermolecular or capillary forces between 

the liquid and the resist and depending on the mechanical strength of the resist. High 

aspect ratio features can be challenging to fabricate due to poor adhesion, and the resist 

structure. Resist swelling, during development, internal stress due to rapid post-bake 

cooling and thermal mismatching between the resist and substrate [91], and other 

developer properties are some of the many factors which control the resolution 

attainable in EBL [73, 92]. 
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Figure 2.6 - EBL Process for positive (left) and negative (right) toned resists involving: 

(a) spin coating of resists; (b) electron beam exposure of patterned regions; and (c) 

development of resist to remove soluble regions. 

 

Useful for testing different aspects of EBL, exposure dose scales can be helpful in 

determining the ideal parameters for the EBL exposure and development. Color 

variations of features seen with an optical microscope can give useful feedback about 

over-exposure, over-development, and clearance even though nanoscale features cannot 

be seen directly at low magnifications. Figure 2.7 shows an example of a 100 nm pitch 

array of dots where the dose per dot increases from left to right with the base dose being 

multiplied by the corresponding dose factor. The applicable dose window is referred to 

as a range of doses that allow well-defined features without degradation or combination 

between adjacent patterns.  
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Figure 2.7 - CAD illustration of a 100 nm pitch dose grating with scale numbers and 

colors corresponding to different dose values (dose factors) of individual dots 

composing the array. Experimental results showed that the dot size of patterned features 

increased with higher dose factors, which varied depending on the fabrication process. 

2.4.1.1. Cold Development 

Cold development was employed to improve resolution for fabrication of features 

requiring greater resolution than possible at room temperature using positive tone resists 

[6, 73, 77, 93ī95]. As the developer surrounds the resist fragments, a gel region is 

formed at the resist-solvent interface (see Figure 2.8). By cooling the developer, the 

solvent is less able to penetrate the partially exposed region, thus limiting the size and 

width of the gel region [96]. With the cooler temperatures, this reduces the solventôs 

ability to penetrate in unexposed resist areas, improving the resolution. 

 

Figure 2.8 - Cross-section illustration of positive tone electron-beam resist during 

development. Gel formation occurs from interaction between the solvent and resist. 

Cooler temperatures during development prevent the gel region, which contains 

partially exposed polymer from being dissolved quickly, allowing increased resolution 

for electron-beam lithography. (Reproduced from [97]). 
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2.4.1.2. Anti -charging Conductive Layers for EBL 

Charging effects during EBL processing can severely degrade the quality of patterned 

features during the exposure process, as beam defocusing, distortion, and displacement 

limit the resolution obtainable. Conductive layers, placed either above or below the 

resist layer have been shown to extend the resolution and quality of EBL by allowing 

discharging of the samples during exposure (see Figure 2.9 and Figure 2.10) [74, 

99ī101]. Figure 2.11 shows an image of a fused silica substrate, which requires 

conductive layers placed either above or below the resist layer, however, placement 

above the resist layer allows for no modification to underlying processes. Due to the 

complexity of working with conductive layers, simulation of the EBL process allowed 

for comparison with experimental results to determine the effects of electron beam 

broadening due to the conductive layers [101]. Figure 2.10 shows a schematic of the 

overall fabrication process using electron beam lithography and lift-off to produce the 

nano-structures for SERS.  

 

Figure 2.9 - 50 nm pitch gold dots fabricated on a fused silica substrates using a PMMA 

lift -off process and an anti-charging layer of aquaSAVE conductive polymer. Image 

obtained with permission from [74]. 

 



 

19 

 

 

Figure 2.10 - Schematic of EBL fabricated substrates including simulation stage where 

the EBL Simulator was used to compare with experimental results for silicon and fused 

silica substrates investigating the effects of the conductive layers for different doses of 

100 nm pitch holes in PMMA. Lift-off processing was done on fused silica substrates 

with aquaSAVE conductive polymer to obtain dot pitches ranging from 40 nm to 200 

nm with varying gap sizes [74]. 
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Figure 2.11 - Image of a fused silica sample used as a substrate material for fabricating 

SERS devices. Fabrication on fused silica substrates was done with both EBL and NIL 

as fused silica had excellent optical and electrical properties helpful for SERS. 

 Nanoimprint Lithography  2.5.

Since the initial demonstration of nanoimprint lithography (NIL) in 1995 [102], it has 

quickly gained ground as a viable nanofabrication technology and considered a next 

generation lithography (NGL) possibility for microelectronics to replace 

photolithography as integrated circuit features reduce below 14 nm [103]. The potential 

low costs, simplicity and resolution of NIL have presented this technology as a viable 

solution to the semiconductor and other nanotechnology industries where commercial 

applications are beginning to emerge [104ī106]. NIL is the process of transferring 

features from a high-resolution, patterned surface of a mold (or template) by pressing it 

into a deformable material (nanoimprint resist), and leaving a replicated copy of the 

original pattern in the new sample [80, 104, 107]. A number of variations on this 

process have been shown, with common methods including thermal, ultraviolet (UV) 

(used with step-and-flash), and soft lithography imprinting (see Figure 2.12) [83, 104, 

108]. Some of the challenges involved with NIL include proximity effects due to 
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neighboring features displacing resist, sticking between the mold and sample, 

alignment, contamination after several imprints, and mold wear or damage [80, 

107ī110]. 

One of the challenges to overcome for NIL is reducing the adhesion or sticking between 

the mold and sample, where contamination and mold damage often occur after a number 

of consecutive imprints. Methods to reduce the sticking have evolved, usually consisting 

of some type of chemical modification to the mold or to the resist material itself or to 

both in order to lower their surface energies, improving separation [107, 111, 112].  

 

Figure 2.12 - Process steps for the three basic nanoimprint lithography (NIL) 

techniques: (a) thermal nanoimprint lithography, (b) soft lithography (microcontact 

printing), and (c) ultraviolet (UV) (step and flash) nanoimprint lithography (S-FIL) 

(Reproduced with permission [104]) 
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 Motivation  2.6.

As a  major challenge involved in SERS, control over features at nanoscale dimensions 

is critical for reliable detection for biosensing applications. In this work, nanofabrication 

methods including both electron beam lithography and nanoimprint lithography were 

used to fabricate SERS substrates which were tested for their capabilities as SERS 

biosensors. Aspects of fabrication, with variations in plasmonic structures for increased 

signal and control over Raman signal enhancements, required significant adjustments in 

the various stages of fabrication to improve consistency and signal enhancement. 

Testing of the SERS signals from different analytes to determine the effectiveness of the 

devices was critical to this work. Different metals, geometries, feature spacing and 

pitch, as well as other aspects of substrate preparation required continual analysis and 

feedback from the measured SERS spectra of different analytes used for testing. SERS 

spectra of different biological elements including proteins, DNA aptamers, and small 

molecules, were used for benchmark testing and eventual demonstration of bio-

detection using targeted molecular complementarity.  
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 Experimental Methods 3.

This chapter provides a summary of some of the key fabrication tools and software used 

in this work. Measurement and imaging tools used for evaluation and analysis of 

experimental work are also included in this chapter. 

 

 Thermo Scientific Nicolet Raman Analysis System 3.1.

The Thermo Scientific Raman system used in this work allows both microscope and 

macro imaging with microscope magnification to 100X. This capability has allowed 

accurate analysis to determine which regions of substrates produce the highest Raman 

signal down to 540 nm resolution. The system allows for imaging with both 532 and 

780 nm wavelength excitation with charge-coupled device (CCD) cooling down to -100 

°C for improved signal-to-noise imaging, especially at 780 nm wavelength excitation. 

The software provided also allows for advanced subtraction of signals using custom 

databases as well as imported Raman spectra libraries for effective signal processing 

and interpretation. The system is also capable of remote sensing with an optical fiber 

cable, which although not used in this work, would be beneficial for the 

commercialization of future SERS devices [113]. 
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Figure 3.1 - Thermo Scientific Nicolet Almega XR Micro and Macro Raman Analysis 

System used for Raman spectroscopy of signals from SERS substrates and other spectra. 

The system has both 532 and 780 nm excitation sources with CCD cooling to -100 °C 

for low noise detection of Raman signals (www.thermoscientific.com).  

  Raman Imaging and Sample Preparation 3.2.

To allow Raman imaging of sensitive analytes, an aqueous environment needs to be 

maintained for both immobilization and imaging of analytes. Thus, substrates were 

placed in a buffer solution and capped with a thin glass cover, which has low impurities 

to avoid adding background to the Raman spectra. The samples were submerged in a 

compatible buffer and sealed in the solution using a hydrophobic vacuum sealant (see 

Figure 3.2), which did not appear to result in any noticeable contamination to the 

samples. Raman measurements of the silicone-based vacuum sealant, were done and 

compared with every run to assure that contamination from the sealant was not seen in 

the spectra. 
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Figure 3.2 - Samples were kept in a buffer solution during Raman imaging, as many 

biological analytes require specific conditions to prevent degradation. The samples were 

sealed in the buffer solution with a transparent microscope cover. 

 

 Raith 150
TWO

 Electron Beam Lithography System 3.3.

The Raith 150
TWO

 system offers the flexibility of providing high-resolution patterning 

with a range of low accelerating voltages from 0.1 keV ï 30 keV. It offers load locking 

of samples with up to 8ǌ wafer handling and stitching errors below 25 nm, and is 

capable of sub-10 nm feature patterning.  

 

Figure 3.3 ï Image of the column and detector components of the Raith 150
TWO

 electron 

beam lithography system which is used at the University of Alberta (www.raith.com).  
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 NINT Electron Beam Lithography Simulator  3.4.

Our group has developed the NINT electron beam lithography simulator which allows 

both the visualization and analysis of EBL structures with nanometer resolution. The 

tool allows of high accuracy predictions, with significant control over a number of 

parameters to allow adjustments to theoretical calculations of both the exposure, and 

development stages. Various options include choice over substrate material, resist 

thickness for both ZEP and PMMA, development time, temperature, and a number of 

other features [6, 114]. The simulator predicts the spatial distribution of the yield of 

scission of polymer chains occurring from the impact of primary, secondary, and 

backscattered electrons. This then is employed to determine the development parameters 

for different developers IPA:H2O (7:3) for PMMA, ZED-N50 for ZEP and MIBK:IPA 

(1:1) for both [6, 95, 101, 114]. 

 

Figure 3.4 - Top view (left) and 3D (right) visualization of the yield of scission for 

PMMA 950K using the NINT Electron Beam Lithography Simulator. The software is 

able to predict both exposure and development patterns in PMMA and ZEP resists. The 

units displayed are in Angstroms. 

 

 Nanonex NX-2500 Nanoimprint Tool 3.5.

The nanonex NX-2500 nanoimprint system offers both UV and thermal imprint 

capabilities with sub 1 ɛm alignment and sub 10 nm resolution imprinting. The unique 
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air cushion press systems allows for a range of different sample sizes and shapes. In this 

thesis, all samples were ~1×1 cm diced squares. Experiments in this work included 

thermal imprints using a NXR-1025 thermal imprint resist (Nanonex Corp.). 

 

Figure 3.5 - Nanonex NX-2500 Nanoimprint system used for nanoimprinting. The tool 

allows for both thermal and UV imprinting (www.nanonex.com). 

 

 Oxford Instruments PlasmaLab 100 ICP Etcher 3.6.

The Oxford Instruments PlasmaLab system is an inductively coupled plasma etching 

system that allows for anisotropic etching which is ideal for lift-off and nanoimprinting 

as sidewall coverage during evaporation can prevent proper lift-off from occurring. 

With liquid nitrogen cooling, the system also gives improved anisotropy as etched resist 

in deep trenches is more likely to be re-deposited on sidewalls, which further improves 

the lift-off of metal. 
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Figure 3.6 - Oxford Instruments PlasmaLab System used for etching of NIL molds and 

NIL substrates (www.oxford-instruments.com) . 

 Cee 200X Spinner and Cee 1300X Hotplate 3.7.

The Cee 200X spinner and hotplate (Brewer Science), allows for spin coating of 

samples with a high torque for fast ramp rates and spin speeds of up to 10 000 rpm. The 

top cover design improved consistency of the resist thickness from run to run compared 

to other spinners that were used where rates were inconsistent due to varying air flow.  

 

Figure 3.7- Cee 200X spinner (left) and hotplate (right) from Brewer Science used to 

spin and bake substrates for EBL and NIL (www.brewerscience.com). 
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 Filmetrics Thin Film Measurement Tool 3.8.

The filmetrics thin film measurement tool uses spectral reflectance information from a 

range of wavelengths to determine thin film thicknesses. The tool was used extensively 

to measure the different thickness of thermal oxides, EBL and nanoimprint resists, as 

well as to determine the etch rates needed for NIL mold fabrication and clearance 

etches. The tool was also able to measure resist thicknesses on fused silica substrates 

with 10-20 nm accuracy and 0.01 nm accuracy on opaque substrates such as silicon. 

 

Figure 3.8 - Filmetrics measurement system used for measuring thin film thicknesses on 

various substrates. Thickness measurements were obtained with resolution and accuracy 

less than one nanometer for many resists thicknesses measured. 
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Figure 3.9 - An example of the measurement display interface of the filmetrics thin film 

measurement system. Accuracy of the measurements was within a few nanometers. 

 

 

 Kurt J. Lesker Electron Beam Evaporator  3.9.

The Kurt J. Lesker evaporator is a physical vapor deposition tool for electron beam 

evaporation of various materials. The system allows loading of up to four metals, held 

in crucibles, allowing multiple material layers to be added, which is often needed for 

adhering some metals such as silver or gold to a surface using a metal such as chromium 

or titanium as an adhesion promoter. The system is a bell jar setup which allows a 

significant distance between the samples and the metal crucible which provides 

improved directionality for lift-off. The crucibles are water cooled from below and give 

a uniform temperature gradient within the heated metal allow for consistency between 

runs. The system is able to reach a base pressure of below 7×10
-5
 Pa (~5×10

-7
 Torr) 

within 2 hours. 
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Figure 3.10 - Kurt J. Lesker water-cooled, bell jar, electron-beam evaporation system 

with cryo-pumped chamber and four-pocket crucible holder.  

 Hitachi S-4800 Field Emission Scanning Electron 3.10.

Microscope 

The Hitachi S-4800 field emission scanning electron microscope offers a maximum of 1 

nm resolution with acceleration voltages between 0.6 keV and 30 keV. The system has 

both secondary and backscattered electron detectors, which can be used in parallel to 

provide both surface and atomic variation imaging. This was utilized for imaging of the 

metallic features on fused silica due to the contrast in atomic number between the metal 

and the SiO2 glass. The system is cooled using liquid nitrogen for improved resolution 

and stability. 
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 General Atomic and Molecular Electronic 3.11.

Structure System 

 The General Atomic and Molecular Electronic Structure System (GAMESS), is a 

simulation tool used to give approximations of the electron wave function and energies 

of stationary molecules [56-58]. In this work, GAMESS software was used for the 

prediction of Raman bands in molecules. Although the Raman spectrum for 

immobilized species can change, especially due to the surface-enhancement of Raman 

signals, simulation gives helpful insights into both the Raman activity of molecules as 

well an understanding of chemical interactions that occur [115]. The basic components 

in determining the Raman spectrum used in this work involved the stages of, (1) 

geometry optimization and nuclear gradient calculations; (2) Hessian matrix calculation 

based on predicted potential energies of molecules; (3) calculation of the vibrational 

modes of the molecules using the Hessian matrix calculations; and (4) determination of 

the intensities of the different vibrational modes.  

Geometry optimization was done using a closed-shell, restricted Hartree-Fock (RHF) 

method for all molecules, as their valence shells were all full initially. Ions or radical 

molecules would require a restricted open-shell Hartree-Fock calculation (ROHF) [116]. 

The basis set for each molecule was chosen as 6-31G(d,p) basis set where the lower 

core orbitals remained stationary for the calculations [117-119].  

The Hessian matrix, which is the s order derivative of the potential energy of the 

molecule, is calculated with respect to the nuclear or Cartesian coordinates of the 

molecules, and is used to determine the vibrational modes of the molecules [120, 121].  

The Raman intensities were then calculated using a numerical differentiation procedure 

where electric fields are applied in various directions towards the molecule with electric 
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field strength of 0.002 N/C to determine intensity of different Raman modes arising 

from different angles of light [122]. One limitation of the Raman package provided is 

that the excitation laser wavelength is not incorporated into the calculations causing 

some discrepancy in the obtained Raman intensities of the molecules. 

 Molecule Building and Visualization 3.12.

Preparation of simulated molecules for GAMESS was done using the Simplified 

Molecular-Input Line-Entry System (SMILES) [123] for input into Avogadro, an open-

source molecular builder and visualization tool [124]. Proteins and their crystal 

structures were also imported into Avogadro for visualization (see Figure 3.11). 

Modeling of resultant simulations and visualization of the Raman vibrational modes was 

done using MacMolPlt [56] and Facio [125, 126], which both offer molecular modeling 

and visualization for GAMESS. 

  

Figure 3.11 - Avogadro: an open-source molecular builder and visualization tool was 

used to build and visualize different molecules and proteins. This image contains a 

simple wireframe and cartoon view of the recombinant B domain of staphylococcal 

protein A obtained from the RCSB Protein Data Bank (1BDD) [127]. Modified protein 

A was used for benchmark testing for SERS bio-detection.  
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 Substrate Fabrication 4.

Variability in the signal enhancement from SERS occurs predominantly from 

irregularities in shape and positioning of metallic features at the nanoscale. Regions of 

high signal enhancement or ñhot spotsò that exist in nanoscale gaps between metal 

features, due to highly localized electromagnetic fields in the gaps that arise from laser 

irradiation, can be difficult to control and reproduce uniformly with many conventional 

fabrication methods. In this chapter, aspects of fabrication using electron beam and 

nanoimprint lithography are presented for the fabrication of SERS substrates with 

nanoscale control for reliable signal enhancement. The requirement for placing anti-

charging layers on substrates to allow fabrication on dielectric substrates is included 

with a detailed study on various aspects involved in the application of such layers.  

The work towards these goals includes substantial efforts from previous and current 

group members including Mustafa Muhammad who established many of the methods 

for EBL fabrication on dielectric substrates, Luis Gutierrez-Rivera, who I worked with 

closely throughout in testing numerous aspects of design, and fabrication of different 

features and Marium Japanwala who assisted in designing and fabricating honeycomb 

and other structures. Figure 4.31 was provided by Luis Gutierrez-Rivera, as an example 

of the gold honeycomb structures fabricated on fused silica. Considerable collaboration 

with Taras Fito in using the EBL Simulator, interpreting data, and preparing graphs was 

done, including assistance in preparing figures 4.4, 4.7-4.8, and 4.10 [101].  

 EBL Fabricated SERS Substrates 4.1.

Substrates of fused silica were used as a base structure to allow fabrication of plasmonic 

features that could be used for detection of analytes using SERS. Silicon substrates were 

also used for testing at different fabrication steps to: (1) measure and adjust resist 
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thicknesses; (2) determine the effects of anti-charging layers during EBL exposure on 

non-dielectric substrates, including electron beam broadening due to the additional 

layers; and (3) evaluate the effects of post-exposure processing on resist thickness, 

adhesion, and surface roughness. Diced 1 cm × 1 cm samples were cleaned to remove 

organic and metallic contaminants in a piranha (H2SO4:H2O2 3:1) bath for 15 min, then 

rinsed in deionized water and dried in nitrogen. Samples were then baked on a hotplate 

at 180 °C for 15 min as a dehydration step to improve adhesion of the resist and the 

subsequent metal layers to the surface of the samples.  The substrates were then cooled 

to room temperature, spin-coated with PMMA 950K (MicroChem) and baked at 180 °C 

for 3 min to drive out the solvent and reduce stress. Depending on the age of the PMMA 

used, film thicknesses varied from 90 nm to 100 nm due to solvent evaporation over 

time. It was found that a 2-s ramp to a range between 3500 rpm and 4000 rpm was 

needed, depending on the condition of the resist. PMMA thickness was verified using 

the Filmetrics thin film measurement tool for each batch.  

 Anti -charging layers in EBL  4.1.1.

Samples of both silicon and fused silica were spin-coated according to the previously 

stated parameters with 100 nm thick PMMA 950K and conductive layers were added on 

top. Physical vapor deposited aluminum and spin-coated poly-aniline based conductive 

polymer aquaSAVE (Mitsubishi Rayon Co.) were used as demonstrated elsewhere 

[74,128] to compare the results of the two conductive layers and for comparison with 

the simulated results. Conductive layers can be placed both above and below  the  resist  

layer;  however,  placement  above  the  resist  layer  allows  underlying  processes to 

remain unmodified. It was found that for the aluminum layer, deposition using a planar 

magnetron sputtering system damages the top layer of resist, resulting in up to a 20 nm 

reduction in the resist thickness after development. Electron beam evaporation did not 
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appear to have any effect on the thickness of the resist after development. Evaporated 

aluminum films were deposited at a pressure of ~7×10
-7
 Torr and a deposition rate of 

0.02-0.03 nm/s using the Kurt J. Lesker evaporation system for all the samples used in 

the testing. Aluminum thicknesses ranging from 10 nm to 30 nm were used to compare 

the effects of conductivity and beam broadening from varying thicknesses.  

Samples using the conductive polymer for anti-charging were spin-coated with 

aquaSAVE at 3000 rpm for 40 s with a 2 s ramp. To allow proper coating of the 

aquaSAVE layer, the liquid needed to be spread across the surface with a dropper to 

prevent streaking of the polymer during the spin process. The thickness of the 

aquaSAVE was estimated to be approximately 70 nm. 

 Exposure and Development 4.1.2.

Patterns used for fabrication of SERS substrates were created using computer aided 

design (CAD) software, to generate GDSII format elements that were utilized by the 

EBL software to transfer the design to the substrate by exposing the resist layer with the 

electron beam. EBL exposure dose involves the number of electrons to be applied to a 

single spot or an overall area or line and is measured in units of electric charge applied 

to a region. Higher beam energies require a higher dose as a larger percentage of 

energetic electrons pass through the resist into the substrate with a lower yield of 

scission. This can be described by an optimal area, line, or dot exposure dose, 

depending on the structure, usually measured in units of C/cm
2
, C/cm, and C/dot 

respectively. Area and line doses are commonly composed of individual dots, which are 

spaced close enough to allow the dots to combine, creating larger features.  

Development of the samples was done using a co-solvent of IPA:H2O (7:3) which has 

been shown to provide better development than either solely IPA or H2O which are both 
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weak developers [74, 95]. For both silicon and fused silica substrates, there was found 

an applicable dose window, which was larger at higher beam energies. This window 

greatly depends on the development process as seen in Figure 4.1 which shows a large 

area of 100 nm pitch dots or pits in developed PMMA resist which gradually increase in 

size dependent on the increasing dot dose factor. 

Honeycomb and other structures for SERS devices were fabricated at both room and 

cold temperatures with the idea of allowing for increased surface coverage, and narrow 

gap SERS hotspots [129]. Compared to MIBK:IPA (1:3) which is often used for cold  

development at temperature below 0 °C, IPA:H2O (7:3) has been shown to give more 

reliable nanoscale fabrication results of features while providing reduced line-edge-

roughness [95]. IPA:H2O (7:3) has also been shown to offer up to 40% better sensitivity 

and 20% higher contrast than MIBK:IPA (1:3) under certain conditions [130]. In order 

to provide the highest resolution, a temperature of +12 °C was used and samples were 

developed for 60 s. Temperatures below +12 °C are not advantageous as long 

development times and higher doses can both cause increased resist swelling and larger 

effective radii of gyration of the polymer in the solvent, which can limit the ultimate 

resolution attainable [130].  
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Figure 4.1 - Arrays of 100 nm pitch dots in PMMA on fused silica substrates developed 

using an IPA:H2O (7:3) development process. One-hundred nm pitch dots or pits in 

developed resist over a large area can be seen in: (a) an optical image of a substrate 

developed at 12 °C; and (b) a SEM image of a sample developed at room temperature at 

higher magnification showing collapse at high dose factors close to 50 in the central 

regions due to a higher effective dose. Values on scale bar correspond to a dose factor 

with a base dose of 0.6 fC/dot, which gradually increase to the right. Experimental 

results found an approximate 5 nm average dot size variation for every 10 µm distance 

for cold development. 

Prolonged development times are also known to result in degradation of resist-substrate 

adhesion, which can also lead to collapse. It was observed that the stir sticks could not 

be operated prior to development as bubbles formed in the developer and remained for 

up to a minute [73, 131]. It is likely that the bubbles are due to a higher evaporation rate 
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of IPA than H2O at cool temperatures [132]. If the bubbles were not allowed to rise 

prior to development, bubbles would adhere to the surface of the substrate and cause 

circular regions of undeveloped resist where the bubbles attached. One important aspect 

of cold development for SERS substrates is that with an increased applicable dose 

window for varying doses, increased consistency and control over dot size over a range 

of doses was observed (see Figure 4.1). This is important, as small inter feature gap 

variations between metal structures is known to have a substantial impact on Raman 

signal intensities.  

Simulation work involving honeycomb and other structures was done for the prediction 

and interpretation of the experimental work. In order to obtain narrow gaps between 

metallic features for producing Raman hot spots, adjustments to the electron beam 

exposure dose, development temperature and time allowed for the fabrication of 

consistent narrow resist features with honeycomb shaped structures. Comparison with 

simulation for samples using cold development showed accurate predictions for test 

samples with silicon and fused silica substrates. Figure 4.2 shows an example of PMMA 

honeycomb structures fabricated on a silicon substrate. Simulation of the honeycombs 

with a 150 ɛC/cm
2
 average area dose showed that a residual layer of resist remained 

after development, which was also seen in experiment, as 150 ɛC/cm
2
 was the starting 

threshold dose for clearance on most chips. This was confirmed after lift-off in many 

cases as insufficient clearance during development prevented gold from adhering 

directly to the underlying substrate. Honeycombs made with 90 nm thick PMMA had 

features with widths down to ~20 nm. However, reaching a consistency with 

honeycomb shaped structures was difficult for producing gaps between structures below 

30 nm. 
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Figure 4.2 - SEM images of PMMA honeycombs as observed (left) and predicted (right) 

on a silicon substrate with (a) 30 nm PMMA structure widths using a 150 µC/cm
2
 area 

dose and (b) 22 nm structure widths using a 170 µC/cm
2
 area dose with 90 nm thick 

PMMA resist and developed using a cool, +12 °C IPA:H2O (7:3) developer for 60 s. 

 Comparison of Conductive Layers 4.1.3.

As mentioned earlier, due to the charge build-up that occurs during EBL exposures on 

dielectric substrates, conductive layers are needed to allow patterning of features with 

high resolution. Comparison between such layers, with the assistance of simulation, was 

done to provide greater insight into the capabilities and advantages of such layers [101]. 

The conductive layers were placed on top of the resist as their removal prior to 

development allowed for metal deposited by electron-beam evaporation to enter into 

patterned regions directly onto the substrate surface. Here, aluminum metal films, which 

are commonly used for anti-charging in EBL, and a conductive polymer material, 

aquaSAVE (Mitsubishi Rayon Co.), were compared. The conductive polymer was spun 

to a consistent thickness according to the recommended parameters. Different aluminum 
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thicknesses were used to determine the effects on EBL patterning and for comparison 

with the predicted simulation data.  

Exposure and development of 100 nm pitch dots was achieved in PMMA using a range 

of dot doses from 0 fC/dot to 20 fC/dot over an area of 8.5×100 ɛm
2
 on multiple 

samples of silicon and fused silica. Samples were exposed at 30 keV with a 7.5 ɛm 

aperture using different conductive layers of aluminum and aquaSAVE conductive 

polymer with varying conditions. Simulation of the lithography was also done for 

analysis and interpretation of the results using the EBL simulator. One-hundred nm 

pitch dots allowed for the most feasible analysis as a large applicable dose window gave 

a large range of doses prior to feature collapse. Lower pitches, down to 40 nm were 

fabricated successfully; however, their applicable dose windows were too narrow for 

thorough analysis.  

After exposure, samples coated with aluminum were placed in a 

TMAH(trimethylanilinium hydroxide)-based etchant, MF-CD-26, that removed the 

aluminum at a rate of approximately 10 nm/min at room temperature. After removal of 

the aluminum, samples were rinsed in deionized water and dried prior to development 

for consistency and to determine the effects of the etchant on the PMMA. Samples using 

the aquaSAVE conductive polymer were dipped in water for three s and placed directly 

into the developer without drying. Samples were all developed in IPA:H2O (7:3) for 20 

s then quenched in deionized water prior to drying. The patterns were visualized using a 

Hitachi S-4800 field emission SEM instrument. Samples were sputter-coated with 3.5 

nm of chromium prior to imaging to limit charging. Developed holes in 100 nm PMMA 

resist can be seen in Figure 4.3 from a side angle of a cleaved silicon substrate with a 

dot dose of 12 fC/dot showing the profile of the holes from the beam spreading.  
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Figure 4.3 - 100 nm pitch developed holes in PMMA resist on a silicon substrate using a 

co-solvent IPA:H2O (7:3) developer for 20 s at room temperature with a 12 fC/dot dose 

with a 30 keV accelerating voltage [74, 101]. 

To compare different samples, the diameters of the opened holes was measured for 

various doses using plan-view SEM images. Measurement of the dot diameters in 

PMMA was done in the center of each array to account for proximity effects from 

surrounding dots. ImageJ software [133] was used to analyze the images for comparison 

with the predicted values where average dot diameters were taken from the multiple 

dots at each dose. Figure 4.4 shows an example of a three-dimensional and cross section 

simulation which process was used for predicting the width of developed dots in PMMA 

which allowed for the comparison between experimental and predicted dot sizes. 
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Figure 4.4 ï (a) Simulated three dimensional and (b) cross-section development profiles 

of 100 nm pitch dots in PMMA on a fused silica substrate with aquaSAVE conductive 

polymer and a 12 fC/dot dose using a 30 keV accelerating voltage with 20 s 

development in IPA:H2O (7:3) at room temperature. Measurement of the minimum gap 

width of features was done using the simulated cross sections. Here, the remaining resist 

is in red and regions with clearance are shown in blue. The anti-charging layer and 

substrate are not shown in the simulation. Distances are (a) 3000 Angstroms total width 

in the X and Y axis and 1000 Angstrom for the Z-axis and (b) 400 Angstrom arrow 

width. 

Figure 4.5 and Figure 4.6 illustrate the variation in the size and quality of features of the 

dots exposed with the same dose using different anti-charging schemes with different 

substrates. Overall, the results obtained show that the relative dot size varied the most 

for cases using aluminum layers. SEM images (a) and (b) from Figure 4.5 compare the 

dots obtained using aquaSAVE and 10 nm aluminum conductive layers on fused silica 

substrate. It can be seen that for matching dot doses, the dot diameters varied by about 

20 nm. Whereas for silicon substrates, as seen in Figure 4.5 (d, e, f), there was little 

variation regardless of the inclusion of the conductive layers. The conductive polymer, 

aquaSAVE, had close consistency with predicted values as seen in Figure 4.7 for fused 

silica samples, while aluminum layers varied more substantially as seen in Figure 4.8. 

Inclusion of thicker, 30 nm aluminum layers, as seen in Figure 4.5 (c), resulted in only 

slight variations in the dot diameters when used with fused silica substrates. For silicon 

substrates, however, 30 nm of aluminum resulted in larger than expected dot diameters, 
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with dots combining together at doses around 13 fC/dot as seen in Figure 4.6. Feature 

roughness and poor adhesion were seen for all samples with aluminum etching time 

above 2 min with silicon samples.  

 

Figure 4.5 -  SEM images of 100 nm pitch dots in PMMA with different anti-charging 

schemes with fused silica samples on the left and silicon samples shown on the right. 

The left column (a-c) shows fused silica substrates with (a) 70 nm of aquaSAVE 

conductive polymer, (b) 10 nm of evaporated aluminum conductive layer, and (c) 30 nm 

of evaporated aluminum conductive layer (stigmation of dots was during imaging and 

not part of the original pattern). The right column (d-f) shows silicon substrates with 

(d) 70 nm of aquaSAVE conductive polymer, (e) 10 nm of evaporated aluminum 

conductive layer, and (f) no conductive layer. All samples were exposed at 30 keV with 

a 7.5 fC/dot exposure dose and developed for 20 s in IPA:H20 (7:3) at room temperature 

with 90-100 nm thick PMMA. 
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Figure 4.6 ï SEM image of 100 nm pitch dots in ~100 nm thick PMMA using a 7.5 

fC/dot exposure dose on a silicon substrate with 30 nm of aluminum used for 

measurement of the effects of using the thick layer. Resist roughness and poor adhesion 

were seen for all silicon samples exposed to the aluminum etchant for longer than 3 

min, with and without aluminum. 

Comparison of predicted and experimental 100 nm pitch dots in PMMA obtained using 

aquaSAVE conductive layers on both silicon and fused silica samples as seen in Figure 

4.7 shows that there is a very close agreement. Although comparable to the thickness of 

the PMMA, the 70 nm aquaSAVE conductive layer did not have a significant effect on 

resolution of features. Effective charge dissipation using the conductive polymer can 

also be concluded as the average dot diameters were very close regardless of the 

substrate material. These results suggest that charge-build up and beam broadening due 

to the conductive polymer were both unsubstantial, with limited beam broadening 

correlating with the low density and average atomic number of the conductive polymer.  

Comparable dose requirements allows for the translation of process conditions using 

fused silica substrates compared to silicon when using the conductive polymer. The 

delicate removal process in deionized water is also beneficial for processing, as it has no 

noticeable impact to the resist layer, showing an additional benefit of aquaSAVE. 
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Figure 4.7 - Comparison between simulation and experimental 100 nm pitch dots in 

PMMA on fused silica and silicon samples with aquaSAVE conductive polymer and 

silicon with no conductive layers using a 30 keV accelerating voltage with 20 s 

development in IPA:H2O (7:3) at room temperature. Standard deviation was within 

3 nm for each sample. 

Work involving aluminum conductive layers was more complicated as a number of 

factors were found to affect the quality of EBL exposed patterns in this case. Thin metal 

films have traditionally been used as one of the methods to mitigate the effects of 

charge-build up during EBL exposure largely due to the availability and cost of this 

method [134]. Comparison of measured and predicted dot diameters, displayed in 

Figure 4.8, shows the discrepancy with experimental results as features were seen to be 

larger than predicted. As seen in Figure 4.9, high quality narrow dots with 100 nm pitch 

spacing were successfully fabricated using aluminum on a fused silica substrate, 

however, a narrow dose window was observed. Such as a significant increase in the dot 
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diameters was not seen on the silicon substrates however, as the dot diameters between 

samples with and without 10 nm of aluminum showed little variation. 

The contrast between fused silica and silicon substrates suggests that the 10 nm 

aluminum layer does not completely eliminate the effects of charging during the EBL 

process. It is generally known that conductivity sharply diminishes for metal film 

thicknesses below 20ī30 nm. This has been attributed to a number of factors, but 

predominantly to the non-uniform nucleation of deposited films [135, 136].  

 

 

Figure 4.8 - Comparison of dot sizes for 100 nm pitch dot arrays in 100 nm thick 

PMMA for a range of exposure doses on fused silica, using a 30 keV accelerating 

voltage and 20 s development in IPA:H2O (7:3). Lines correspond to simulated results 

and symbols correspond to experimental data. Standard deviation was within 3 nm for 

each sample. 
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Figure 4.9 - SEM image 100 nm pitch dots in PMMA resist on a fused silica substrate 

using a 10 nm evaporated aluminum film as a conductive layer exposed at 30 keV with 

a 6 fC/dot dose and  developed for 20 s in IPA:H2O (7:3) at room temperature. 

 

However, the described charge buildup arguments do not explain the observed 

difference of measured and predicted dot diameters employing 30 nm thick aluminum 

layers. SEM imaging of 20 nm and 30 nm aluminum films on PMMA on fused silica 

substrates confirmed increased charge build-up for thinner aluminum films and minimal 

charging for 30 nm thicknesses (see Figures 4.11 and 4.12).  Elsewhere the effects of 

the aluminum etchant on PMMA causing poor adhesion have been reported [137]. To 

investigate the influence of the aluminum etchant on the observed morphology, samples 

of PMMA on silicon with no aluminum layers were treated by the etchant for different 

durations before EBL processing. Etching of samples for 30 sec. showed no effect on 

the development of the holes. As seen in Figure 4.10, these samples produced similar 

results to other samples with accurately predicted dot diameters. Longer etch times of 3 

min, however, created significantly larger dot sizes and a narrow dose range before 

collapse between dots occurred for dot doses above 9 fC/dot.  
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Figure 4.10 - Comparison of dot sizes for 100 nm pitch dot arrays in 100 nm thick 

PMMA for a range of exposure doses on silicon, using a 30 keV accelerating voltage 

and 100 nm pitch dots with a 20 s development in IPA:H2O (7:3). Lines correspond to 

simulated results and symbols correspond to experimental data. Results marked with an 

x represent a silicon sample with no aluminum layer and developed after being placed in 

the aluminum etchant MF CD-26 for 3 min. Standard deviation was within 3 nm for 

each sample. 

 

As seen in Figure 4.10, comparison between samples with 30 nm of aluminum and 

samples without aluminum on silicon, using three-minute etch times, showed 

comparable dot diameters indicating that PMMA resist performance is significantly 

altered by the aluminum etchant. Despite the thickness of the  aluminum layer, it seems 

to provide limited protection to the resist from the aluminum etchant. The effects of 

using prolonged etching of the aluminum verify that not only adhesion to the silicon 

substrate is affected, but also the resolution and quality of the patterning [137].  
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Figure 4.11 ï SEM images demonstrating the variation in grain size and charge build up 

between (a) 20 nm of aluminum on PMMA on a fused silica substrate and (b) 30 nm of 

aluminum on PMMA on a fused silica substrate. 20 nm aluminum films experienced 

significant charge-build up when imaged at 10 keV and with a 5.9 mm working 

distance. 

 

Figure 4.12 ï Cross section image of 100 nm thick PMMA on a silicon substrate with a 

30 nm top coating of aluminum showing a continuous film. Charge-build up during 

SEM imaging of 30 nm films whereas 20 nm and thinner aluminum films on fused silica 

substrates did experience charging. 
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 Summary of EBL fabricated devices 4.1.4.

Significant control over substrate patterning was obtained with variations in exposure 

dose, development temperature and time, including extensive studies done comparing 

the effectiveness of conductive layers which were needed for EBL exposures on fused 

silica substrates. The conductive polymer, aquaSAVE, provided exceptional process 

latitude which allowed for comparable processing conditions for both silicon and fused 

silica substrates. Aluminum, although capable of providing quality dots, was limited in 

processing latitude with difficulties arising from both charge-build up during exposure 

and prolonged etch times of the aluminum layer on silicon. Further, demonstration of an 

increased process exposure dose latitude using cold development allowed for increased 

consistency in SERS substrate fabrication, which is advantageous for consistency in 

SERS biosensing. 

  

Figure 4.13 - Overlap of predicted and simulated dot diameters using the EBL Simulator 

tool for prediction of dot diameters and gaps needed for subsequent evaporation and lift-

off.  This sample was with a fused silica substrate and aquaSAVE conductive polymer 

at 30 keV accelerating voltage with 100 nm pitch. 
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 Nanoimprint ed SERS Substrates 4.2.

Nanoimprint lithography (NIL) offers both high-resolution fabrication, and the potential 

for high throughput fabrication of devices at low costs compared to EBL. Despite the 

simplicity of NIL, it onset compared to EBL was much later, and hence, new methods 

and aspects of NIL will continue to develop as it has quickly been shown to be an 

effective method for mass fabrication of micro- and nano-devices. Due to the need for 

low-cost, highly reproducible substrates for SERS, NIL offers many possible 

advantages not available in other methods. The initial costs for NIL mold fabrication is 

relatively high when using EBL, however batch processing has the potential to 

significantly reduce cost for plasmonic biosensors. Here NIL substrates were fabricated 

to demonstrate the feasibility of this technology for control over nanoscale features for 

different SERS devices. Demonstration of a thermal NIL was done on samples of both 

silicon and fused silica for comparison and for ease of processing when using the silicon 

substrates. Although ultraviolet imprinting was possible, a thermal imprinting process 

was done for simplicity and greater control over the resist thickness, which needed to be 

precise for accurate etching. 

 NIL Mold  Fabrication 4.2.1.

One of the critical aspects of fabricating NIL SERS substrates was the production of a 

master mold containing the desired features to transfer. Metrics such as feature 

resolution, geometry, and pitch needed to be incorporated on the mold. A 10 cm silicon 

prime polished wafer was cleaned in a piranha (7:3 H2SO4:H2O2) solution for 20 min 

and rinsed in deionized water, then dried with nitrogen. A thermal silicon oxide layer 

was thermally grown (wet oxidation) to ~63 nm using the Minibrute furnace in the 

NanoFab at 900 °C and the thickness verified using a filmetrics, an optical thin film 

measurement tool. Samples were then diced into 1 cm x 1 cm pieces for ease of 
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processing. The samples were then cleaned again in piranha, spun with 90 nm of 950K 

PMMA, and baked at 180 °C prior to application of an aquaSAVE conductive polymer 

layer which was found to help with consistency and resolution in EBL exposures due to 

the presence of the dielectric oxide layer. EBL patterns with various dot arrays of 

varying pitch, and other geometries were patterned in the resist similar to those done for 

EBL fabricated SERS devices. Proper spacing of up to 50 µm between different arrays 

was done to prevent proximity effects that can occur in both EBL and NIL. In NIL, 

neighboring features can cause resist to be displaced and result in variations in the resist 

thickness across the wafer.  

Development of EBL-patterned molds was done using either 20 s in IPA:H2O (7:3) at 

room temperature with a water rinse for 40 s with the same developer at 12 °C using a 

cold plate without drying. After development, 10 nm of chromium was deposited using 

electron beam evaporation which was needed as an etch mask. After evaporation, lift-

off was performed by soaking the samples in acetone for approximately 10-20 min prior 

to sonication of the samples without drying. The pre-soak was found the assist in the 

lift -off process as the small grain size of chromium made lift-off more difficult 

compared to using other metals such as copper, silver or gold. Samples were then rinsed 

in IPA and water, then dried in nitrogen after lift-off.  Figure 4.14 gives a schematic 

overview of the mold fabrication process.  
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Figure 4.14 - Nanoimprint lithography process flow for mold fabrication. Silicon 

substrates underwent a thermal oxidation to provide the pillar material as silicon dioxide 

is known to be less brittle than silicon, allowing for improved lifetime after multiple 

nanoimprints. 
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 Mold Etching 4.2.2.

After performing lift-off, a chrome masking layer on top of the thermal oxide layer 

remained. An inductively coupled reactive ion etch (ICP-RIE) Oxford Instruments 

PlasmaLab system was used to etch into the oxide layer creating the structures of the 

nanoimprinted molds. Etching was done using a C4F8/helium etch recipe at 20 °C using 

a base pressure of 4 Pa, a 25 sccm flow rate, and a forward power of 150 W were found 

to be ideal for an etch rate of approximately 2 nm/sec. The underlying silicon layer 

acted as an etch stop which could be seen in Figures 4.15 and 4.16.  

 
Figure 4.15 ï SEM images of thermally grown silicon dioxide pillars on a base silicon 

substrate with 10 nm of chrome for (a) 50 nm pitch and (b) 100 nm pitch arrays. Etch 

time for these samples was 20 s using a C4F8/helium . Images were taken at a 30° angle. 
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Figure 4.16 ï SEM image of 100 nm pitch thermally grown silicon dioxide pillars with 

10 nm chromium caps of a NIL mold and narrow gaps. Etching parameters allowed for 

improved feature dimensions and more vertical sides to assist in lift-off. Images were 

taken at a 30° angle. 

 

 Ant i-adhesion Coating 4.2.3.

An anti-adhesion layer was applied using a self-assembled monolayer (SAM) of 

trichloro (1H,1H,2H,2H-perfluorooctyl)-silane on the nanoimprint molds (see Figure 

4.17) [138]. This was done by placing the substrates in a vacuum for two hours with a 

few drops of the silane in a beaker to eventually evaporate and form a SAM on the 

surface of the silicon. Such SAM on silicon are known to be resistant to many acids and 

alkali solutions, but can be easily removed with oxygen plasma [139]. It was found that 

the adhesion layer on the mold was effective as up to 10 runs could be performed before 

requiring cleaning and re-application of the adhesion layer. Samples with the 

nanoimprint resist were also found to benefit with the same process, although the exact 

mechanisim of attachment to the surface of the resist is uncertain. Contact angle 
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measurements before and after application of the anti-adhesion layer on both the molds 

and samples with the nanoimprint resist showed increased hydrophobicity due to the 

anti-adhesion layer (see Figures 4.18 and 4.19).  

 

 

Figure 4.17 - Self-assembled monolayer of trichloro(1H,1H,2H,2H-

perfluorooctyl)silane  (perfluorodecyltrichlorosilane) which binds to the native oxide 

layer on silicon. Tests also confirmed that the silane bound the surface of the 

nanoimprint resist (see Figures 4.18 and 4.19). 
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Figure 4.18 - Comparison of contact angle measurements on silicon mold material (a) 

before, and (b) after application of SAM anti-adhesion layer of trichloro (1H,1H,2H,2H-

perfluorooctyl)-silane. 

 

Figure 4.19 - Comparison of contact angle measurements on NXR-1025 NIL resist (a) 

before and (b) after application of SAM anti-adhesion layer of trichloro (1H,1H,2H,2H-

perfluorooctyl)-silane. 

 

 Nanoimprint Resist Properties 4.2.4.

Thermal imprints were done with both NXR-1025 and 950K PMMA resists. However, 

NXR-1025 was used for the majority of experiments as it gave better results and 

consistency compared to PMMA due to the lower pressure and temperature needed for 

imprinting due to its glass transition temperature of around 60 °C as opposed to the 

value for PMMA 950K which is between 95 °C and 106 °C [79, 140]. Imprints using 

PMMA also resulted in damaged molds, likely due to the increased pressure needed for 
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imprinting. NXR-1025 was thinned in 1-methoxy-2-propyl acetate to achieve ~90 nm 

resist thicknesses spun at 3000 RPM/sec with a two-s ramp then baked at 160 °C for 

three min. One advantage of using a thermal resist for lift-off is that only a single layer 

of resist is required, and the procedure can be performed on both silicon and fused silica 

or transparent samples with a silicon mold [79].  

 Nanoimprint Process 4.2.5.

Prior to alignment of the mold and sample, the edge bead on the corners and edges of 

the sample that occurred from spinning the nanoimprint resist was removed. This was 

done by using the corner of a folded cleanroom wipe that was soaked in acetone and 

allowed to evaporate until it was slightly damp. If too much acetone remained on the 

wipe, the acetone would wick into the center of the substrate deforming the resist where 

the features were to be transferred. It was found that if the edge bead wasnôt completely 

removed, air bubbles would get trapped between the mold and sample, causing 

inconsistent imprints. After the samples were prepared for the imprint, the mold was 

placed on top of the sample over the thermocouple (see Figure 4.20 

Clearance after imprinting to remove resist from imprinted openings where metal could 

be deposited was performed using an inductively coupled plasma ï reactive ion etching 

(ICP-RIE) process to achieve anisotropic etching of the resist which was needed to 

allow lift-off of the resist. Variations with oxygen and helium concentrations were 

tested as helium allowed for a sufficient pressure while limiting etch rates. Successful 

processing was done for 100 nm pitch regions consistently after adjusting the etch 

process to a low power etch for 16 s (see Figures 4.13ī4.15).  

). The recipe used for the imprint involved a 5 minute chamber pump down, followed by 

a pre-imprint at 110 C with a pressure placed on the mold and sample of 620 kPa 

followed by the imprint process where the sample and mold were heated to 130 °C with 
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a pressure of 1450 kPa for 30 s. After the imprint, the chamber was slowly vented at a 

temperature of 50 °C. To improve the separation between the mold and sample, the 

chips were frozen using liquid nitrogen cooling and then allowed to return to room 

temperature. The sample, which was made to be slightly larger than the mold, was 

fastened and high-pressured air was blown between the sample and mold while 

separation was done using a scalpel.  

 

Figure 4.20 - Placement of mold on top of sample after a nanoimprint run. The sample 

and mold are placed between two sheets of transparent film, which allows a uniform 

pressure. Temperature was measured on the sample using a thermocouple as seen in the 

center of the image. After the imprint, a small bubble around the substrates as well in 

other regions between the films remained. 

 

Silicon samples used to allow ease of inspection and processing in NIL, with results 

transferred to fused silica samples after the process had been developed. Variations in 

feature sizes, such as periodic dot arrays of different pitches could be seen optically, as 

in Figure 4.21, which shows darker shaded regions corresponding to dots with narrow 

inter-dot gap distances, corresponding to the moldôs structures. Imprints on samples 

with silicon appeared to generally give better yields compared to samples of fused 
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silica. No exact measurements of the yield were conducted; however, the mismatch in 

both thermal conductivity and expansion compared to the silicon mold may be one of 

the causes for different yields.  Further, when imprinting fused silica samples, it was 

found that resist contamination occurred more readily.  For 1 cm samples, the expansion 

at 130 °C of silicon is 260 nm across the substrate whereas fused silica only changes by 

55 nm across the wafer, a difference of approximately 200 nm (see Table 1). Although 

across the patterned region of 300 ɛm, this only accounts for about a 30 nm difference, 

which did not seem to have any major effect on the feature transfer. Figure 4.22 shows a 

schematic overview of the thermal nanoimprint process used in this work. 

 

Figure 4.21 - (Flipped) optical image of nanoimprinted 50 nm pitch regions on a 

transparent fused silica substrate. The darker shaded boxes correspond to larger dot 

diameters transferred from the master mold. The values here are the dose factors used 

which were multiplied by 0.6 fC/dot. 

Table 1 - Thermal Conductivity and Expansion of Bulk Silicon and Fused Silica. 

 

Material  Thermal conductivity Thermal expansion, linear 

Silicon [141] 130 W/m
-1 

°C
-1
 2.6Ā10

-6 
°C 

-1
 

Thermally grown silicon 

dioxide [142, 143] 

1.4 W/m
-1 

°C
-1
 0.24Ā10

-6
 °C -1 

Fused silica [144] 1.38 W/m
-1 

°C
-1
 0.55Ā10

-6 
°C 

-1
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Figure 4.22 - Thermal nanoimprint process used for fabrication of SERS substrates 

including (1) sample alignment; (2) thermal imprinting and separation process; (3) 

oxygen plasma; (4) metal evaporation (e.g. copper, gold, silver); and (5) resist lift-off. 
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Clearance after imprinting to remove resist from imprinted openings where metal could 

be deposited was performed using an inductively coupled plasma ï reactive ion etching 

(ICP-RIE) process to achieve anisotropic etching of the resist which was needed to 

allow lift-off of the resist. Variations with oxygen and helium concentrations were 

tested as helium allowed for a sufficient pressure while limiting etch rates. Successful 

processing was done for 100 nm pitch regions consistently after adjusting the etch 

process to a low power etch for 16 s (see Figures 4.13ī4.15).  

 

Figure 4.23 - 50 nm pitch dots imprinted in ~85 nm thick NXR-1025 thermal 

nanoimprint resist using a 1 cm x 1 cm mold and fused silica substrate after an etch 

process. Minimum gap size between dots was approximately 20 nm. 
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Figure 4.24 - 100 nm pitch dots imprinted in ~85 nm thick NXR-1025 thermal 

nanoimprint resist using a 1 cm x 1 cm mold and fused silica substrate with ~20 nm 

diameter features. 

 

Figure 4.25 - 100 nm pitch dots imprinted in ~85 nm thick NXR-1025 thermal 

nanoimprint resist using a 1 cm x 1 cm mold and fused silica substrate with an ~20 nm 

gap distance between opened holes. An etch process was done on this sample to gain 

clearance in opened dots for subsequent lift-off. 
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Figure 4.26 ï SEM image showing insufficient clearance after the etching process 

resulted in partial yield of dots during lift-off. Here, gold was evaporated on a fused 

silica substrate using electron beam evaporation to a metal thickness of ~10 nm. 

Insufficient clearance of the pattern regions and isotropic etching resulted in metal 

features being removed during the lift-off process as seen in Figure 4.26. To improve 

substrate lift-off for high-resolution features, a bi-layer method was attempted to allow a 

top surface with a lower sensitivity to etching, which would improve undercut after 

plasma etching. However, after testing multiple resists including HSQ, ZEP520, and 

PMMA on top of the NIL resist, it was found that the dispensing solvents removed the 

NIL resist during spinning. The ability to imprint features down to 50 nm pitch were 

observed routinely, however clearance, variation in etch rates between opened regions,  

and undercut profiles from the imprinting made lift-off only possible down to 100 nm 

pitch regions.  

Overall, NIL was found to include various processes of nanofabrication that needed 

adjustments in order to achieve repeatable imprints and allow for proper lift-off for 

fabricating SERS devices. Despite many of the challenges seen, consistency in 

fabrication was obtained for features down to 100 nm pitch. Several aspects including 

mold design, and fabrication, application of anti-adhesion coatings, modifications to the 
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temperature, pressure and time of imprints, and the lift-off process all required 

significant planning and reiterative modifications. The results obtained show the 

potential feasibility of using nanoimprint lithography for scalability in manufacturing of 

SERS and other devices requiring nanoscale resolution. Although this field of NIL is 

continuing to develop, already the control over resolution has allowed for fabrication of 

devices testable using SERS.  

 Electron Beam Evaporation, L ift -off, and 4.3.

Fabrication of Metal Nanostructures 

Deposition of the metal used for the nanostructured features for both EBL and NIL 

fabricated substrates was done using a lift-off process. For fabrication of all SERS 

devices, 10 nm films of metal were deposited on the surface of the sample by electron-

beam evaporation. Thicker metal films above 10 nm did not allow for proper lift-off 

processing with EBL or NIL due to lift-off process used. Resist patterned samples were 

placed in the Kurt J. Lesker electron-beam evaporator system and the tool was pumped 

down to a base pressure below 1×10
-4
 Pascal. Deposition of the metal layers was 

performed at rates between 0.1 and 0.4 nm/sec for total thicknesses of 10 nm. Films of 

chromium, silver, copper, gold and nickel, including various combinations of the 

different metals were used depending on the requirements of the test. Silver, copper, and 

gold were all used as plasmonic materials whereas chromium was used to improve 

adhesion of the silver to the fused silica. It was found that no adhesion layer was needed 

for copper or gold to the glass. Nickel was used in some cases for immobilization of 

proteins exploiting the strong binding between nickel and histidine tags used on some 

proteins. Patterned regions in the resist allowed for metal to enter into the opened 

regions of the resist to adhere to the underlying surface. Figures 4.27ī4.29 show 

periodic dot arrays fabricated using both EBL and NIL. 
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Figure 4.27 ï EBL fabricated 100 nm pitch gold dots on a fused silica substrate after 

lift -off. The nucleation of the gold layer can be seen with the individual dots. 

 

Figure 4.28 ï SEM image of 200 nm pitch 10 nm thick gold periodic dot array 

fabricated after a NIL process and subsequent lift-off to form metal uniform dot arrays. 

Lift -off using was done by soaking the samples in a heated N-Methyl-2-pyrrolidone 

(NMP) solvent prior to sonicating the samples in the solvent. It was found that NMP 

offered improved results compared to acetone for lift-off for NIL fabricated SERS 

substrates. 
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Figure 4.29 ï SEM image of 100 nm pitch 10 nm thick copper dots on a fused silica 

substrate fabricated using NIL and a lift -off process. Lift-off was done by soaking the 

samples in a heated NMP solvent prior to sonicating the samples in the solvent. 

 

Figure 4.30 ï Array of 100 nm pitch copper dots on a fused silica substrate fabricated 

using NIL with lift -off done using a heated NMP solvent. 

Because of the directionality of the evaporated metal, sidewall coverage was limited, 

which is critical for lifting-off of the resist, which acts as a sacrificial layer. The lift-off 

process included soaking the samples in a strong solvent of acetone for PMMA resist or 

NMP heated to above 50 °C for the nanoimprint NXR-1025 resist, and then sonicated 

for one to two min. It was found that soaking samples in the solvents reduced the time 

needed for sonication, with EBL-patterned substrates requiring 5 minute soaks in 

acetone while NIL substrates were soaked for 20 min in a heated N-Methyl-2-



 

69 

 

pyrrolidone (NMP) solvent. The solvents cause the resist to swell which assists in the 

lifting-off process. Metal EBL-patterned substrates were fabricated with various 

features including honeycombs, and dot pitches down to 40 nm and metal thicknesses of 

10 nm (see Figures 4.27 and 4.31). These various geometries were tested using Raman 

spectroscopy to determine the effects on signal enhancement based on aspects known to 

give the highest enhancements[11]. For nanoimprinted substrates, 100 nm and higher 

pitches were consistently obtained; however, lower pitches proved to be too difficult for 

lift -off, despite some successful imprints observed down to 50 nm pitch. The variation 

in rate for lower pitches, lack of undercut, and adhesion were some of the main 

challenges in obtaining the lower pitches with NIL. It was also found that chrome lift-

off used for fabricating NIL molds required a longer soak in acetone prior to sonication, 

which was attributed to the smaller grain size of the chrome. This limited the solvent 

from removing the top layer of chrome in some cases. 

  

Figure 4.31 ï EBL fabricated gold honeycomb shaped nanostructures on a fused silica 

substrate used for SERS. Gold nucleation from deposition can be seen in the structures 

from the evaporation process. PMMA development was done using a room temperature 

IPA:H2O (7:3) development process. Image was provided by Luis Gutierrez-Rivera. 
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 Biosensor Results and Discussion 5.

Tests to determine the effectiveness of the nano-patterned SERS substrates in 

controlling signal enhancement as well as determining the effectiveness of the substrates 

for SERS are presented here. Experiments demonstrating the devicesô ability to tune 

signal enhancement based on pitch, and antiparticle spacing are shown. Further, 

demonstration of specific bonding between and immobilized recognition element, a 

dopamine binding aptamer and dopamine is shown using honeycomb gold 

nanostructures fabricated using EBL. 

Assistance with SEM imaging, fabrication and other help from Luis Gutierrez-River and 

Marium Japanwala was vital to this work. Of note, Figures 5.5ī5.6 were obtained from 

Luis, as well as the spectrum of protein A in solution used in Figure 5.4.  

 SERS detection of Protein A 5.1.

Protein A is a unique protein known to have a strong binding affinity to the heavy chain 

of immunoglobins or antibodies of many mammalian species. It is a part of a group of 

proteins that bind antibodies with different specificities [145, 146]. Protein A was 

discovered originally in the bacterium Staphylococcus aureus, and is commercially 

available along with a recombinant fusion protein linked to protein G of the same 

family, due to its potential for a number of sensing applications (see Figure 5.1) [147, 

148]. The ability to measure the binding of protein A on a surface using SERS, prior to 

sensing of analytes, can be beneficial to confirming the immobilization of the protein 

directly. Although SERS requires analytes to be within a short range of the surface, 

making analyte-antigen detection difficult with SERS, the small size of protein A makes 

it a useful protein to measure and use for testing of the nanofabricated SERS substrates 

[149].  
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Figure 5.1 - 3D model of Protein A from solution NMR spectroscopy, obtained from the 

RCSB Protein Data Bank (1BDD) [129]. The protein was rendered using the Avogadro 

software. 

 

SERS substrates with metal dots of 50, 100, and 200 nm pitch with varying inter-dot 

gap sizes were fabricated on fused silica substrates using electron beam lithography 

(EBL) as described in chapter 4. Gap sizes were controlled based on the relative dose 

used, and verified using SEM images in correlation with optical images taken during 

Raman measurements. Samples with copper, silver, and gold nanostructures were used 

to determine the corresponding enhancement from the different metals.  Figure 5.2 

shows an example of 100 nm pitch silver dots fabricated on a fused silica substrate that 

was used for detection of protein A using SERS. Evaporated films on fused silica were 

also used throughout to allow for comparison between the Raman signal of different 

tests and for faster processing. 
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Figure 5.2 ï SEM image of 100 nm pitch silver dots on a fused silica substrate with an 

average 15 nm gap distance between dots. This sample and others were used for 

obtaining SERS spectra of immobilized protein A.  

Protein A molecules were modified to have multiple thiol groups on the outer surface of 

the protein by attaching thiol-terminated linkers to the surface of the protein. These 

linkers take advantage of the strong bond between thiol groups and noble metals, 

allowing for increased yields of immobilization of the protein to the metal. Unmodified 

and thiolated protein A was obtained from ProteinMods, where the protein was 

estimated to have approximately 2.8 sulfhydryl groups per protein on the surface which 

were known not hinder the functional properties of the protein [150].  

Drops of protein A and thiolated protein A (490 ɛM) were placed on separate samples 

for 72 hours at 4 °C. The un-thiolated protein A was in a non-buffered water solution 

with a pH of 7 and the thiolated protein was in a buffer of Na Citrate with a pH of 5.5. 

The stability of protein in a range of pH values was confirmed by the manufacturer, 

where changes pH changes from acidic to basic and vice-versa were not expected to 

cause unfolding of the proteins. After the protein was allowed to immobilize to the 

surface, samples were rinsed thoroughly in a phosphate buffered saline (PBS) with a pH 

of 7.4 and sealed in the same buffer, accordingly to the procedure outlined in 
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section 3.21. Control samples were also tested using the PBS buffer solution for 

comparison. No tests were conducted with the Na citrate buffer, however comparison 

between unmodified protein A in water and the thiolated protein showed comparable 

SERS spectra.  Samples with both silver and gold nanostructures were found to be 

compatible with the Na citrate buffer, while tests with copper found that the buffer 

reacted with the metal, removing features from the devices. Silver and gold films were 

used to obtain the basic spectra of protein A, while silver 100 nm pitch dots offered the 

highest signal enhancement overall. Peaks seen from the PBS buffer at 602, 790, 1063 

and 1632 cm
-1
 were unobserved with SERS, however the Raman active spectrum of Na 

citrate buffer had a number of peak which did overlap with the protein, although the 

spectrum of un-buffered Protein A gave important information [152]. 

Raman spectra of immobilized protein A on 10 nm metal films of both silver and gold 

using thiolated and unmodified protein A in Figure 5.3 show the variation in Raman 

signal intensity between the different samples. Comparison of the signals shows that for 

both silver and gold films, the Raman signal from the thiolated protein is much higher 

than those without, although the spectrum of protein A is visible in each case. The 

stacked spectra in Figure 5.3 also shows that the silver film gives increased Raman 

enhancement for many of the peaks observed. Raman spectra were obtained using a 12 

mW, 532 nm excitation wavelength with a 6-s acquisition time. It was found that 

although the signal could be detected from protein A, the laser power needed to be 

reduced to 10% to not damage the protein and sample due to the high energy and 

focused spot size of the tool. The reduced laser energy was calculated to be 

approximately 1.2 mW compared to the full power, compared to the 12 mW full power. 

Repeated exposures on a single point verified the damage as the signals diminished after 

various runs at full power (see Figure 5.4). This was attributed to damage or denaturing 
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of the protein as well as damage to the metallic structures, as verified using SEM when 

high energies were utilized. No such damage was observed for sampling using a 10% 

power [153]. Figures 5.4ī5.6 show the morphology of both silver and gold pads as well 

as the focusing tool used for Raman imaging. 

 

 

Figure 5.3 - Comparison of the signal intensity of protein A using thiol mediated 

binding on silver and gold pads. Immobilization of the thiolated protein A on pure silver 

films gave the strongest SERS signals compared to other films. For these samples, a 1.2 

mW, 532 nm excitation wavelength was used for the Raman sampling for 3 s at all 

wavelengths. Spectra are offset vertically for easier comparison. 
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Figure 5.4 - Laser induced damage to a 10 nm silver film after Raman imaging at full 

laser power. Reduction of the laser power to 1.2mW was found to allow sufficient 

signal enhancement without damage to the underlying material. 

 

 

Figure 5.5 - Optical microscope image showing the method of measuring the Raman 

intensity from a single spot. Here the arrow is composed of a 10 nm thick silver film on 

fused silica fabricated using EBL with a total area of approximately 1500 ɛm
2
 and a 

focus in the range of 1 ɛm at 50X magnification. 
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Figure 5.6 ï SEM images of a 10 nm films of (a) gold and (b) silver evaporated on fused 

silica substrates at 130 000 magnification. Thin metal films were used to compare 

Raman intensity variations between silver and gold films with immobilized protein A. 

Figure 5.7 shows the Raman spectra of immobilized protein A on silver and gold films, 

as well as protein on 100 nm pitch silver dots. The spectrum of the protein in water is 

also shown for comparison. The nano-patterned dots enhanced the Raman signal 

approximately more than the silver or gold films of the same thickness.  Raman spectra 

were obtained using a 12 mW, 532 nm excitation wavelength with a 6-s acquisition 

time, except in the case of the protein in solution which acquired using a longer time. 

Other tests were performed with lower laser powers and similar results were obtained 

but with increased noise due to the lower power. 

From these results, it was demonstrated that nano-patterned SERS structures gave 

substantially higher Raman enhancements compared to bare metal structures, with 

control over inter-gap distances and pitch allowing for precise signal enhancement 

based on the plasmonic structures. Some of the most significant Raman peaks from 

protein A observed are recorded in Table 2 compared with published data on protein A.  

Variations in the Raman peaks between immobilized protein and protein in solution was 

seen, which is can occur for certain analytes, especially when immobilized on a surface 

[115, 154].  
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Figure 5.7 - Comparison of the SERS spectra of immobilized protein A on silver and 

gold films and on 100 nm pitch silver dots with 15 nm inter-dot gap distance with the 

Raman spectrum of the protein in solution at 2 mg/ml. Tests were done with a 532 nm 

excitation wavelength at 10% power except for the protein in solution which was 

obtained at full power. A significant difference was seen in a number of peaks after 

immobilization of the protein. 

 Table 2 - Observed Raman Peaks of Protein A Compared with Published Data and 

Interpretation of Peaks 

Published Data of Raman 

Shifts in Solution (cm-1) 

[14, 149] 

Raman Peaks (cm-1) 

Observed from SERS 

Structures 

Postulated Source of  Peaks 

[14, 149, 155, 156] 

563 560  

781 - Tryptophan 

- 865  

950 930 C-C Stretching 

1000 1020 Phenylalanine 

1091 1090  

1150 1144 lysine 

1272 - glutamine and asparagine 

- 1230  

1316 1305  

- 1380 CH3 sym. Bend, Tryptophan 

1450 1450  

1505 1505 lysine 

1605 -  

1640 - C=O stretching 

2426 - Cysteine sulfhydryl groups 

- 2790  

2890 2860 C-H stretching 

2931 2929 C-H stretching 

 



 

78 

 

To further test the capabilities of nano-patterned SERS substrates for controlling signal 

enhancement, comparison of the SERS signals from thiolated protein A on 100 nm pitch 

dots with varying inter-dot gap distances was performed. Figures 5.8 and 5.9 show that 

varying gap distances from the SERS structure had a significant effect on the intensity 

of the signal obtained. The highest Raman signal was seen as the gap size reduced to 15 

nm, which produced signals substantially higher than the silver film with the same 

parameters (see Figure 5.2).  

 

Figure 5.8 - Spectra of protein A immobilized on 100 nm pitch silver dots with various 

inter-dot gaps taken with a 532 nm excitation wavelength and three 1s integrations of 

the Raman shifted wavelengths. 
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Figure 5.9 ï Comparison of the intensity of the peak at 1380 cm
-1
 from immobilized 

protein A on silver dots with 100 nm pitch and varying inter-dot gap distances as well as 

comparison of the Raman signal protein immobilized on a silver film. 

Sharpened peaks of the signal can be attributed to the increased signal enhancement 

arising from the small inter-dot gaps, which are known to produce high intensity Raman 

signals or ñhot spotsò. These results validated the effectiveness of the nano-fabricated 

SERS substrates in providing high signal enhancement, as well as control over the 

signal intensity based on fabricated structures with significant control. 

The ability to ñtuneò the signal intensity of SERS devices using varying dot pitch and 

inter-dot distances is seen in Figures 5.8 and 5.9. This validates that signal intensities, 

which are not always predictable with SERS, can be controlled to some extent by 

regulating the plasmonic structures used for enhancement. A similar experiment with a 

silver/copper base layer gave comparable results, with an approximate 4:1 signal 

enhancement comparing the intensity of the metal films with the 15 nm gap sections at 

1380 cm
-1
. Raman peaks in these regions were substantially higher than in regions with 

silver films, also demonstrating that the high signal was not due to increased 

concentration of the analyte. 


























