
Electrochemical Deposition of Nanostructures on a 
Microelectrode Platform for Surface Enhanced Raman 

Scattering Applications 
 
 

By 
 
 
 

Joshua Raveendran 
 
 
 
 

A thesis submitted to the Department of Chemical Engineering 
in conformity with the requirements for the degree of Doctor of Philosophy 

 
 
 
 
 
 

Queen’s University 
 

Kingston, Ontario, Canada 
 

April, 2021  
 
 
 
 
 
 
 
 
 

Copyright © Joshua Raveendran 2021



 i 

 

Abstract 

The demand for point-of-use sensors continues to increase as the dangers to human health and 

wellbeing from new bio-chemical hazards, illicit drugs and toxicants continue to rise. To allow 

for early, cost-effective and decentralized chemical analysis, the next generation of sensors need 

to be portable, rapid, affordable and user-friendly. Surface-enhanced Raman scattering (SERS) is 

a water compatible, non-destructive, label-free sensing mechanism that can identify and quantify 

different chemical compounds in liquid and solid samples. Microelectrodes have previously been 

shown to produce SERS substrates, albeit with very poor surface coverage and limited to 

laboratory testing. The objective of this thesis is to study a novel approach for combining 

microelectrodes and electrochemical deposition, in order to form extensive SERS active 

structures devoid of said limitations. In this work, we establish that an alternating electrical 

current can successfully be used to reduce silver ions to form SERS active dendritic 

nanostructures without damaging the microelectrodes or oxidizing the reduced metal. The 

nanostructures form in a distinctive manner to standard deposition processes. Here the 

nanostructures grow along the insulating substrate from all edges of the electrodes, capable of 

reaching lateral lengths near 300 µm with nm features. The role(s) that electrical parameters, 

surface interactions and solution composition play in the deposition process are studied to 

identify the parameters and conditions needed to promote the two-dimensional growth and 

maximize the SERS enhancement of the nanostructures. Furthermore, it is demonstrated that the 

formed nanostructures could act as concentration amplification devices, accelerating and 

localizing analyte adsorption from solution, a unique feature for SERS substrates. The SERS 
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substrates are compatible with a handheld Raman spectrometer, therefore amenable for point-of-

need sensing. Finally, it is shown that these SERS substrates can serve as scaffolds for forming 

Ag/Au bimetallic nanostructures with enhanced chemical stability using a galvanic reaction. The 

synergy between SERS and chemometrics was explored as the nanostructures were used to 

identify and quantify toxicants in food and water. The combination of SERS, microelectrodes 

and chemometrics offers a great deal of promise for point-of-need testing as the nanostructures 

can be used alone or further augmented to improve compatibility with complex samples. 
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Chapter 1 Introduction 

The global demand for sensors to detect, identify and quantify chemical or biological agents 

continues to grow. A wide range of detection techniques such as immunoassays, polymerase 

chain reaction (PCR), liquid/gas chromatography, and mass spectrometry exist and are currently 

considered the gold standard of testing. Such detection methods however require dedicated, 

centralized facilities with expensive equipment and trained technical personnel.1–3 Thanks to 

developments in both nanotechnology and sensor technology in the last half century however, 

cheaper and simpler options are available for point-of-care diagnoses.4–6 Such techniques take 

advantage of optical or electrical measurements to detect, identify and possibly quantify the 

presence of analytes in the local environment.7–9 SERS is a label free, non-destructive, optical-

based technique which holds great promise for possible chemical and biological sensors.10 By 

enhancing the Raman signal several orders of magnitude, the “molecular fingerprint” for single 

molecules can be measured.11 SERS substrates are typically composed of gold or silver with 

nanofeatures in order to generate high SERS enhancement. Fabricating such substrates in a 

simple, low-cost and reproducible manner is an area of great interest; both bottom-up and top-

down fabrication approaches are being explored as possible solutions.12,13 A popular option for 

fabricating SERS substrates is using electrochemical deposition to chemically reduce metal ions. 

By controlling the potential or current and using additives or templates, various morphological 

metallic nanostructures can be formed on an electrode surface.14–16 Rather than use macro-sized 

electrodes to fabricate the SERS substrates however, microelectrodes can be used to perform the 

deposition process. Microelectrodes as a platform offer several benefits including small sample 

size requirements, compatibility with microfluidics for lab-on-a-chip final products, and 
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electrokinetics to concentrate analytes to a specific location.17–19 The main hindrance for using 

microelectrodes is the high cost of fabrication; however, by reusing the microelectrodes, the cost 

per chip may be greatly reduced. Microelectrodes have largely only been used with alternating 

current (AC) electrochemical deposition to produce nanowires or small aggregate-like structures 

in the kHz and MHz frequency range.20–22 Depositions performed at sub kHz frequencies 

resulted in short amorphous nanostructures forming on the edges of the electrodes and/or the 

electrodes being damaged due to side reactions.21,23 Zhang et al. reported the morphology of gold 

nanostructures fabricated using platinum microelectrodes shifted from dense aggregates to 

dendrites and finally nanowires as the frequency was increased from 100 Hz to 2 MHz.24 The 

change in nanostructure morphology matches structures formed using direct current (DC) 

depositions with macroscopic electrodes when the system changes from reaction limiting 

conditions to diffusion limiting conditions.25–27 Beyond affecting the morphology, the frequency 

of the electrical signal also impacted the nucleation density of the nanostructures. Lower 

frequencies promoted a more even formation of nanostructures along the electrode edges while 

higher frequencies resulted in isolated nanostructure formatting where the electric field is 

greatest.22,24  

The limited surface area of reported nanostructures formed using an AC electrical signal 

however makes them poor options to act as a SERS substrate as they would be limited to 

microscope-based Raman measurements equipped with a high-objective lens. Ideally the 

nanostructures would fully coat the electrode edges as well as grow laterally to provide a large 

surface coverage, thereby being compatible with both microscope-based and handheld Raman 

spectrometers which can possess laser beam diameters of 200 µm or greater. Such nanostructures 

could in theory be fabricated using a sub-kHz frequency with diffusion limiting conditions based 
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on the existing literature. The sub-kHz frequency would promote nucleation all along the 

electrode edges while diffusion limiting conditions are needed to promote the formation of 

fractal nanostructures. A fundamental compatibility issue arises however as the lower 

frequencies will promote reaction limiting conditions and increase the likelihood of damage to 

the microelectrodes. Therefore, a way to slow the transport of ions to the electrodes which does 

not induce side reactions or damage to electrodes is also required. Thus, a gap exists for 

effectively combining microelectrodes and electrochemical deposition in a non-destructively 

manner to produce densely populated fractal nanostructures. 

1.1 Research Objective and Open Questions 

The primary hypothesis of this thesis is that a sub-kHz electrical signal can be used with 

microelectrodes to build SERS active fractal nanostructures through electrochemical deposition. 

By performing the deposition at sub kHz frequencies, nanostructures should form along all the 

edges of the electrodes not only where the electric field is strongest. The use of additives can 

push the deposition to occur under diffusion limiting conditions despite the sub-kHz electrical 

signal and strong electric fields generated using microelectrodes. The nanostructures can be used 

as standard SERS substrates or used as extensions of the electrodes and enhance analyte 

adsorption by utilizing electrokinetic forces and fluid flows. This research will potentially open 

the pathway for other electrochemical deposition processes to be adapted to work with 

microelectrodes rather than rely solely on macroscopic electrodes. For the primary hypothesis of 

this thesis to be tested, several research sub-objectives need to be completed first: 

• Develop a process for utilizing an electrolytic reaction to produce SERS active silver 

nanostructures using a microelectrode platform in a non-destructive manner.  
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o Investigate the effect of electrical parameters and solution composition on the 

deposition process and resulting nanostructures 

o Explore the role of surface interactions between the nanostructures and silicon 

substrate on the morphology of the nanostructures 

o Evaluate if the nanostructures can be used as microelectrode extensions to 

improve analyte deposition. Specifically, investigate if: (a) applying a later AC 

signal oxidizes, damages, or removes the nanostructures and (b) electrokinetic 

forces and fluid flows can improve the overall analyte detection performance 

• Demonstrate that the deposition process can be scaled to produce SERS substrates which 

are compatible with portable and handheld Raman spectrometers. Scaling process will 

require designing new microelectrodes and determining if the droplet-based deposition 

has any inherent limitations for extending the length of the nanostructures 

• Develop multivariate analysis (MVA) algorithms utilizing techniques such as Principal 

Component Analysis (PCA), Partial Least Squares (PLS) and Support Vector Machines 

(SVM), in order to identify and quantify SERS spectra as a means of qualitatively 

assessing the spectra obtained 

• Functionalize and/or modify the nanostructures and microelectrodes to improve analyte 

deposition and chemical stability of the SERS substrate. The impact surface modification 

of the electrodes has on the deposition process and the overall SERS performance of the 

nanostructures will be investigated 

1.2 Scope of the Thesis 

The aim of this research was to develop a process to fabricate SERS active nanostructures on a 

microelectrode platform. The process was studied to identify the mechanism and analyzed to 
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determine how the process could be improved. In Chapter 2, a brief literature review on 

microelectrodes, electrokinetics, SERS and the fabrication of SERS active substrates is 

presented. The chapter concludes with the methodology used to fabricate SERS active 

nanostructures and their characterization. In Chapter 3, the electrodeposition of silver 

nanostructures on a microelectrode platform was established. Several parameters such as 

electrical settings (frequency, potential difference) and solution composition were varied to study 

the impact on nanostructure formation and SERS performance. A general mechanism for the 

electrodeposition process was proposed. In Chapter 4, a semi-batch deposition process was 

presented as a means to extend the growth of the silver nanostructures to produce SERS 

substrates which were compatible with a handheld spectrometer. The new SERS substrates with 

a multivariate algorithm were used to simulate the portable detection of thiram in apple juice. In 

Chapter 5, the use of the silver nanostructures as a template/scaffold to produce silver core - gold 

shell nanostructures with a galvanic reaction was investigated. The bimetallic structures were 

analyzed as SERS substrates and used with multivariate algorithms to identify and quantify 

toxicants in food and water. In Chapter 6, the conclusions from this research as well as 

suggestions for future work are presented. Finally, Appendices D and E describe how a 

microelectrode platform was used to assemble 3-D structures using SiO2 microspheres. Said 

structures were not used to perform SERS measurements but hold promise as possible scaffolds 

which can be used in the future to fabricate 3-D honeycomb SERS substrates. 
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Chapter 2 Literature Review 

This chapter covers the background and significance of microelectrodes, electrokinetics and 

surface-enhanced Raman scattering (SERS). As combining microelectrodes with SERS is still a 

relatively young field, the fabrication section will extend into the literature involving macro sized 

electrodes to produce silver nanostructures and the use of template-based SERS. The chapter 

concludes with the methodology which will be used to perform the experiments. 

2.1 Microelectrodes and Electrokinetics 

The development and improvements in semiconductor and computer manufacturing have led 

to the growth of micro-electro-mechanical systems (MEMS) and nano-electro-mechanical 

systems (NEMS). The same techniques used to produce semiconductors and computer chips 

such as lithography, spin coating, ion etching, physical/chemical deposition etc. can be used to 

produce MEMS and NEMS devices.1 MEMS and NEMS systems include microelectrodes and 

microcantilevers which can both be used for sensing applications.2,3 All sensors are composed of 

a transducer, processor and display and together they convert the input measurement to an usable 

output signal. Microelectrodes can act as a transducer, be used to fabricate transducers and/or 

perform activities which improve the quality of the sensor such as by enhancing analyte 

transport. When used for sensing applications, microelectrodes are typically used to detect and 

identify chemical and biological analytes such as toxic metal ions and chemicals, proteins or 

bacteria.4–6 Traditional methods for chemical and biological testing can be both laborious and 

expensive as dedicated facilities and highly trained technicians are usually required to perform 

measurements such as mass spectrometry and gas chromatography.7,8 In addition by operating 

only at a central location, additional time is needed for sample transport as point-of-care 
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detection is not possible. Utilizing microelectrodes as a platform, it is possible to provide 

portable testing at lower costs. Additionally, only small sample volumes are typically required 

for testing offering lab-on-a-chip capabilities via droplet-based or microfluidic-based testing. 

While microfabrication in a clean room environment is required initially to make the 

microelectrodes, they often can be cleaned and reused for additional testing. The key strength for 

microelectrodes as a sensing platform is the size of the microelectrodes and the spacing between 

electrodes. The small size of the microelectrodes provides excellent properties to perform 

electrochemical analysis to detect analytes such as brain derived neurotropic factor or nucleic 

acid chains.9,10 Beyond electrochemical analysis, microelectrodes can utilize electrokinetics to 

create enhanced sensors by applying an electric field to accelerate mass transfer to the sensing 

region. The electric field is defined as the negative gradient of the electric potential and for 

infinite plates estimated as: 

𝑬 = −∇𝜙 ≈ − ∆"
𝒅

  (2.1) 

where E is the electric field, f is the electric potential, DV the potential difference between the 

two plates and d is the displacement vector form the positive plate to the negative plate. From eq 

(2.1) it is clear that if the distance between electrodes approaches the micro- or nanoscale then 

large electric fields ( ³106 "
$

) can be generated using small voltages. Utilizing small potential 

differences is critical for microelectrodes when using a direct current (DC) or low frequency 

alternating current (AC) signal to avoid damaging the microelectrodes. The large electric fields 

are able to generate significant electrokinetic phenomena such as: dielectrophoresis (DEP), 

electrophoresis and alternating current electro-osmosis (ACEO). 
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DEP is the motion a particle experiences due to the interaction between its induced dipole 

moment and a non-uniform electric field, attracting or repelling it from areas with a large electric 

field gradient. For an isolated spherical particle, the time-averaged force it experiences due to 

dielectrophoresis is given by:11 

𝑭𝑫𝑬𝑷 = 𝜋ε(𝑟)𝑅𝑒{𝐾𝐸}∇|𝑬|*  (2.2) 

where em is the medium’s permittivity, r is the radius of the particle, Re{Ke} is the real part of 

the Clausius-Mossotti factor and Ñ|E|2 is the gradient of the squared magnitude of the electric 

field (amplitude value where 𝑬 = 22𝑬𝑹𝑴𝑺). The Clausius-Mossotti factor accounts for the 

polarizability of the particle and medium and the frequency of the electric field. At low 

frequencies, the Clausius-Mossotti factor is dependent largely on the conductivity values and at 

high frequencies on the permittivity values. If the particle is more polarizable than the medium 

(Re{KE} > 0), then the particle will experience positive DEP and be attracted to areas with large 

electric field gradients (i.e., edges of microelectrodes) as seen on the left side of Figure 2.1. In 

cases where the particle is less polarizable than the medium (Re{KE} < 0), then the particle will 

experience negative DEP and be repelled from areas with large electric field gradients (see right 

side of Figure 2.1). DEP will occur with both AC and DC electric fields and with particles with 

positive, negative or neutral charge. The only requirement is a spatially non-uniform electric 

field. Without a non-uniform electric field, the forces acting on the two poles of the dipole are 

balanced and the net force due to DEP is zero. As DEP scales with the volume of the particle, 

particles smaller than proteins such as small molecules and ions typically experience an 

insignificant DEP force.12 Thus the work reported in this thesis utilized DEP to manipulate 

proteins as well as silicon microspheres (diameter = 2 µm). When combined with a sensing 
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mechanism, DEP can be used to concentrate and separate the target analyte from other 

molecules/particles present in the bulk fluid.13–15 Additionally, the formation of induced dipoles 

can result in particle chaining and aid in the formation of highly configurable structures made 

from micro- and nanoparticles.16,17 

 

Figure 2.1: Schematic representation of a particle undergoing dielectrophoresis. On the left, is an 
example of a particle experiencing positive DEP and on the right is an example of a particle 

experiencing negative DEP. Image adapted from Roy et al.18 

Electrophoresis is the motion a charged particle undergoes in an electric field with positively 

charged particles moving in the same direction as the electric field and negatively charged 

particles moving in the opposite direction as the electric field as shown in Figure 2.2. Assuming 

the particle is traveling at a constant velocity, the electrophoretic velocity is given by:12 

𝒗𝑬𝑶 = 𝜇/0𝑬    (2.3) 

with µEO being the electrophoretic mobility. Electrophoresis is limited to DC and low AC 

frequencies as when the frequency increases, the net displacement due to electrophoresis 

approaches zero. Unlike DEP, electrophoresis can be used to control the motion of small 

particles such as ions and small molecules.19,20 As the ions are separated by their charge, charge 

and concentration gradients will form. The gradients will drive diffusion to eliminate the 

gradients by opposing the electrophoretic motion of the ions thereby lowering the energy state of 
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the system and maintaining electro-neutrality. The migration of ions can be mitigated with the 

addition of a supporting electrolyte.19 Supporting electrolytes act as inert species during 

reactions/processes, raising the conductivity of the solution and at sufficient concentrations, 

eliminate the formation of gradients.  

 

Figure 2.2: Schematic representation of ions undergoing electrophoretic force and motion ions 
experience between two oppositely charged electrodes. 

ACEO is a bulk fluid flow, transporting particles using convection. ACEO is generated by the 

movement of ions in the electrical double layer (EDL) on the electrodes. The movement of the 

ions is due to the tangential component of the electric field and nonzero charge density in the 

EDL. The momentum of the ions is transferred to the fluid bulk resulting in a fluid vortex like 

pattern; fluid flows down in the gap between microelectrodes and then over the electrode surface 

before curving upward completing the vortex as shown in Figure 2.3. ACEO is primarily 

generated with an AC frequency between 102-105 Hz with a peak, typically, near 104 Hz.12 

Frequency below 100 Hz results in a periodic and discontinuous flow due to the time scale for the 

EDL formation failing to match the fluid’s inertial time scale. Frequencies above 106 Hz prevent 

the EDL from fully forming as the ions fail to move at a speed to match the oscillation of the AC 
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field resulting the ACEO velocity decreasing. The ACEO slip velocity on an electrode surface 

can be described using a modified Helmholtz-Smoluchowski eq:21  

𝒗𝒔𝒍𝒊𝒑 =
5
*
	7!8
9
𝑅𝑒{6𝑉 − 𝑉:;;8𝑬𝒕∗}	  (2.4) 

where L is ratio of the stern layer capacitance to the capacitance of EDL,h is the viscosity of 

the fluid, V is the potential on the external surface of the EDL, Vapp is the potential applied to the 

microelectrodes and 𝑬𝒕∗ is the complex conjugate of the tangential component of the electric field 

at the surface of the EDL. The electrokinetic forces and fluid flows can be used in tandem with 

one another by carefully considering the electrical parameters and design of the microelectrodes 

for concentrating and assembling particles.22–25 

 
Figure 2.3: Schematic representation of the electric field generated between two planar 

electrodes as well as the tangential component of the electric field acting on the ions in the 
electric double layer, generating a force on the ions in the EDL and the resulting fluid flow. 

Adapted from Roy et al.18 
 

2.2 Surface-enhanced Raman scattering 

Microelectrodes can be paired synergistically with the sensing mechanism of surface-enhanced 

Raman scattering (SERS) to both fabricate SERS substrates and improve the SERS sensor’s 
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capabilities. SERS is an enhanced form of Raman spectroscopy. Raman spectroscopy is a non-

destructive vibrational spectroscopic technique in which molecules undergo a motion that 

changes the molecule’s polarizability after absorbing a photon.26 The molecule is excited to a 

virtual energy state before releasing a photon as the molecule returns to a lower energy state. The 

majority of photons experience Rayleigh scattering where the photons are scattered elastically 

with no change in their energy. A small fraction of photons is inelastically scattered, with the 

photon’s energy either increasing or decreasing relative to the incident photon, Stokes or anti-

Stokes scattering respectively. This form of inelastic scattering is referred to as Raman 

scattering. Figure 2.4 is an energy level diagram detailing a molecule’s energy as it is excited by 

a photon and undergoes Rayleigh and Raman scattering. The change in energy of the Raman 

scattered photons is reflected in a change in the photons’ frequency (wavelength and 

wavenumber as well). Each new frequency is termed a Raman band, specific to a chemical bond 

and its movement. By collecting the Raman scattered photons, a Raman spectrum can be made 

with the collection of Raman bands acting as a unique “molecular fingerprint” allowing for 

molecules to be identified and quantified.  
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Figure 2.4: Energy level diagram illustrating Rayleigh and Raman scattering. Adapted from 
Auner et al.27 

The Raman signal measured, 𝑃>:$:?, can be defined as:28 

𝑃>:$:? = 𝐾𝑁𝜎@𝐼    (2.5) 

where K acts as a correction factor, accounting for instrumental parameters as well the fraction 

of photons which are detected by the CCD detector, N is the number of molecules illuminated by 

the laser, sK is the Raman cross section if the k-th mode and I is the laser intensity. The main 

limitation for Raman spectroscopy is the weak signal as only approximately one in a million 

scattered photons are Raman scattered, the rest are Rayleigh scattered.26 Comparing a 

fluorescence cross-section with a Raman cross-section truly highlights how weak a Raman signal 

can be compared to other light scattering techniques as a Raman cross-section can be 15 orders 

of magnitude smaller than a fluorescence cross-section.29 Thus ways to improve the Raman 

signal have been investigated for decades. SERS was first discovered in 1974 by Fleischmann et 

al. who measured the Raman spectra of Pyridine adsorbed on roughened silver electrodes.30 
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SERS can enhance the signal measured of analytes located near SERS substrate several orders of 

magnitude. Thus single molecule detection becomes a possibility.31 SERS substrates are 

typically made from “coinage-metals” such as gold and silver as the SERS enhancement in part 

relies on the optical resonance properties of the metals.32 The SERS enhancement (𝐺A/>A) 

originates from a plasmonic (𝐺A/>A/B ) and chemical (𝐺A/>ACDE$) enhancement, with both 

enhancements being complimentary to one another and thus can be combined together to 

calculate the SERS signal (𝑃A/>A) as shown in eq 2.6.28  

𝑃A/>A = 𝐺A/>A𝑃>:$:? = 𝐺A/>A/B 𝐺A/>ACDE$𝑃>:$:? (2.6) 

The plasmonic enhancement originates from a local field enhancement and re-radiation 

enhancement as shown in Figure 2.5. Surface plasmons on the metallic surface are excited by the 

incident laser and enhance the local electromagnetic field nearby molecules experience resulting 

in a local field enhancement. Eq 2.7 can be used to define the local field enhancement:28  

𝑀FGH
I (𝜔F) = C𝑬𝑳𝒐𝒄(K%)

𝑬(K%)
D
*
  (2.7) 

where 𝜔Fis the angular frequency of the laser, 𝑬(𝜔F) is the electric field the molecule 

experiences from the laser, 𝑬𝑳𝒐𝒄(𝜔F) is the enhanced local electric field the molecule 

experiences near the plasmonic substrate and the superscript Z is the axis which the laser is 

polarized along. The re-radiation enhancement is due to molecules having a higher efficiency 

emitting Raman radiation when near a metallic structure. The re-radiation enhancement can be 

described using eq 2.8:28  

𝑀FGH
I (𝜔>) = C𝑬𝑳𝒐𝒄(K&)

𝑬(K&)
D
*
  (2.8) 

where the 𝜔> is the angular frequency of the Raman scattered photons. Combining eq 2.7 and 

2.8, the electromagnetic enhancement for a single molecule can be written as:28 
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𝐺A/>A/B = 𝑀FGH
I (𝜔F)𝑀FGH

I (𝜔>) = C𝑬𝑳𝒐𝒄(K%)
𝑬(K%)

D
*
C𝑬𝑳𝒐𝒄(K&)
𝑬(K&)

D
*
 (2.9) 

Assuming a small shift in the angular frequency of the Raman photons compared to the laser 

(𝜔F ≈ 𝜔>), eq 2.9 can be written as the zero Stokes shift limitation of the |𝐸|P approximation.28  

𝐺A/>A/B = C𝑬𝑳𝒐𝒄(K%)
𝑬(K%)

D
P
  (2.10) 

The plasmonic enhancement depends on the substrate but is independent of the molecule being 

measured. The molecule needs to be 1-10 nm from the metallic surface with the enhancement 

decreasing as the distance increases.  

 

Figure 2.5: Scheme of localized surface plasmons on metallic nanoparticle surface resulting in 
SERS enhancement of nearby or adsorbed molecules. Image adapted from Ding et al.32 
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The chemical enhancement requires the molecule to either physisorb or chemisorb onto the 

metal to modify the polarizability of the molecule; thus it is molecule and SERS substrate 

specific.28 The interaction between the molecule and SERS substrate can result in the formation 

of a metal-molecule charge transfer state but is not necessary so long as changes in the 

geometrical and electronic structure of the molecule occur to increase the Raman signal. In either 

case, the chemical enhancement can be seen as an increase in the Raman cross-section of the 

molecule and thus can be written as the ratio of the Raman cross-sections of the adsorbed and 

free molecule.28 

𝐺A/>ACDE$ = Q'
()*

Q'
+,--  (2.11) 

The plasmonic enhancement has been estimated to reach enhancement values of 1010 while the 

chemical enhancement values are typically in the range of 102-104.28 The SERS signal typically 

is dominated by a few SERS “hotspots” rather than an equal contribution from the sensing area. 

Hotspots are regions with greatest SERS enhancement, typically 1-3 nm gaps between metallic 

structures with the analyte located within or near the gap.33 Fabrication of SERS substrates 

should focus on making hotspots which have gaps near 1 nm and are ideally uniformly 

distributed for a reproducible signal.   

There are four main factors that contribute to the SERS enhancement: the Raman shift, the 

laser’s excitation wavelength, the molecule, and the plasmon resonance of the SERS substrate. 

Enhancement factors calculated using peak intensities measured at high Raman shift values will 

be lower than ones calculated at low Raman shift values as the assumption of a small shift in 

angular frequency of Raman photons compared to the laser will no longer hold true. The 

excitation wavelength used can have a synergistic effect with both the molecule and the SERS 

substrate. By matching the lasers wavelength with a molecule’s electronic resonance, resonance 
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Raman scattering will occur, increasing the intensity measured of resonantly enhanced modes.34 

The resonance enhancement can act complementary to SERS resulting surface enhanced 

resonance Raman scattering (SERRS) further increasing the signal measured. When calculating 

the SERS enhancement alone, SERRS should be avoided by carefully selecting a molecule 

which will not have electronic resonance such as aromatic compounds to prevent inflating the 

enhancement measured.33,35 Similarly by matching the laser’s wavelength with the plasmonic 

resonance of the SERS substrate, the enhancement can be maximized.36 

2.3 Fabrication of Nanostructures 

2.3.1 Fabricating nanoparticle-based SERS structures 

The combination of microelectrodes and SERS is somewhat limited and can be divided based 

on whether nanoparticles or ions were used as the building blocks. The use of metallic 

nanoparticles to produce SERS substrates is the more common option. Electrokinetics can be 

used to concentrate the nanoparticles into a variety of geometric structures in the gaps between 

electrodes. Parallel plate microelectrodes were used to make gold nanowires from gold 

nanoparticles at 1 MHz to detect benzenethiol and adenine.37 Liu et al. explored the behaviour of 

gold nanoparticle assemblies from 103-2´106 Hz and found with bipolar electrodes, nanowires 

would form in the MHz range while channel-like nanostructures formed in the kHz range.38 They 

concluded that, as the frequency was lowered, induced-charge electro-osmosis increases faster 

than DEP in the narrow gap between the growing structures. The higher fluid flow prevented any 

further linear growth of the nanostructures. The lower frequency also resulted in nanostructure 

formation all along the electrode tips, not only where the electric field was greatest for the MHz 

depositions. They reported no assembly of nanostructures was seen below 4 kHz. Other 
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researchers lowered the frequency to 10 Hz and used silver nanoparticles to detect a wide range 

of analytes such as thiram, melamine, cocaine, heroin and oxycodone using dendritic 

nanostructures.39–41  An AC frequency of 1 Hz resulted in a dense deposition with signs of fusing 

between the particles whereas raising the frequency to 100 Hz resulted in limited deposition.39 

The differences reported by Dies et al. and Liu et al. may be from the different microelectrode 

designs, potential difference applied to the microelectrodes or the different surface properties 

between silver and gold nanoparticles. Metal nanoparticles can also be used to functionalize 

nano- and microparticles which can then be assembled using electrokinetics. The larger size 

increases the DEP force a particle experience as DEP scales with volume of the particle. 

Polystyrene functionalized with gold nanoparticles were mixed with 1 mM of 4, 4'-bipyridine 

before being collected in the middle of microelectrodes for SERS analysis.42 Microfluidics can 

also be readily combined with microelectrodes and SERS as a means of introducing the 

nanoparticles and analyte to the microelectrodes. Here the SERS substrate is similar to a 

colloidal system where the particles are aggregated together before performing a measurement. 

Due to the aggregation being driven by electrokinetics rather than intermolecular forces 

however, the aggregation is more controllable than a standard colloidal aggregation process and 

will concentrate the collection of the particles in the same location every time. Despite the fluid 

flow, silver nanoparticles or nanospheres coated with silver nanoparticles can be trapped at the 

microelectrode tips if the DEP force is strong enough and a high frequency is used to avoid 

electrokinetic fluid flows.43–45 SERS measurements can then be performed and the nanoparticles 

later removed allowing for the device to be reused. Larger analytes such as yeast cell after being 

functionalized with silver nanoparticles can also be analyzed using this technique.46 Yeast cells 
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were differentiated based on living vs dead and isolated vs grouped after being SERS spectra 

were combined with principal component analysis (PCA). 

2.3.2 Fabricating SERS structures using ions and electrochemical deposition 

Moving away from nanoparticles, the reported literature for using metal ion and 

electrodeposition to form metallic nanostructures on a microelectrode platform is somewhat 

limited. The primary technique utilized is known as directed electrochemical nanowire assembly 

(DENA). DENA utilizes a high AC frequency in the kHz and MHz range rather than a standard 

DC electrical signal to form dendrites and nanowires. Platinum nanowires fabricated using 

DENA were found to be dependent on the electrical signal and solution composition.47,48 

Lowering the frequency was found to increase the growth velocity and decrease the radius of the 

nanowires. The radius of the nanowires was modelled and found to be inversely proportional to 

the square root of the frequency.47 Raising the potential difference resulted in a greater degree of 

side branching with the nanowires becoming dendrites. Lowering the potential difference 

however did not eliminate side branching entirely and below a threshold potential difference all 

nanostructure formation is halted. If below both a crucial potential voltage and frequency, 

electroplating would occur instead of nanostructure growth.48 A DC bias could also be used to 

initiate nucleation on the negatively charged electrode.48 The use of a supporting electrolyte was 

found to suppress side branching possibly by either passivating the nanostructure surface or 

slowing the reaction.48 Examining the growth process via DENA, it was believed to be driven via 

DEP as the growth typically followed electric field lines and electrophoresis should have little 

effect at such high frequencies. Simulations performed to model palladium nanowire and silver 

microwire growth found the combination of a high electric field in the electric double layer and 

electrode asperities could generate a great enough DEP force to excess diffusion.49 For silver 
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microwires, it was found that, unlike platinum nanowires, there exist three frequency windows 

for deposition.49 At high frequencies, above 500 kHz, no deposition occurred. From 30-500 kHz, 

nanowires and dendrites could be formed. Below 30 kHz or with a DC electrical signal, random 

structureless formation would occur on the electrodes and electrode edges. The researchers 

hypothesized the low frequency resulted in electrophoresis no longer being a negligible factor in 

the movement of ions. As the frequency was lowered, the length of the half cycle and 

displacement of an ion would both increase. If the electric field in the displaced region is no 

longer homogenous, the assumption of electrophoresis being negligible in an AC field is no 

longer valid. Experiments performed to produce gold nanowires and gold-platinum dendritic 

nanowires had similar results with dense aggregate nanostructures forming on the electrode 

surface and edges at low frequencies (~102 Hz).50,51 Interestingly the gold nanowires could be 

formed using a single frequency but gold-platinum dendritic nanowires required a nucleation 

step at 300 Hz before raising the frequency for the grow step. Silver and gold bimetallic fractal 

nanostructures could be  formed on the edges of microelectrodes using a single frequency near 1 

MHz suggesting a nucleation step is not a requirement for all bimetallic deposition.52 The main 

issue with using DENA to fabricate nanostructures on a microelectrode platform is the limited 

surface coverage provided by the nanostructures. Nanowires can be used as a SERS substrate but 

require a microscope-based Raman instrument which can be carefully aimed at the nanowires. 

Ideally the surface area would match or exceed the area for SERS substrates made from particles. 

As previously stated, microelectrodes can easily be damaged under DC or low AC frequencies 

and the growth of nanostructures can become uncontrolled. Soleymani et al. overcame this issue 

by depositing a 500 nm layer of silicon dioxide onto their microelectrodes and then making a 500 

nm well on the electrode tip.10 The insulating layer limited palladium deposition to the exposed 
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section of the gold electrode  allowing for a DC deposition to be performed. The majority of 

other researchers instead utilized macro sized electrodes with more standard electrochemical 

systems to perform DC depositions. For growth between electrodes, copper was deposited on 

edge of gold and copper electrodes forming particulate-like fractal nanostructures.53,54 Silver 

“nanotrees” were formed on the edge of a zinc plate using a galvanic reaction through a proposed 

double-interface mode in which an amorphous phase is present at the growth front.55 The 

amorphous phase slowly crystallizes as the nanostructures grow. 

The DC deposition of silver on macroscopic electrodes is a well-studied process and can be 

used to better understand depositing silver nanostructures using microelectrodes. Without using a 

template or additives, Qin et al. demonstrated silver dendrites could be deposited on a gold 

working electrode.56 Increasing the potential applied resulted in more dendrites with more 

defined features being formed.  The nanostructures grew initially as spherical polygons but 

developed into dendritic structures over time. A mechanism was proposed in which silver ions 

are initially reduced to form silver adatoms. The adatoms combined together to form a stable 

nucleus which then grew into a nanostructure. Additional adatoms can be added directed to the 

nanostructure or by surface diffusion. The adatoms attach to high energy sites on the 

nanostructure resulting in anisotropic growth. Previously the model used to described silver 

dendrites formed on a silicon wafer described was a diffusion-limited aggregation (DLA) 

model.57 Sivasubramanian et al et al. expanded on the electrodeposition of silver and found at 

low potentials a variety of structures formed and dendrites formed at moderate to high 

potentials.58 The higher potential resulted in deposition under non-equilibrium conditions and 

could be described using a DLA model. Additionally, the Volmer-Weber growth model can be 

used to describe the formation of 3-D clusters rather than a silver film. The adatom cohesive 
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force is stronger than the surface adhesive force resulting in nanostructures rather than an even 

coating along the electrode surface.  Han’s research group impressively demonstrated how the 

morphology of silver nanostructures could be carefully controlled using factors such as current, 

silver ion concentration and viscosity.59–61 Under reaction limiting conditions, silver polyhedrals 

were formed as thermodynamically favoured nanostructures are produce under such conditions. 

As the reaction rate is increased and diffusion limiting conditions are reached with a 

concentration gradient forming around the nanostructures, dendritic nanostructures begin 

forming. The concentration gradient leads to a Mullins-Sekerka instability with preferential 

growth of protrusions leading to tip growth and branching.62,63 Further increase in the reaction 

rate and with high diffusion resulted in a diluted concentration gradient and nanowires forming 

as growth of side branches was inhibited. If the reaction rate increased but without a high 

diffusion rate, only small crystalline products are formed. 

Additional control over the morphology of the silver nanostructure can be achieved by using 

either templates or an additive. Templates can be used to both physically guide the growth of 

nanostructures and also change the local environment.64 Wang et al. used poly-dimethyl siloxane 

microwells on an ITO electrodes and could alter the nanostructure morphology from spherical 

particles to dendritic structures by reducing the diameter of the well.65 As the well shrunk, the 

current density increased resulting in non-equilibrium growth. Additives are commonly used to 

control the shape of silver nanostructures synthesized in solution with citrate being the most 

common additive. Citrate can fulfill a few different roles as it can act as a reducing-, 

complexing- and capping agent.66–68 For electrodeposition, citrate can still be used for those 

same roles except citrate will now also provide the anodic current. Additionally, citrate is often 

used to promote anisotropic growth as it can form a complex with silver ions in solution thereby 
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reducing the free silver ion concentration as well as preferentially bind to the {111} plane of 

silver. The reduction of free silver ions pushes the deposition process towards diffusion-limited 

growth and with the capped silver planes experience a reduced growth rate. Both fractal 

nanostructures and vertical nanoplate arrays have been fabricated with the use of citrate as an 

additive.69,70 

2.3.3 Additional methods for fabricating SERS substrates  

The possible means to fabricate SERS substrates are not limited to relying on the application 

of an electric signal. Nanoparticles can be assembled into two dimensional arrays by utilizing the 

colloidal interactions between particles and the interface between different phases. Wang et al 

synthesized gold nanoparticles with a diameter of 30 nm before coating them with a 5 nm silver 

shell.71 An organic phase was added to the aqueous solution containing nanoparticles and the 

nanoparticles self-assembled into a 2-D array at the interface between the two phases. As the 

organic phase evaporators, the array became densely packed at the water/air interface. Afterward 

the array was transferred to a silicon wafer. The bimetal array was then used to detect thiram and 

thiabendazole in a variety of water and fruit juices. The same researchers expanded the 

fabrication process by transferring the bimetal array onto a flexible polyethene terephthalate 

(PET) film.72 The SERS substrate could then be placed directly on apple, tomato and cucumber 

peels to detect the presence of thiram. The fabrication of these SERS substrates do not require 

any cleanroom facilities but do require skilled lab workers to perform the chemical synthesis of 

nanoparticles in a reproducible manner and transfer of nanoparticle arrays from the water/air 

interface onto a substrate. 

Thermal evaporation of silver can also be used to fabricate SERS substrates. Li et al, reported 

the formation of multilayer silver nanoparticles by alternating between depositing silver 
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nanoparticles and spin-coating a layer of PMMA.73 Once the desired number of layers was 

reached, the samples was placed in acetone to remove the PMMA layer(s). Simulations found the 

electric field was maximized at the contact regions between stacking layers and that the number 

of hotspots increased with the number of layers. Experimentally however, the best SERS 

response was measured using 4 layers. The additional layers were believed to limit the scattered 

photons from reaching the Raman spectrometer and lowered the concentration of molecules per 

unit area.  Impressively, the fabrication process could be performed with PET to form a flexible 

SERS substrate capable of detecting the presence of malachite green at 10-9 M directly on a 

yellow croaker, crab or lobster. Silver films can also be etched to produce silver nanoporous 

films to produce high performing SERS substrates due to their large surface areas, abundant hot-

spots and homogeneity as reported by Ma et al.74 Initially a silver film was deposited using 

thermal deposition. Afterwards, oxygen plasma was used to etch the film to produce nanoscale 

feature. The etching process results in the formation of silver oxide but by placing the sample in 

a 0.1 M solution of sodium citrate for 4-12 hrs, the silver oxide was reduced to silver. The 

feature size of the nanoporous film was controlled based on the power and exposure time to the 

plasma. The enhancement factor for the nanoporous film was estimated to be 6.0 ´ 106 and 

testing found the films could be stored at ambient conditions for over 90 days with no obvious 

difference in performance (stored as silver oxide films and citrate bath performed prior to SERS 

testing). The reporting of a simple method to convert silver oxide to silver eliminates one of the 

greatest detriments for silver substrates and could likely be implemented for other fabrication 

techniques. Beyond just nanoparticles and films, silver nanorod arrays can be fabricated using 

oblique-angle deposition. By placing a substrate at a non-normal angle relative to the incident 

vapor direction, the deposited metal forms an array of nanorods rather than nanoparticles. Song 
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et al, used oblique-angle deposition to first form a silver nanorod array which they then coated 

with gold using a galvanic reaction.75 The gold shell lowered the SERS performance of the SERS 

substrate but was significantly more chemically stable in a NaCl solution compared to the silver 

nanorod array. After 18 hours in the NaCl solution, the bimetal array had a decrease in signal of 

~30% whereas the silver array had a decrease of 98%. 

Finally, the use of templates to control the morphology and properties of the deposited metals 

is a popular option for fabricating SERS substrates as well. Nanoimprint lithography was used to 

fabricate an array of polymer nanofingers in a five-fold symmetry with a height of 530 nm and 

diameter of 140 nm.76 Gold was then deposited (70 nm) onto the substrate producing gold 

nanofinger substrates. The evaporation of liquid samples caused the fingers to collapsed inward, 

forming hotspots with analyte molecules trapped inside. The gold nanofingers worked 

exceptionally well detecting pesticides with chlorpyrifos and thiabendazole both detected at 35 

parts-per-trillion in drinking water. Nanosphere lithography (NSL) can also be used to fabricate 

templates/masks prior to depositions. NSL is a versatile method for fabricating well-ordered 2-D 

nanoparticle arrays as the process is relatively inexpensive to perform/implement and can be 

used to finely tune the morphology of the final nanostructures.77 Lin et al. drop coated 

polystyrene (PS) nanospheres onto a glass substrate and allowed the nanospheres to self-

assemble into a hexagonally close-packed 2-D array.78 Reactive ion etching was used prior to 

depositing a silver film and finally the PS nanospheres removed leaving a silver nanoparticle 

array. A shadow effect when using the nanosphere array as a mask limited the height of silver 

nanoparticles once the diameter of the PS spheres was less than 600 nm. By reducing the 

diameter of the PS nanoparticles and increasing the thickness of the silver deposited, the SERS 

performance of the nanoparticle array increased. A max SERS enhancement of 2.0 ´ 106 was 
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calculated when using PS nanospheres with a diameter of 430 nm and silver nanoparticle height 

of 96 nm. The quality of the nanosphere template can be improved using various methods. Hou 

et al used oxygen plasma to improve the hydrophilicity of the substrate which in turn improved 

the self-assembly process of silica nanospheres.79 Additionally, they dripped the silica solution 

onto substrate in a heated oven and had the substrate held at a slanted angle. The continuous 

downward slide of the droplet and nanospheres was found to improve the quality of the self-

assembly process and an area of 100 x 100 µm2 could be formed with few defects. It was noted 

however, an optimum slant angle and temperature was required for each diameter of silica 

nanosphere used. Afterwards 40-120 nm of silver was deposited onto the silica array resulting in 

silver nanoclusters forming on the silica nanospheres. The gaps between nanospheres were found 

to decrease with the amount of silver deposited with 60 nm found to produce the highest density 

of narrow nanogaps. Further deposition of silver eliminated nanogaps as the nanoclusters came 

into contact with each other Substrates fabricated using nanospheres with a diameter of 360 nm 

were found to give the best signal with the enhancement factor estimated to be 4.1 ´ 1012. Such a 

value is incredibly high and is likely somewhat inaccurate as the work was done using R6G and 

a 532 nm laser and thus the signal measured was like SERRS and not SERS as the absorbance 

peak for R6G is located at ~529 nm.80 Nanoparticle arrays with areas exceeding 1 x 1 cm2 have 

also been reported. Wang et al. used sodium dodecyl sulfate solution to make their silicon 

substrates hydrophilic prior to forming a packed 2-D PS array on the substates.81 The arrays then 

had silver and SiO2 co-sputtered onto the template resulting inSiO2 isolated Ag island nanocap 

arrays. Initially as the amount of deposited material increased to 40 nm, the surface roughness 

also increased and the gaps between adjacent PS spheres narrowed. At 80 nm, the nanocaps 

began to coalesce and the surface roughness decreased. SERS testing using 40 nm of deposited 
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material found the SERS platform to have an enhancement factor of 4.41 ´ 105. Zhao et al. 

expanded on the work by Wang et al. by using the same process to fabricate silica arrays but 

then used plasma etching to change morphology of the array.81,82 Zhao et al. deposited silver 

onto the PS spheres before inverting the array using double sided tape. Plasma etching was then 

performed before a final 20 nm of silver was deposited. With no etching, only nanocaps were 

fabricated. Etching for 60 seconds resulted in some silver nanotriangles forming with the 

nanocaps. Extending the etching time to 120 seconds, larger nanotriangles and smaller nanocaps 

were formed. Finally etching for 240 seconds removed the PS spheres completely and nanorings 

and nanoparticles formed. The different morphologies were all evaluated as SERS substrates and 

the combination of nanocaps and nanotriangles were found to be the best substrate with an 

enhancement factor of 1.87 ´ 105. Simulations performed to calculate the electromagnetic field 

around the nanostructures matched the experiment results with the nanocaps and nanotriangles 

found to have the largest amount of hot spots present. NSL can also be combined with wet 

chemistry to produce SERS substrates. Xu et al. used NSL with reactive ion etching to produce 

silicon nanopillars on a silicon wafer.83 The PS spheres were then removed, and the substrate 

was functionalized with a highly fluorinated silane molecule. Afterwards a droplet containing 

silver nitrate and hydrofluoric acid was deposited on the nanopillars for a set time. The silver 

ions in the droplet were reduced forming silver nanoparticles which attached to the edges of the 

silicon pillars forming the SERS substrate. The diameter and number of silver nanoparticles 

could be controlled by varying the silver nitrate concentration. The final SERS substrate was 

able to measure R6G at 10-11 M and had a relative standard deviation of 3.4%.   

Table 2.1 contains a description of various SERS substrates, how they were fabricated and 

their reported enhancement factor 
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Table 2.1: Summary of the fabrication process used to make various SERS substrates and their 
enhancement factor. 

Substrate Fabrication Enhancement 
Factor 

Silver dendrites39  Nanoparticles assembled using 
electrokinetics on a microelectrode platform 

 

1.0 ´ 106 

Silver dendrites84 Silver ions reduced on the edges of 
microelectrodes in a large volume of liquid 

 

1.39 ´ 106 

Silver dendrites85 Silver ions reduced forming dendrites on 
anodic aluminum oxide 

 

³ 105 

Silver nanosheets86 Silver ions reduced forming nanosheets on a 
copper plate 

 

2.0 ´ 105 

Gold nanowires37 Nanoparticles electrokinetically assembled 
into nanowires between microelectrodes 

 

~108 

Gold core – silver shell 
nanoparticle 2-D array71 

Self-assembly at interface and transferred to 
silicon wafer 

 

1.2 ´ 106 

Flexible gold core – silver shell 
nanoparticle 2-D array72 

Self-assembly at interface and then 
transferred to flexible substrate 

 

1.44 ´ 106 

Multiple layers of silver 
nanoparticles73. 

Thermal evaporation of silver and spin 
coating of PMMA 

 

6.8 ´ 108 

Nanoporous silver film74 Thermal deposition of silver which is then 
etched using oxygen plasma and reduced 

using sodium citrate 
 

6.0 ´ 106 

Silver nanoparticle array78 Nanosphere lithography and reactive ion 
etching used to make a mask prior to metal 

deposition 
 

2.0 ´ 106 

Silver nanocluster array79 Silica nanospheres used as a template with 
silver being deposited via magnetron 

sputtering onto the nanospheres 
 

4.1 ´ 1012 

SiO2 isolated silver island 
nanocaps81 

Silica nanospheres used as a template and 
SiO2 and silver co-sputtered onto the 

nanospheres 
 

4.41 ´ 105 
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Silver nanocaps and 
nanotriangles 

Silica nanospheres used as a template which 
is then etched using plasma and silver is 

sputtered onto the substrate 

1.87 ´ 105 

 

2.4 Experimental Methods 

2.4.1 Fabricating SERS structures 

Electrodeposition is one of the most common methods for fabricating metallic nanostructures. 

A striking difference between the work presented in this thesis and others is that the 

nanostructures are formed in the gaps between the electrodes on the insulating substrate rather 

than directly on the microelectrode process. Different microelectrode patterns and gaps between 

electrodes were tested with all electrodes were fabricated using a standard photoresist patterning, 

metal deposition process. The microelectrodes were connected to a signal generator and 

oscilloscope for all but one experiment which used a battery to drive the deposition. An aqueous 

droplet containing silver nitrate and trisodium citrate was placed on the microelectrodes. The 

nanostructures formed in a similar manner to nanostructures deposited on an electrode surface 

once an electrical potential was applied to the electrodes as shown in Figure 2.6. Initially 

adatoms were formed which then joined together to form a stable nucleus. The nucleus then 

grew, forming silver nanostructures. As the AC field alternated, nanostructures grew on both 

electrodes. The reduction of silver ions and oxidation of citrate ions allows for a current to pass 

through the droplet and are described be eq 2.12 and 2.13:  

𝐴𝑔(:R)
S + 𝑒T → 𝐴𝑔(U)  (2.12) 

𝐶V𝐻W𝑂X)T(:R) → 𝐶𝑂*	(:R) + 𝐻(:R)S + 𝐶W𝐻P𝑂W*T(:R) + 2𝑒
T   (2.13) 

 The standard reduction potentials for Ag+/Ag and C5H4O52-/ C5H4O53- are 0.80 V and -0.18 V 

respectively (vs. standard hydrogen electrode (SHE)).87,88 Thus the reduction of silver ions and 
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oxidation of citrate ions can occur spontaneously but testing found attempting the deposition 

without an electrical signal present resulted in no visible nanostructure formation. The deposition 

process is discussed extensively in Chapter 3. The formation of the silver nanostructures was 

performed at different electric conditions (0.01-100 Hz, 0.5-3.5 Vpp) and solution compositions 

to better understand the mechanism responsible for the deposition as well as to determine the 

conditions to produce the most SERS active nanostructures. 

 

Figure 2.6: Schematic of deposition process used to fabricate silver nanostructures using an AC 
electrical signal. 
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2.4.2 Characterization of nanostructures 

The nanostructures were characterized using a variety of techniques. Photos were taken during 

the deposition process and used to estimate the lateral growth of the nanostructure over time and 

estimate growth rates. The fractal nature of the nanostructures was analyzed using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). SEM was performed 

with the nanostructures on the microelectrode platform to determine how the nanostructures 

formed with respect to their location from the electrode edge. As the electrodes and metallic 

nanostructures are highly conductive, a metal layer was not required for SEM. For TEM, the 

nanostructures were suspended in either water or ethanol after sonication. The sonication 

damaged the nanostructures but provided nanometer resolution. The composition of the 

nanostructures was determined using x-ray photoelectron spectroscopy (XPS) and energy 

dispersive x-ray analysis (EDX). XPS was used to determine if the surface of the silver 

nanostructures had an oxide layer present as XPS analyzes only the top 1-5 nm of a sample. EDX 

was used to confirm the formation of the gold shell on the nanostructures after the galvanic 

reaction. 

As discussed in Chapter 3, the surface energy of the substrate plays a critical role in 

determining if 2-D or 3-D nanostructures form on the edges of the electrodes. A goniometer was 

used to measure the contact angle of different solvents on various substates. The contact angles 

were then used to estimate the surface properties of the substrates as well as the nanostructures. 

The surface properties were also used to estimate if two substrates would have an attractive or 

repulsive interaction at the point of contact (0.159 nm). More details regarding how the 

calculations were performed are provided in Appendix A. 
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2.4.3 SERS Performance 

All nanostructures fabricated were evaluated as possible SERS substrates. Standard testing was 

performed using rhodamine 6g (R6G), a common Raman analyte. Multiple measurements were 

taken from different SERS substrates fabricated using the same conditions with the average 

signal intensity and variance compared to measurements from SERS substrates fabricated at 

different conditions. The conditions which produced the most SERS active nanostructures were 

then used moving forward. The enhancement factor for the optimal SERS substrates was 

estimated using eq 2.14: 

𝐸𝐹 =
Y ./0&/1/0&/

Z

Y .1&11&
Z

 (2.14) 

where I is the intensity, N is the number of molecules and the subscripts SERS and NR 

indicate if the measurement was performed on a SERS substrate or on a silicon wafer. The 

intensity can be intensity of a specific Raman shift present in both the Raman and SERS 

spectrum. Here the intensity values for the 610 and 1356 cm-1 peaks were used to calculate the 

enhancement factor. The number of molecules present for the Raman and SERS measurement 

were assumed to be proportional to the concentration of R6G drop-cast onto the surface (same 

droplet volume drop-cast in both experiments). This assumption unfortunately results in the 

enhancement factor being overestimated as the SERS substrate has a larger surface area for 

molecules to adsorb onto compared to the silicon wafer. For future reference, it is advised an 

aromatic molecule capable of forming self-assembled monolayer such as azobenzene or 

biphyenyl-4 thiol is used in place of R6G. Such a molecule will remove the risk of SERRS and 

will provide a way of calculating the number of molecules present in both the SERS and Raman 

measurements by taking the ratio of surface area being scanned and the molecular area of a 
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single molecule multiplied by the expected surface coverage (value between 0 and 1).36 For 

example, azobenzene is estimated to have a molecular area of 0.3 nm2/molecule, if the surface 

area being scanned was 30 nm2 and the expected surface coverage was 50%, the total number of 

molecules present would be 50. In the event the Raman signal from a monolayer of the molecule 

is too weak to be properly measured, a bulk fluid Raman measurement could be performed. By 

multiplying the volume of the focal point with the concentration of analyte in the solution, the 

number of molecules can be estimated. The volume of the focal point can be estimated based on 

the numerical aperture of the objective and wavelength used for the measurement and the full 

width, half max of a Raman peak as the longitudinal dimension is changed. For more details, see 

Marquestaut et al.36 The use of electrokinetics to improve analyte adsorption and measured 

SERS intensity was also evaluated. Different analytes such as melamine, thiram, malachite green 

and thiabendazole were all used for testing at or below the recommended limit of detection. To 

automate the detection of different samples, principal component analysis (PCA) and partial least 

squares (PLS) was combined with either support vector machines or K-nearest-neighbour as the 

classifier. PCA was used for identification of different samples while PLS was used for 

quantification. As the number of measurements was limited, cross-validation with various levels 

of folds was used for testing. Details regarding the use of multivariate algorithms to perform 

identification and quantification are provided in Chapters 4 and 5.  

2.4.4 Nanostructure functionalization 

The fabrication of the gold shell, silver core nanostructures utilized the differences in the 

standard reduction potential for gold (1.52 V vs SHE) and silver (0.80 V vs SHE) to perform a 

galvanic reaction described by eq 2.15.87  

3𝐴𝑔(U) + 𝐴𝑢(:R)S) → 3𝐴𝑔(:R)S + 𝐴𝑢(U)  (2.15) 
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The reaction was performed using microliter droplets where gold ions were reduced onto the 

silver nanostructures while silver was oxidized, releasing silver ions into the solution. Different 

concentrations of gold test to determine the impact on the morphology and SERS performance of 

the resulting nanostructures. Additionally, as gold is more chemically stable than silver, the 

stability of silver and bimetallic nanostructures in highly ionic solutions was compared to 

determine if the gold shell provided a “protective coating” for the nanostructures. For SERS 

substrates which may be placed in open bodies of water or other liquids with a range of ionic 

content, it is imperative the substrates be chemically inert to ensure consistent measurements are 

performed. If the SERS enhancement of a sensor degrades over time, hazards present may be 

misidentified or not properly quantified. Chapter 5 contains more details on the testing of the 

bimetallic nanostructures. 
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Chapter 3 Tunable Fractal Nanostructures for Surface-

Enhanced Raman Scattering via Templated 

Electrodeposition of Silver on Low-Energy Surfaces1 

 

3.1 Abstract 

Here we demonstrated a facile method for growing nanofeatured silver (Ag) structures on a 

planar microelectrode platform. The nanostructures are assembled along the electrically 

insulating substrate, growing from the microelectrode edge with the electrodes acting as the 

template. This is done by (a) limiting the nucleation to the edges of the electrodes and (b) 

chemically functionalizing the insulating substrate to promote interaction between itself and the 

growing metallic structures. These structures were able to reach lateral lengths greater than 100 

µm. Additionally, we performed an extended investigation into how the nanostructure 

morphology can be turned from spherical aggregates to fractal dendrites by altering the electrical 

signal and solution composition. We determined citrate to be a necessary additive and showed 

that it acts as a supporting electrolyte, capping agent and reducing/complexing agent. Next, using 

optimal deposition conditions, we assembled Ag surface-enhanced Raman scattering (SERS) 

substrates with an enhancement factor up to 4.55x106. Finally, we demonstrated how these SERS 

 
1 This chapter with minor changes to fulfill formatting requirements has been published as: 
Raveendran, J.; Stamplecoskie, K. G.; Docoslis, A. Tunable Fractal Nanostructures for Surface-
Enhanced Raman Scattering via Templated Electrodeposition of Silver on Low-Energy Surfaces. 
ACS Appl. Nano Mater. 2020, 3 (3), 2665–2679. https://doi.org/10.1021/acsanm.0c00040 
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nanostructures can also serve as concentration amplification devices, accelerating analyte 

adsorption onto the detection site by electrohydrodynamic means.   

3.2 Introduction 

Fabrication of metallic (e.g., Ag, Au) nanostructures is currently an area of great interest 

as such structures can be used for sensing and catalytic applications.1–5 As a sensing mechanism, 

surface-enhanced Raman scattering (SERS) offers the benefits of water compatibility, non-

destructive label-free testing and low detection limits for analytes.3 By enhancing the “molecular 

fingerprint” of analytes adsorbed onto the SERS substrates by several magnitudes, single-

molecule detection and identification becomes possible.6 Ag in particular offers an exciting 

possibility as a material to fabricate SERS substrates for it has the lowest losses in the visible 

region of wavelength and is expected to have the largest enhancement.7 Ag based substrates, 

however, oxidize upon contact with atmospheric oxygen and the presence of Ag oxide lowers 

both their SERS enhancement and reproducibility. Because of their relatively short shelf-life 

(days to a few weeks) Ag substrates should be used shortly after being fabricated.8,9 

For point-of-care testing with SERS substrates and portable Raman units, SERS 

substrates that combine a large enhancement factor and sufficient surface area are required. 

SERS substrates can be fabricated using techniques such as self-assembly or electric field guided 

assembly of nanoparticles, or electrochemical deposition.10–12 Electrochemical deposition allows 

for metal ions to be directly reduced on the cathode with the use of a direct current (DC) in a 

manner which allows the size, morphology and density of nanostructures to be easily 

controlled.13–16 The process can be performed in a relatively simple manner, usually with a 

minimal number of steps, avoiding expensive equipment and large labor cost. Applying an AC 
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field or using a pulse like signal for electrochemical deposition have also been used to fabricate 

dendritic nanostructures on the electrode surface.17–19 Additives or templates can potentially be 

used to further influence and control the deposition process. Additives provide more control over 

the electrodeposition process by acting as capping agents and open up new pathways for 

structure morphologies.20–22 Citrate is commonly used as it can serve several roles as a reducing 

agent, stabilizer, complexing agent, supporting electrolyte or capping agent before being 

removed.5,23–27 Templates can similarly help control the morphology of nanostructures by: 

limiting where metal is deposited such as with electrodeposition over polymeric spheres,28 

guiding the shape/size of the nanostructures by depositing on template imprinted surface,29 or 

altering the local environment where deposition is occurring to promote different growth 

mechanism using wells30 or porous templates fabricated using the breath-figure method.31 A 

comprehensive review on the use of templates for  producing nanostructured arrays for sensing 

applications was written by Xu et al..32 

While electrodeposition on a metal layer has been investigated extensively, the use of 

microelectrodes to perform electrodeposition is rather limited. The main issue is the ability of 

microelectrodes to withstand the deposition process as gas formation due to hydrolysis and 

electrode adhesion failure can easily damage electrodes. Microelectrodes offer several benefits  

such as small sample volume requirements, the ability to combine with microfluidics for lab-on-

a-chip sensors, and enhanced analyte deposition with AC electrokinetics.33,34 The main technique 

that uses microelectrodes and electrodeposition to fabricate nanostructures in the microelectrode 

gap  is known as directed electrochemical nanowire assembly (DENA). DENA is unique from 

other electrolytic techniques as it involves using an AC field in the kHz and MHz range. The 

high frequency reduces the risk of damage to the microelectrodes while still allowing for electron 
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transfer. Metals such as Pd, Ag, Pt and Au have all been deposited as nanowires using DENA.35–

37 The nanowires grow from the tips of both electrodes, toward one another, following the 

electric field lines. Lowering the frequency towards and below 1 kHz resulted in aggregate like 

structures on the electrode edges with no real pattern/shape in structure and deposition on the top 

of the electrodes as well.35,36 Nanostructures fabricated using DENA are typically limited by 

requiring small electrode gaps and large electric fields to form structures and have not yet been 

demonstrated to be SERS active. Thus, a gap exists between typical electrochemical deposition 

and DENA where microelectrodes are used to produce large scale SERS substrates. Ideally the 

deposition would be carried out using microelectrodes with the structures formed between 

electrodes along the insulating surface similar to DENA but with a surface coverage similar to 

electrochemical deposition. As well, the structures should remain in contact with the electrodes 

for improved analyte deposition when an AC field is applied during analyte adsorption.38,39  

Here we report a Ag nanostructure synthesis method that bridges the gap between 

traditional electrodeposition and DENA utilizing a microelectrode platform. Specifically, we 

demonstrate how silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7), and a sub-1kHz AC 

electric field generated from a microelectrode platform with tuned surface properties can be 

combined to reduce Ag ions into fractal nanostructures that grow along the electrically insulating 

microelectrode gaps. The microelectrodes act as a template that guide the growth of a fractal 

nanostructured film, which can extend over 100 microns in length from the microelectrode edge 

within a deposition time of only 10 minutes. We investigate the role that surface interactions 

between the growing nanostructures and insulating surface play in the deposition process and we 

find it to be critical. By tuning the surface properties of the silicon oxide substrate using a 

fluorinated silane molecule to ensure they remain relatively constant and promote an attractive 
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interaction between the substrate and growing structure, the structures grow out away from the 

edge in a 2-D direction rather than in a 3-D direction. We identified ranges in which the solution 

composition and electrical parameters result in nanostructure deposition and explore the roles the 

parameters play in altering the nanostructures formed. The morphology of the structures can be 

tuned from spherical aggregates to dendrites and nanowires by manipulating the reaction 

conditions. The structures formed demonstrate high SERS enhancement and the connection 

between the structures and the electrodes allows for enhanced analyte deposition onto the 

nanostructures via the application of an AC field, further improving their potential as a SERS 

substrate. Both small molecules and large analytes such as proteins can have their deposition 

enhanced. By taking advantage of a microelectrode platform, we believe this technique can be 

incorporated into existing sensors which use microelectrodes/microfluidics to push forward the 

goal of lab-on-a-chip sensors. 

3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

Ag nitrate (AgNO3), trichloro(1H,1H,2H,2H-perfluorooctyl) silane (CF3(CF2)5CH2CH2SiCl3), 

trisodium citrate (Na3C6H5O7), sodium sulfate (Na2SO4), citric acid (C6H8O7), sodium hydroxide 

(NaOH), rhodamine 6G (R6G), melamine (99%), thiram (Pestanal®, analytical standard) and 

avidin-fluorescein isothiocyanate (avidin-FITC) were purchased from Sigma Aldrich (Oakville, 

ON, Canada). Polished silicon wafers (4′′ diameter) with a thermally grown SiO2 layer (0.5 µm) 

were purchased from University Wafer (South Boston, MA, USA). Millipore® water (18.2 

MW*cm) was used to prepare all aqueous solutions. A transparency-based photolithography 
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mask was designed using AUTOCAD (2018) and printed by Advance Reproductions Corp. 

(North Andover, MA, USA). Tropicana apple Juice was purchased from a local grocery store. 

3.3.2 Microchip Fabrication 

The microfabrication of fingertip electrodes with a 100 µm gap between the tips was carried 

out at Nanofabrication Kingston (NFK, Innovation Park, Kingston, ON). The wafer was washed 

using a solvent wash of acetone, isopropanol and water before being treated with oxygen plasma. 

A layer of the negative photoresist AZ nLOF 2020 (MicroChem Corp, Westborough, MA) was 

spin-coated onto the surface with an rpm of 3000. The surface was then patterned using a 

photolithography mask aligner before being placed in a bath of AZ 300 MIF (MicroChem Corp, 

Westborough, MA) to develop. Metal deposition was done using physical vapour deposition with 

5 nm of chromium deposited as an adhesive layer before 100 nm of gold was deposited. The 

remaining photoresist was removed using AZ 400T Resist Stripper (MicroChem Corp, 

Westborough, MA). The wafer was then diced using a diamond tip scribe. 

3.3.3 Surface Modification of Microchips 

Unless otherwise specified, experiments were performed using chips which had been modified 

with trichloro(1H,1H,2H,2H-perfluorooctyl) silane. Chips were washed with acetone, ethanol 

and water before being dried with compressed air. The chips were exposed to plasma for 5 min 

before being placed in a vacuum chamber with 20 µL of the silane solution overnight. Finally, 

the chips were washed again using dish soap along with the previous three solvents before being 

air dried.  
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3.3.4 Assembly of Nano-featured Structures 

Metal nanostructures were formed using a two-electrode system where the gold electrodes on 

the chip alternated acting as a cathode and anode. A BK Precision 4040B Sweep function 

generator (Cole-Parmer Canada Inc) was used to apply the electrical signal while a Tektronix 

1002B oscilloscope was used to monitor the electrical signal. The potential difference varied 

from 0-3.5 Vpp (peak-to-peak) and frequency of the electric field from 0.01-500 Hz. 10 µL of 

reactant solution was deposited on the centre of the chip before the electrical signal was applied. 

In all experiments, a deposition time of 10 minutes was used. Photos were taken during the 

deposition process and once more after the chip was dried. The reactant solution consisted of 

Na3C6H5O7 (0-100 mM) and AgNO3 (0.05-8.0 mM). The electrical signal used was a sine-shape 

function unless otherwise stated. Afterwards the chip was rinsed with water and air dried. Photos 

were taken using a digital camera connected to the microscope. A MLA 650 FED ESEM system 

was used to analyze the structures via scanning electron microscopy (SEM). Tilted SEM was 

performed with the samples tilted by 75o relative to the normal incidence of the electron beam. 

Fluorescent images were taken using an Olympus BX53 microscope with a Lumenera INFINITY  

2 digital microscopy camera and X-Cite Series 120 Q Lumen Dynamics light source. All 

depositions were performed at room temperature. 

3.3.5 Analyte Deposition 

To evaluate the SERS performance of structures formed under different conditions, R6G (10-5 

M) was allowed to adsorb onto the surface for 10 minutes before the droplet (15 µL) was 

removed. Enhanced analyte adsorption was performed using an electric field at 15Vpp, 10 kHz 

signal for 15 minutes before the droplet was removed. The enhancement factor calculation, the 

limit of detection and detection of chemical hazards melamine and thiram were done by drop-
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casting a 10 µL droplet onto the surface and allowing the droplet to evaporate. Melamine was 

dissolved in water at 1 ppm and 100 ppb prior to being deposited onto the SERS substrate. 

Thiram was dissolved in apple juice at 1 ppm and after being drop-cast, the SERS substrate was 

gently rinsed for a few seconds to remove the crystallized sugar on the surface. 

3.3.6 Raman Spectroscopy 

All spectra were recorded using an Ocean Optics Micro IDRaman (633 nm, 23.4 mW) system    

equipped with a 10x objective. Each spectrum recorded was an average of 5 measurements taken 

for 2 seconds each. For the enhancement factor calculations, the laser power was reduced to 4 

mW and the acquisition time increased to 5 seconds. All spectra shown are an average taken 

from 10 different locations on a single chip. Data Processing was performed using MATLAB 

(R2018a). Spectra were filtered using a Savitzky-Golay filter before being baseline corrected.40 

Following SERS measurements, the structures and analyte were removed from the 

microelectrode platform by placing the chips in a soap solution before using a cotton swab which 

had been soaked in dish soap. Chips were then washed with acetone, ethanol and water before 

being air dried and stored for reuse.  

3.3.7 Goniometry 

Contact angle measurements were performed on a variety of substrates using a Dataphysics 

OCA 15EC digital goniometer (Charlotte, NC, USA). Approximately 2 µL droplets were 

dispensed onto a substrate using an electronically controlled syringe and the resulting contact 

angle was measured. Water, hexadecane and ethylene glycol were used in order to estimate the 

surface properties of the substrates tested. An average contact angle was calculated for each 

solvent/substrate pair of 5 droplets. All tests were performed at room temperature. The contact 

angle on each substrate was related to the surface tension of the liquids and surface energy of the 
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substrates using the van Oss-Chaudhury-Good (OCG) model. MATLAB (R2018a) was used to 

solve the model’s system of equations to estimate the surface properties of the substrates; further 

details breaking down the calculations are provided in the supplementary material. 

3.3.8 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed using an AXIS Nova XPS system (Kratos Analytical). All 

spectra recorded were calibrated to the C1s aliphatic peak at 285.00 eV. C 1s, O 1s, Ag 3d, Au 

4f, and F 1s were acquired. Spectra analysis was performed using Matlab (R2018a) with the 

background being subtracted from all measurements. 

3.4 Results and Discussion 

3.4.1 Assembly of SERS Substrates 

A schematic of the experimental apparatus used to form Ag nanostructures using  

microelectrodes is shown in Figure 3.1A. Unlike traditional electrodeposition processes, the 

nanostructures form on all edges of the microelectrodes and grow along the insulating substrate 

rather than on top of the electrodes. Recording the deposition process at a low frequency, 

allowed for visual confirmation of nanostructure formation occurring on a single electrode at a 

time despite an AC electrical signal being applied. The video accelerated at 20x is included in 

the SI. Figure 3.1B is a series of captured images taken from the deposition video with each 

image being taken after growth on the electrode marked with an asterisk was completed for that 

cycle. 
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Figure 3.1: (A) Schematic diagram of experimental setup used to perform deposition from a 
reaction droplet dispensed on bipolar electrodes. Optical image displays nanostructures 

assembled on edges of electrodes after 10 minutes of deposition. (B) Deposition performed at 2.5 
Vpp, 11.8 mHz to highlight that nanostructures form on the edge of a single electrode at a time 

(electrode gap: 100 µm). * indicates the electrode, at which deposition is occurring at that 
instance. 

Testing with a DC bias, we found that the more negatively charged electrode underwent 

more growth, while the more positively charged electrode had its growth either slowed or even 

halted for large bias values (see Figure A.1 in Appendix A). Thus the more negatively charged 

electrode acts as the cathode, attracting cations where they can be reduced similar to a DC 

electrochemical system. Here, Ag ions reach the cathode and are reduced to a solid state or 

adatom as described by eq 3.1. 
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𝐴𝑔(:R)S + 𝑒T → 𝐴𝑔(U)       (3.1) 
 

As the electrical signal alternates, the two electrodes alternated acting as the anode and cathode 

as well resulting in periodic growth on both electrodes. Despite the use of an AC field, XPS 

measurements confirmed the nanostructures fabricated at 10 Hz with a potential difference of 3 

Vpp were composed of Ag and not Ag oxide (see Figure A.2 in Appendix A). A single Ag 3d 

5/2 peak with a binding energy of 368.33 eV is seen near the expected value for metallic Ag.41,42 

The presence of Ag oxide would be expected to lower the binding energy if AgO or Ag2O were 

present.43 Additionally, the O 1s spectra region further supports the nanostructures are largely if 

not entirely Ag based as there is little to no signal below 530.0 eV where signal from AgO and 

Ag2O would be expected.41,44 The O 1s signal seen can be largely attributed to the silicon oxide 

substrate, citrate bound to the nanostructures from formation and water molecules still adsorbed 

on the surface.44,45  The lack of Ag oxide formation may be due to a significant overpotential was  

previously found to be needed for slow oxidation and even higher overpotentials for fast 

oxidation or electrodissolution under DC conditions.46 In place of Ag oxide forming, the anodic 

current is from the oxidation of citrate as described by eq 3.2. 

𝐶V𝐻W𝑂XT)(:R) → 𝐶𝑂*([) + 𝐻:R
S + 𝐶W𝐻P𝑂WT*:R + 2𝑒

T	  (3.2) 

Nanostructure formation is limited to the sides of the electrodes as electrical migration is 

proportional to the electric field strength and the electric field on the electrode edges is expected 

to be magnitudes greater than on the electrode surface. Additionally, nanostructure formation 

requires Ag adatoms joining together to form a stable nucleus to prevent being dissolved back 

into the solution.47 We speculate adatoms formed on top of the electrode may either diffuse to 

the edge of the electrodes to join a growing nucleus, are removed from the electrode surface by 

dissolving into the solution, or being entrained into the bulk by electrohydrodynamic flows (e.g., 
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electro-osmosis). As the nucleated Ag nanostructures grow on the edge of the electrodes, the 

sharp edges and defects in the nanostructures act as antennas, amplifying the local electric field. 

Ag ions in the solution will experience a greater attraction to these areas on the acting cathode 

and thus the tips and defects will grow resulting in elongated branched nanostructures. The 

nanostructures near the microelectrode edge will continue to grow but, owing to competition 

from neighbouring nanostructures, may grow thicker or grow in a non-perpendicular direction 

relative to the electrode edge. As a result, the areas near the electrodes have a higher density of 

nanostructures than those away from the electrode edge. Overall the deposition process results in 

a fractal nanostructured film around the microelectrodes. A possible mechanism showing the 

reaction, growth and branching of nanostructures is displayed in Figure 3.2. 

 
Figure 3.2: Possible mechanism for formation of Ag nanostructures on edge of microelectrodes. 

 
Interestingly, the growth of nanostructures slowed down as they approach one another, in spite 

of the fact that the electric field becomes stronger as the gap between them decreases. Thus, 

while Ag ions will experience a greater attraction to the cathode, they will also experience a 

greater repulsive force from the anode. The probability of a Ag ion being able to reach the 

nanostructure tips on the cathode thus is diminished over time and the growth rate of 
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nanostructures in the electrode gap decreases. A significant benefit from this effect is the 

removal of the possibility of electrode shorting as a result of the nanostructures completing the 

circuit.  

The deposition process was initially analyzed by modifying the surface properties of the 

insulating surface. The necessity of proper surface properties resulted in all latter experiments to 

be performed on a silane-modified surface. Electrical parameters tested include the applied 

potential difference, the frequency of the applied field and shape of the electrical field. Solution 

variables include the concentration of the electroactive species and non-active species. As the 

deposition conditions changed, we examined both how the morphology of the structures and 

SERS enhancement from the structures varied. Electrical variables were tested initially to 

determine non-damaging conditions for nanostructure formation. Mass transfer and electrode 

variables were not directly tested. We conclude by using the microchip platform as a means to 

improve analyte adsorption. 

3.4.2 Critical Importance of Surface Properties 

The formation of nanostructures which grew out laterally away from the microelectrode edge 

was found to be highly dependent on the properties of the insulating surface. Figure 3.3 

highlights the importance of having an attractive interaction between the nanostructures and the 

substrate. A solution of 2 mM Na3C6H5O7 and 0.5 mM AgNO3 with an electrical signal of 3 Vpp 

and 10 Hz was used for the deposition. In Figure 3.3A and B, a high energy surface where the 

droplet spread and which repelled the nanostructures was used for the deposition process. The 

nanostructures formed spherical aggregates on the electrode edges rather than growing out 

laterally along the substrate. The structures lacked proper adhesion as removing the droplet 

resulted in several of the structures being removed as well. In comparison, Figure 3.3C and D, 
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the silicon dioxide substrate was functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane resulting in a high contact angle (94.0o from 9.3o) with the solution and promoted 

interaction between the nanostructures and the surface. The structures grow out laterally and 

when the droplet was removed, no loss of nanostructures was noted. 

 

Figure 3.3: Comparison of non-silanized and silanized substrates. (A) and (B) images of a non-
silanized surface which has been recently plasma cleaned before and after the droplet has been 

removed. Similarly, (C) and (D) are images of a silanized surface before and after droplet is 
removed. Nanostructures formed using a solution of 2 mM Na3C6H5O7 and 0.5 mM AgNO3 with 

an electrical signal of 3 Vpp and 10 Hz for 10 minutes. Scale bar is 100 microns. 

 
The microfabrication process used to fabricate the microelectrodes would result in the chips 

having a range of surface properties which would further vary when the chips were reused. 

Testing using a well to prevent the droplet from spreading failed to rectify the issue and thus 
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surface interaction between the dendrites and the substrate was identified as the key parameter, 

not the contact angle of the droplet on the surface. The silicon dioxide substrate was 

functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl) silane to ensure that it had a low 

surface energy, uniform surface properties, and promoted interactions between the substrate and 

nanostructures for all future experiments. It is important to note non-functionalized, non-plasma 

cleaned surfaces can be used to successfully form Ag nanostructures (water contact angle >~50o) 

but without consistent low surface energy properties, the reproducibility of forming the 

structures will be poor. 

The surface properties of various substrates were calculated using contact angle measurements 

and then used to estimate the interaction energy between the various substrates and Ag 

nanostructures. The interaction energy, specifically the change in Gibb’s free energy as the two 

surfaces approached one another at the point of contact (l0 = 0.157 nm) predicts whether the two 

surfaces will make contact or be repelled from one another based on thermodynamics. Details on 

calculating both the surface properties and interactions are provided in Appendix A. As 

summarized in Table 3.1, the calculations predicted the nanostructures will be attracted to gold 

and silanized substrates while being repelled from recently plasma cleaned surfaces and other 

nanostructures, matching experimental observations. The surface properties of the substrate 

nanostructures are fabricated upon is often forgotten but are a crucial parameter for any 

assembling process, whether metal salts or nanoparticles are used as the building blocks. 

Table 3.1: Summary of surface energy interactions for the total change in Gibb’s free energy 
(mJ/m2) for various substrates and nanostructures in water. Both the calculated and experimental 

result for the type of interaction (attraction or repulsion) is included as well. 

Ag nanostructures 
vis a vis: 

Calculated Interaction Energy 
(∆GT) at Contact ((\

(2) 
Calculated 

Result 
Experimental 
observation 

Gold 
electrode/island 

-18.95 Adhesion Adhesion 
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Plasma cleaned 
wafer 

38.26 Repulsion Repulsion 

Silanized wafer -24.41 Adhesion Adhesion 
Ag nanostructures 14.89 Repulsion Repulsion 

  
3.4.3 Effect of Frequency on Nanostructure Formation 

The frequency of the applied electric field has a strong impact on the morphology of 

nanostructures formed. To prevent damage to the microelectrodes, the potential difference was 

limited to 2.5 Vpp (0.88 VRMS) with the exception of testing with a 1.5 V DC source. As shown 

in Figure 3.4A, deposition is possible using a DC power source with a microelectrode platform 

and the standard reactant solution (2 mM Na3C6H5O7, 0.5 mM AgNO3). The nanostructures grew 

in a fractal nature from the edges of the microelectrodes with the structures appearing denser at 

the tip of the cathode (electrode on the right in Figure 3.4A). The red colour of the 

nanostructures is hypothesized to be due to plasmon absorbance of the nanostructures with a red-

shift from the expected gold color due the size and fractal pattern of the nanostructures.48 Given 

that the electric field is greatest in the gap between electrode tips, the migration of Ag ions will 

be strongest here, with the negatively charged cathode attracting the positively charged Ag ion 

and the positively charged anode simultaneously repelling the positively charged Ag ion. The 

repulsive force the ions experience from the nearby opposing anode prevents the nanostructures 

from growing out laterally at the electrode tip as much as they grow out on the sides of the 

microelectrodes. Thus, the structures at the cathode tip become denser and grow in a manner to 

avoid the anode. The DC potential difference was found to permanently damage the 

microelectrodes. Therefore, it was concluded that a lower potential difference and alternating 

current would produce a more viable SERS substrate.  

As displayed in Figure 3.4B-F, the AC field allows for both microelectrode edges to be coated 

with nanostructures. Similar to the DC deposited nanostructures, more lateral growth is seen on 
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the sides of the microelectrodes with the nanostructures from both electrode tips approaching the 

centre but both stopping before contact is made. The structures formed at 0.01 and 0.1 Hz 

(Figure 3.4B and C) both appear as more distinct branches similar to structures formed with a 

DC signal with visible gaps between structures. In comparison, the structures formed at 1 and 10 

Hz (Figure 3.4D and E) both display a relatively smooth coating with signs of individual 

branches but without noticeable gaps between branches. Increasing the frequency to 25 Hz and 

higher resulted in deposition limited to the tips of the microelectrodes and no deposition at 500 

Hz or higher. Higher frequencies likely inhibit deposition as there is a smaller time period for Ag 

ions to be reduced on the acting cathode before the electric field alternates and the increase in 

electrohydrodynamic flows, such as AC electro-osmosis, likely disrupted any deposition.11  
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Figure 3.4: Nanostructures formed with a solution of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. (A) 
is formed using a DC battery and 1.5 V. (B)-(F) were all formed using a potential difference of 
2.5 Vpp for 10 minutes (0.88 VRMS) and varying frequency: (B) ~0.01 Hz, (C) 0.1 Hz, (D) 1.0 

Hz, (E) 10 Hz and (F) 100 Hz. Scale bar is 100 microns. 

 
Examining the structures formed at 10 Hz at a higher resolution with scanning electron 

microscopy (SEM) revealed the morphology of the nanostructures changed based on the location 

relative to the microelectrode (Figure 3.5). Near the microelectrode edge, the surface coverage of 

nanostructures on the insulating surface was at its highest as seen in Figure 3.5B and D. The 

nanostructures appear mainly as short branches. which have furcated to fill all empty areas 

whereas at the edge of growth, the nanostructures shown in Figure 3.5C appear as long branches 

made from a single unit. The difference in morphology is attributed to the different duration 
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(governed by AC frequency) for nanostructure growth. Nanostructures near the edge would have 

initially formed elongated branches but while growing outward away from the electrode edge 

would have also simultaneously began thickening and split to form shorter branches in the gaps 

left by the initial nanostructures. Thus, near the electrode the nanostructures appear as short 

particulate branches. The nanostructures furthest from the microelectrodes with additional time 

would transition from elongated fractal like structures to the short branches seen near the 

microelectrode. Tilted SEM images of nanostructures fabricated using the same solution and 

electrical parameters are available in Appendix A, see Figure A.3. The tilted images reveal that 

the nanostructures have a height similar to the electrodes (105 nm). The high degree of branching 

by the nanostructures form almost like a film near the electrode surface. Remarkably, none of the 

branches intersect or overlap one another and can all be traced back to the edge of the electrode. 

The nanostructures also branch in a vertical direction as they grow along the substrate in 

manner that visually appears like the vertical plates on the back of a stegosaurus. The plates near 

the electrode edge have more time to grow and likely form the secondary layer of nanostructures 

seen near the electrode edge in Figure 3.5D. 
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Figure 3.5: SEM images of Ag nanostructure formed using a 2 mM Na3C6H5O7 and 0.5 mM 
AgNO3 solution and an electrical signal of 2.5 Vpp and 10 Hz for 10 minutes. (A) 

Nanostructures formed at both electrode tips. (B) Nanostructures formed on single electrode tip. 
(C) Higher resolution image of nanostructures formed away from the electrode edge in electrode 

gap. (D) Nanostructures formed near the electrode edge in the electrode gap. (E) Higher 
resolution image of nanostructures formed far from the electrode edge on the lateral side of the 

electrodes. (F) Nanostructures formed near the electrode edge away from the electrode gap. 

 
SEM images of nanostructures formed under DC conditions and AC conditions (0.01, 0.1 and 

1.0 Hz) are included in Appendix A (Figure A.4-A.7). All sets of images display a similar 

morphology transition to Figure 3.5 with the nanostructures appearing particulate due to the high 

density of short branches near the electrode and more jagged and fractal away from the electrode.  

As the frequency approached 0.01 Hz however, the morphology transition appears to occur 

further from the microelectrode. We hypothesize the lower frequency allowed for more time in 

which Ag ions could be reduced in a single growth phase before the microelectrode switches 

polarity resulting in denser nanostructures. At lower frequencies as well, migration will play a 
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larger role in the movement of ions as at higher frequencies the net displacement due to 

migration will approach zero. The net result is nanostructures ‘develop’ faster at lower 

frequencies than at higher frequencies and thus particulate like morphology is seen further from 

the microelectrode at low frequencies. The lowest frequency, 0.01 Hz, alone displayed cyclic 

growth on the lateral edges of the electrodes (away from electrode gap) with the nanostructure 

morphology repeatedly changing from high density short branches to fractal like nanostructures 

and back. Additionally, individual branches can be seen growing from the electrode edges for all 

frequencies. The structures all appeared to demonstrate ‘crown shyness’, a phenomenon seen in 

nature when trees grow near one another but their branches do not come into contact with one 

another. The morphology of the structures was found to affect SERS enhancement and 

reproducibility as seen in Figure A.8. Deposition at 10 Hz was also found to be the least probable 

to damage the microelectrodes and thus 10 Hz was selected as the frequency for all further 

testing. 

3.4.4 Effect of Potential Difference on Nanostructure Formation 

The applied voltage used during deposition was found to drastically effect the nanostructures 

formed as seen in Figure 3.6. An aqueous solution consisting of 2 mM Na3C6H5O7 and 0.5 mM 

AgNO3 with a frequency of 10 Hz was used to perform all tests. Potential differences below 0.9 

Vpp, were below the critical potential difference /current needed for deposition to occur. 

Between 0.9 and 1.0 Vpp, small black aggregate like structures formed on the edge of the 

electrodes (Figure 3.6A). Under higher magnification, the aggregate structures appear to be 

composed of micron-sized plates with the structures displaying a limited degree of branching. 

The deposition was patchy but localized around the microelectrode edge. An applied potential 

difference between 1.0 and 1.5 Vpp resulted in tangle-like nanostructures (Figure 3.6B). Some of 
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the microelectrode edges still remained bare at this potential difference. The nanostructures 

which act as extensions of the microelectrodes will have the greatest electric field around them. 

The difference in electric field intensity around the nanostructures and electrode edge resulted in 

the ion migration shifting from the edge of microelectrodes (localized near the electrode gap) to 

the nanostructures at these low potential difference regions. Thus, only the initial structures grow 

in this potential difference range and remaining microelectrode edges remain bare. Figure 3.6C 

displays the next potential difference regime (1.5-2.0 Vpp) where the nanostructures begin to 

display a reddish color and coat all the edges of the microelectrodes in contact with the droplet. 

The increase in applied potential difference would have raised the electric field around the edges 

of the microelectrodes above a critical value; thus even though the nanostructures having a 

greater electric field around them, the edges of the microelectrodes can still attract Ag ions. 

Examining the structures using SEM, the morphology of the nanostructures can be seen as more 

fractal-like now, approaching a dendritic structure. Increasing the potential difference further 

found nanostructures formed with an applied potential difference between 2.0 and 3.0 Vpp, had a 

lighter red colour than nanostructure formed in the previous regime (Figure 3.6D). As mentioned 

previously, near and away from the electrode are particulate like short branches and long-jagged 

like nanowires, respectively. The finally potential difference regime tested, 3.0 Vpp and higher, 

found dendritic like sheets forming with the nanostructures now having a reddish-yellow colour 

(Figure 3.6E). The sheet-like morphology may be caused by secondary nucleation occurring on 

the nanostructures at higher potential difference. Potential differences above 3.5Vpp were not 

evaluated as such potential difference at 10 Hz were found to damage the microelectrodes. 
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Figure 3.6: Deposition formed at various voltages to demonstrate the effect the potential 
difference has on the morphology of the nanostructure (A-E) along with schematic illustrating 
limiting condition during deposition (F). All structures were formed using a 2 mM Na3C6H5O7 
and 0.5 mM AgNO3 solution and a frequency of 10 Hz for 10 minutes.  Potential differences 

applied include: (A) 0.90 Vpp, (B) 1.25 Vpp, (C) 2.0 Vpp, (D) 2.50 Vpp, (E) 3.50 Vpp. 

 
Figure 3.6F is a schematic illustrating the two types of deposition possible based on the 

potential difference applied during deposition. At low potential differences, the reduction of Ag 

ions was slow and nucleation was limited. Particles that formed, tended to become thicker rather 

than grow longer or nucleate new branches. Thus, structures which formed had an aggregate-like 

appearance. At higher potential differences, the reduction rate increased dramatically with the 

reaction being limited by the net movement of Ag ions to the surface Similarly, the degree of 

branching increased as nucleation became more prevalent along with nanostructures growing 

longer and branching rather than wider. The morphology of nanostructures at higher potential 

differences reflects this change with fractal/dendritic structures forming above 1.5 Vpp. By 

conducting SERS tests, we found deposition carried out at 3 Vpp resulted in nanostructures with 

the greatest SERS enhancement (see Appendix A, Figure A.9). The fractal like nanostructures 
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with high surface coverage could explain why SERS enhancement increased with potential 

difference. Beyond 3 Vpp, excess deposition may have eliminated hotspots present in the 

nanostructure there by reducing the SERS enhancement. Additionally, the higher potential 

difference may have resulted in oxidation of the nanostructures. Formation of Ag oxide on the 

outer surface of the nanostructures can decrease the SERS enhancement by increasing the 

distance between the analyte and metallic nanostructures.9  

3.4.5 Lateral Growth of Nanostructures Due to Potential Difference 

Using an aqueous solution of 2 mM Na3C6H5O7 and 0.5 mM AgNO3 and a frequency of 10Hz, 

depositions were carried out at various potential differences (2.00-3.50 Vpp) with both a sine 

wave and square wave electrical function to determine the effect that the applied potential 

difference had on the nanostructures growth rate. Visually, the nanostructures formed with a 

square shape electrical signal were a darker colour than structures made with a sine shape 

electrical signal (see Appendix A, Figure A.10). More overall growth was seen when using a 

square shape signal. Using photos taken every minute of deposition, the growth rates for the 

nanostructures growing on the sides of the microelectrodes at different conditions (see Figure 

A.11) was calculated with the calculations summarized in Table A.3. Three observations can be 

made by examining the values in Table A.3. The growth rates using a square wave electrical 

signal were all greater than the corresponding rates using a sine electrical signal. The square 

wave electrical signal resulted in a greater average potential difference (VRMS) and a max 

potential difference being applied for an entire growth phase unlike a sine signal resulting in both 

more time above the critical potential difference and more electrons being transferred. Secondly, 

using a sine electrical signal, as the potential difference increased, the growth rate increased as 

well. As previously stated, raising the potential difference increases the migration of ions to the 



 70 

surface and also increases the rate of reaction. Lastly, the growth rate using a square wave signal 

reaches a max value at 2.5 Vpp and then decreases with higher potential differences. The 

decrease is likely due to damage to the microelectrodes caused by the combination of high 

potential difference and square wave electrical signal. For all potential differences tested, growth 

at the tips followed a log-shape with growth being slowed as the gap between electrodes shrunk. 

3.4.6 Varying Trisodium Citrate Concentration 

The importance of Na3C6H5O7 for the deposition process is highlighted in Figure 3.7, which 

displays a composite of structures, each formed at different concentration of Na3C6H5O7 (0-2.0 

mM). All depositions were performed using 2 mM AgNO3 and an electrical signal of 3 Vpp at 10 

Hz. With no Na3C6H5O7 present, deposition only occurs at the tips with dense black aggregates 

which appear to form on top of themselves as seen in Figure 3.7A. Under higher magnification, 

the structures are approximately 5 microns in length and appear to be made from clusters of 

aggregates. Adding Na3C6H5O7 to the solution but still greatly below the concentration of 

AgNO3 (0.1:1 ratio), the structures begin to coat all microelectrodes edges in contact with the 

solution, see Figure 3.7B. The structures extend about 10 microns from the edge and are quite 

reflective. SEM revealed the nanostructures morphology changed to branch like structures 

consisting of thin 3-D plates stacked together. Further increasing the Na3C6H5O7 concentration 

(0.1-0.25 mM, 0.2:1-0.5:1 ratio) to approach the concentration of AgNO3, the size of the 

nanostructure increased but is now localized near the tips of the microelectrodes as shown in 

Figure 3.7C. The nanostructures now have a reddish colour and resemble a fern plant under 

higher magnification. Increasing the Na3C6H5O7 concentration to a 1:1 ratio and up to a 6:1 ratio 

with respect to AgNO3 resulted in an even coating of nanostructures on the microelectrode edges 

with a dendritic morphology as shown in Figure 3.7D.  
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Figure 3.7: Optical and SEM images of nanostructures assembled using 0.5 mM AgNO3 and a 
square electrical signal of 10Hz and 3Vpp for 10 minutes with varying concentrations of 

Na3C6H5O7: (A) 0 mM, (B) 0.05 mM, (C) 0.125 mM and (D) 2.0 mM. 

 
Further increases in Na3C6H5O7 concentrations resulted in structures becoming darker and 

shorter in length. Figure A.12 in Appendix A displays structures formed form 0-100 mM 

Na3C6H5O7 with 2 mM AgNO3. It must be noted here that the experiments were performed 

without the use of a reference electrode. Therefore, although the nominal potential difference 
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applied is the same for all experiments involving different solutions, the actual potential applied 

to the electrodes may be different. SERS testing found all nanostructures formed using 0.125 

mM (0.25:1 ratio) of Na3C6H5O7 or higher had a good SERS enhancement with 2 mM 

Na3C6H5O7 (4:1 ratio) having the greatest enhancement (see Appendix A, Figure A.13).  

The dramatic change in deposition as the concentration of Na3C6H5O7 was varied is likely 

caused by the roles Na3C6H5O7 was performing during deposition besides providing the anodic 

current. First Na3C6H5O7 raises the conductivity of the solution with the addition of sodium and 

citrate ions. The sodium ions in particular reduce the migration of Ag ions since a portion of the 

current will be carried by the former. The use of a supporting electrolyte to minimize ion 

migration is well established in the literature.49 Similarly, additional ions in the solution will 

increase the screening provided by the electric double layer, reducing the electric field strength 

outside the electric double layer. A weaker electric field will also weaken migration. By reducing 

the effect of migration, the ratio of migration to diffusion is reduced resulting in Ag ions moving 

towards areas of high electric field strength rather than only to areas with the greatest electric 

field strength, i.e. the edges of the microelectrodes, not just the tips of the microelectrodes. 

Testing using 0.125 mM Na3C6H5O7, 0.5 mM AgNO3 and sodium sulfate (Na2SO4) found that 

by using 3 mM of Na2SO4 would result in an even coating of nanostructures along the electrode 

edges. Without Na2SO4, the deposition was localized at the tips of the electrodes (see Figure 

A.14). A control using 0.5 mM AgNO3 and 3 mM Na2SO4 was tested and little to no deposition 

occurred. Additionally, it is understood that Ag ions and citrate can form a series of complexes 

with a general formula of [Ag3(C6H5O7)n+1]3n- as well as less common complexes [Ag2C6H5O7]- 

and [AgC6H5O7]2-.50-52 With Ag-citrate complex having a pK1 value of 7.1, it is expected that the 

majority of Ag and citrate would be in a complex in solution and the effective concentration of 
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unbound Ag ions will be reduced significantly.53 A solution with initial concentrations of 0.5 

mM AgNO3 and 2.0 mM Na3C6H5O7 would be estimated to have a final composition of 

2.65x10-5 mM Ag+, 1.5 mM Na3C6H5O7 and ~0.5 mM [AgC6H5O7]-2. The anionic Ag-citrate 

complex will experience some degree of repulsion from the cathode even as the electrolyte 

concentration increases which could limit the complex from providing Ag ions to be reduced. By 

reducing the free Ag ion concentration, the deposition is more likely to occur under diffusion-

limiting conditions with a concentration gradient forming in the local environment resulting in 

fractal like structures rather than spherical aggregates.  

The role of citrate in anisotropic growth is well known. Preferential adsorption of citrate to 

Ag’s {111} plane has been used in the past to form nanowires and nanoplates by blocking 

growth on various Ag crystal faces.26,53,54  On the basis of nanostructures formed in Figure 3.7 

and A.12, citrate is also likely acting as capping agent here as well. Spherical like nanostructures 

transition to plate like nanostructures and then nanowires as Na3C6H5O7 is added to the solution. 

For 5.0 and 10.0 mM of Na3C6H5O7 in Figure A.12, the decrease of lateral growth also comes 

with the nanostructures becoming darker and ultimately black. The excess citrate ions bind to 

non-preferential sites on the nanostructures thus limiting growth on all of Ag’s crystal faces. The 

net result is a transition back towards isotropic growth which results in denser nanostructures 

with limited lateral growth. If the higher concentrations of Na3C6H5O7 resulted only in more 

complexing between citrate and Ag, it would be expected the resulting nanostructures to appear 

similar to nanostructures formed using low concentrations of AgNO3 which as we show in a later 

section are distinctly different. 

Finally, we speculate if Ag oxide is formed during the deposition as the AC field alternated 

and the previous acting cathode is now an anode, the presence of citrate may reduce the Ag oxide 
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to metallic Ag as others have demonstrated.55 Experiments performed with citric acid (C6H8O7) 

shown in Appendix A were found to support our hypothesis for the roles citrate fulfills in the 

deposition process. 

The max lateral growth of nanostructures assembled using various concentrations of 

Na3C6H5O7 was measured and plotted in Figure A.16.  It was found there is a range between 

0.50-2.0 mM in which lateral growth is maximized. Here the concentration of Na3C6H5O7 is 

great enough to fulfil the roles previously mentioned: provide anodic current, reduce effect of 

migration for even coating of nanostructures on edges, complex with Ag ions to reduce the free 

Ag ion concentration in the solution and preferentially bind to specific Ag crystal faces. Below 

this concentration range, Na3C6H5O7 does not fulfil the four roles properly and thus deposition is 

focused at the tips with lateral growth limited. Above this concentration range, excess citrate 

now hinders lateral growth due to excess complexing with Ag ions and non-preferential binding 

to Ag crystal faces leading to isotropic growth of nanostructures. The final detail to highlight in 

Figure A.16 is that all depositions showed a rapid deposition in the first minute which then 

decreased. The initial burst of growth could be due to deposition being located directly at the 

electrode edge or due to the solution’s composition changing after the initial burst. 

3.4.7 Varying Ag Nitrate Concentration 

Figure 3.8 and A.17 display structures formed using a solution of 2 mM Na3C6H5O7, an 

electrical signal of 3 Vpp and 10 Hz with AgNO3 concentration varying from 0.05-8.0 mM. The 

max lateral growth of the structures was plotted in Figure A.18. At low concentrations of AgNO3 

(£ 0.10 mM), the structures coat the edges of the microelectrodes with structures being highly 

reflective. The lateral growth of nanostructures follows a logarithmic shape with the majority of 

growth done in the first 4-5 minutes indicating the concentration of AgNO3 was too low. When 



 75 

the AgNO3 concentration was increased (0.25-0.5 mM), the structures grew further away from 

the electrode edge and had a reddish colour. After the initial burst in growth, the lateral growth 

here was rather linear indicating a sufficient concentration of AgNO3 was present for consistent 

lateral growth until about the 8-9 minute mark. By raising the AgNO3 concentration further (1.0-

2.0 mM), additional growth began to occur on the nanostructures, not just at the tips of 

nanostructures. The abundant concentration of Ag ions disrupted the balance with Na3C6H5O7 

and 3-D growth began occurring. As others have documented, the increase in Ag concentration 

can result in a morphology change from loose fractal to dense branch nanostructures due to the 

decrease in the thickness of the diffusion layer surrounding the nanostructures.56 The 3-D 

nanostructures visually look similar to other protuberant grown nanostructures in the literature 

deposited in high Ag ion environments under reaction limiting conditions.57 The max lateral 

growth was considerably greater than the previous region but the lateral growth began reaching a 

max value in this range. When the concentration of AgNO3 was two times or greater than the 

Na3C6H5O7 concentration (≥ 4.0 mM), the deposition became tipped focussed and structures 

were much darker and grew in a 3-D manner. As a result, some of the structures fell of the 

microelectrode platform when the droplet was removed. At excessive AgNO3 concentrations, the 

max lateral growth decreased, became electrode tip focussed and was reached within ~4 minutes. 

The 2 mM of Na3C6H5O7 present is unable to balance the excessive amounts of AgNO3 present 

or slow the deposition process to promote anisotropic lateral growth over 3-D isotropic growth. 

Thus, the process began to resemble reaction limited grown nanostructures. For AgNO3, a 

sufficient concentration is required for the reaction to proceed but excess AgNO3 will also 

hamper the lateral growth of nanostructures by decreasing the diffusion layer around the 

nanostructures and opening new growth options. 
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Figure 3.8: Optical images of structural morphology regimes assembled using 2.0 mM 
Na3C6H5O7 and varying concentrations of AgNO3. An electrical signal of 10 Hz and 3 Vpp for 

10 minutes, was applied during deposition. Scale bar is 100 microns. 
  
3.4.8 Varying Total Ion Concentration 

Based on experiments performed with varying concentrations of Na3C6H5O7 and AgNO3, it 

was concluded that a molar balance of 4:1 for Na3C6H5O7:AgNO3 would produce the preferred 

SERS substrate in terms of surface area and SERS enhancement. Maintaining the 4:1 ratio but 

changing the total ions present in the solution, depositions were carried out with an electrical 

signal of 3 Vpp and 10 Hz with four regions being identified (see Figure 3.9). At low 

concentrations ( £ 0.5:0.125 mM), the deposition occurred with nanostructures growing out 

laterally from edge of the microelectrodes in a limited fashion. At 1.0:0.25-2.0:0.5 mM, the 

nanostructures extend out from the edges of the electrodes, closing the gap between electrodes. 

From 2.5-4.0 mM Na3C6H5O7, the nanostructures became darker indicating a change in their 

morphology. At or above a concentration of 5.0:1.25 mM, the deposition became somewhat 

uncontrolled with the structures growing in the vertical direction as well as laterally. At such a 
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high Ag concentration, deposition is pushed from diffusion limiting conditions and towards 

reaction limited growth.57 Ag ions could now readily reach the nanostructure with the diffusion 

layer becoming more compact resulting in significant vertical growth on the nanostructures. The 

structures still coat electrode edges but now appear black with reflective areas. Some 

nanostructures are removed with the droplet as well. By examining the max lateral growth 

(Figure A.19), the growth is seen to be rather linear, increasing as the total ion concentration 

increased. As the molar ratio between Na3C6H5O7: AgNO3 is fixed at 4:1, the two reagents are 

balanced and both are able to fulfil their roles in the deposition thereby promoting lateral growth. 

The two highest concentrations tested have a near identical max lateral growth but the highest 

concentration also had additional 3-D growth. The 3-D growth seen when 2 mM of AgNO3 is 

used in Figure 3.8 and 1.9 indicate an even greater amount of Na3C6H5O7 is required if lateral 

growth is to be maintained and prevent 3-D growth. 

SERS testing found all depositions tested to be SERS active with the SERS activity increasing 

with total ion concentration (see Appendix A, Figure A.20). Due to the decrease in 

reproducibility in nanostructures formed at higher concentration, 2.0:0.5 mM Na3C6H5O7:AgNO3 

was selected as the optimal concentrations for deposition. 
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Figure 3.9: Regions of assemblies deposited using a 4:1 molar ratio of Na3C6H5O7: AgNO3. An 
electrical signal of 3 Vpp and 10 Hz for 10 minutes was used during deposition. Scale bar is 100 

microns. 

3.4.9 Analyte Detection  

The nanostructures formed were tested to determine their potential as SERS substrates. Their 

ability to act as concentration amplification devices when energized by an AC signal was also 

tested. Nanostructures formed using a 2 mM Na3C6H5O7 and 0.5 mM AgNO3 solution and an 

electrical signal of 3 Vpp and 10 Hz were used to estimate the enhancement factor with eq 3.3: 

𝐸𝐹 =
./0&/
1/0&/
.1&
11&

            (3.3) 

  

  

where I is the intensity measured, N is the number of molecules adsorbed on the surface and 

the subscripts SERS and NR refers to measurements taken on nanostructures or a silicon wafer 

respectively. The number of molecules adsorbed on the surface was assumed to be proportional 

to the concentration of R6G drop-casted onto the surface. It is critical to note the surface area 

between the two surfaces is not equal as the nanostructures will have a much larger area for R6G 

molecules to adsorb onto. Figure 3.10A shows average spectra recorded using SERS (10-5 M 
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R6G) and Raman (10-2 M R6G). An enhancement factor of 4.55x106 was calculated for the 

nanostructures using the 610 and 1356 cm-1 peaks. Given the larger surface area created by the 

nanostructures compared to a flat substrate and potential for fluorescence suppression, the 

reported enhancement factor should only be considered as an ‘upper bound’, while its true value 

is expected to be smaller. Using nanostructures formed using the same conditions, the limit of 

detection for R6G was estimated to be 2.3x10-10 mol/L. A breakdown of the calculations are 

available in Appendix A. Based on the reddish-gold colour of the nanostructures, it appears the 

nanostructures absorb in green area of the visible spectrum. Marquestaut et al demonstrated that 

matching the excitation wavelength of the laser with the plasmon resonance of the SERS 

substrate can maximize the SERS enhancement.58 Therefore if a laser with a 538 nm excitation 

line was used for testing, it would be expected that both the enhancement factor and limit of 

detection would improve. Further testing for the potential of the nanostructures as a SERS 

substrate was performed by detecting both melamine and thiram at relevant concentrations (see 

Appendix A, Figure A.21B and C). Melamine, an illegal food additive used to artificially boost 

the protein content in products such as milk, was detected at 1 ppm and 100 ppb, concentrations 

lower than values set for melamine in milk or infant formula by the World Health 

Organization.59 Thiram, a pesticide, was used to spike a solution of apple juice to have a final 

concentration of 1 ppm, seven times lower than US Environmental Protection Agency’s maximal 

residue limit.60 With no preprocessing of the sample, thiram was readily detected after being 

drop-casted onto the SERS substrate. 
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Figure 3.10: (A) Comparison of Raman and SERS spectra of R6G at 10-2 M and 10-5 M 
respectively. (B) Normalized SERS signal of R6G detected at 10-5 M using a 10 min adsorption 

with and without an AC electric field present. (C) & (D) Deposition of FITC-avidin on 
nanostructures both without and with an AC electric field present, respectively. Nanostructures 
were fabricated using a 2 mM Na3C6H5O7 and 0.5 mM AgNO3 solution and a frequency of 10 

Hz with 3 Vpp for 10 minutes. Scale bar is 200 microns. 

 
The majority of SERS based methods rely on analyte deposition onto the sensing surface by 

means of adsorption or drop-casting. Either case is not ideal as diffusion can take time for the 

analyte to adsorb to the surface and drop-casting is highly non-reproducible. Research groups 

have investigated a variety of methods for improving the analyte deposition process. Yang et al. 

developed Ag mesocrystal SERS particles which displayed a high affinity for CV molecules, 

particularly near or at the nanogaps on the mesocage surface.61 Others such as Wu et al. took 

advantage of superhydrophobic surface properties to concentrate the analyte on their surface.62 
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Here we demonstrate a unique way on how the formed Ag nanostructures can also be used to 

improve the analyte sampling method.  Specifically, when they are energized by an AC signal, 

they can both amplify the analyte concentration present on the SERS substrate and 

simultaneously accelerate the sampling process by increasing rate of convective mass transport. 

The rationale is as follows: microelectrodes can generate significant electric fields and 

electrokinetic forces/flows with only a small potential difference being applied to improve 

analyte adsorption.63-66 In the case of R6G, the molecule is too small to be attracted to the surface 

using an AC electrokinetic force such as dielectrophoresis (DEP). Instead, using an AC electric 

field at 10 kHz and 15 Vpp, ACEO can be generated which due to the electrode design, generate 

a fluid flow pattern resembling a conveyor belt with liquid coming down in the gap between 

electrodes and then over the electrode surface.39,67 The convective fluid flow combines with 

diffusion to accelerate adsorption of analytes to the nanostructures. Testing shown in Figure 

3.10B using R6G (10-5 M), found using an electric field for 10 minutes resulted in an average 

increase of 40.2 ± 7.7% in peak intensity for R6G’s 9 characteristic peaks when compared with 

adsorption without an electric field present. For larger analytes such as proteins, DEP can be 

used to attract analytes to areas with highest electric field gradient. For the majority of cases, this 

corresponds to the edges of electrodes, specifically the edges in the gap between electrodes. 

Figure 10C and D demonstrate the significant difference AC electrokinetics can have on analyte 

adsorption. In both cases FITC-avidin was allowed to adsorb onto the nanostructures for 15 

minutes. In Figure 3.10C an electric field was not applied and only random adsorption occurred. 

Figure 3.10D in comparison, demonstrates deposition when an electric field at 10 kHz and 

15Vpp is applied during the adsorption time period. The fluorescent-tagged protein can be seen 

present on all nanostructures and highly concentrated on the nanostructures in the gap between 
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electrodes. The combination of SERS with a microelectrode platform can improve the signal 

measured using SERS by accelerating adsorption and concentrating the analyte to specific 

regions.  

3.5 Conclusions 

The functionalization of the substrate to modify its surface properties along with an AC field 

was used to drive the fabrication of Ag nanostructures on the insulating substrate between 

microelectrodes. The nanostructures coated the edges of the bipolar electrodes with the 100 µm 

gap between them being filled in less than 10 minutes. The surface interactions between the 

nanostructures and the substrate were a crucial factor for deposition. By promoting an attractive 

interaction between the nanostructures and the substrate, 2-D growth away from the electrode 

occurred and the nanostructures had the necessary adhesion to remain in place when the droplet 

was removed. The nanostructures’ morphology could be controlled by varying either the applied 

potential difference or solution composition. Performing the deposition with a solution consisting 

of 2 mM of Na3C6H5O7 and 0.5 mM AgNO3 and an electrical signal of 3 Vpp and 10 Hz 

produced the best SERS substrate iteration. The structures had a lateral growth rate of 8.3 µm/s 

and were found to have an impressive SERS enhancement up to 4.55x106 with a limit of 

detection of 2.3x10-10 mol/L. Melamine and thiram were both detected at or below critical 

concentrations with thiram impressively being detected in a sample of apple juice with no 

preprocessing of the sample. Analyte deposition can be enhanced by taking advantage of the 

microelectrodes and using AC electrohydrodynamics to accelerate or concentrate analyte 

deposition. Small molecules can be conveyed to the nanostructures faster using AC 

electroosmosis while the transport of larger analytes can be both, accelerated and focuses to the 

electrode edges using dielectrophoresis.  Theoretically the enhanced analyte deposition should 
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increase the limit of detection and reproducibility of SERS signals. Based on the results so far, 

the technique should be scalable using a large electrode pattern as well as compatible with 

existing microelectrode sensors. 
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Chapter 4 Portable surface-enhanced Raman scattering 

analysis performed with microelectrode-templated 

silver nanodendrites1 

4.1 Abstract 

Using a handheld Raman spectrometer, we demonstrate how silver nanodendritic substrates 

formed on microelectrode platforms can be used for ultrasensitive detection of target analytes, 

such as cocaine and melamine. The nanostructured substrates are formed through the 

electrochemical deposition of silver on electrically insulated silicon substrates with the aid of an 

alternating current (AC) signal applied to the microelectrodes. A nanostructure lateral growth 

rate of 8.90 ± 0.19 µm/min was achieved by implementing a semi-batch process that kept the 

reactant concentrations high during silver deposition. This facile process can be used with 

different microelectrode designs, thus allowing for customizable SERS substrates. Compared 

with a commercially available benchmark, our surface-enhanced Raman Scattering (SERS) 

substrates were found to be at least twice more sensitive. Moreover, by applying multivariate 

analysis, specifically principal component analysis and linear classification models, the pesticide 

thiram was identified at 1 ppm with 100% accuracy in spiked apple juice without sample pre-

 
1 This chapter with minor changes to fulfill formatting requirements has been published as: 
Raveendran, J.; Docoslis, A. Portable Surface-Enhanced Raman Scattering Analysis Performed 
with Microelectrode-Templated Silver Nanodendrites. Analyst 2020, 145 (13), 4467–4476. 
https://doi.org/10.1039/D0AN00484G. 
 



 92 

processing. Our technique provides the means for combining microelectrode platforms with 

SERS for portable, point-of-care sensing applications. 

4.2 Introduction 

Improvements in sensing and nanotechnology over the last few decades have made on-site 

testing a possibility with portable spectrometers now readily available.1,2 Point-of-use testing 

offers the potential of early detection of contaminants and hazardous compounds along with 

quality assurance for a variety of industries including law enforcement, agriculture, 

manufacturing and processing industries.3-7 Unlike techniques such as immunoassays, liquid/gas 

chromatography or mass spectrometry, point of use analysis is substantially cheaper as it 

typically does not require expensive lab equipment with dedicated facilities, highly trained 

individuals along with transportation of the sample from the site to the lab.8,9 Raman 

spectroscopy, a vibrational spectroscopic technique which measures the photons scattered 

inelastically after interacting with a material’s chemical bonds, is posed to greatly benefit from 

these technological improvements as it provides a ‘molecular fingerprint’ of the material being 

analyzed.10,11 Thus, chemical species can be identified using the combination of the signal 

measured, a database with known samples and an identification algorithm.12-14 No 

functionalization or labels are required for identification. Additionally, Raman spectroscopy is a 

non-destructive technique with a short sampling time and is compatible with water, unlike IR 

spectroscopy. The limiting factor for Raman spectroscopy has been the inherent weak signal as 

only approximately one in a million scattered photons are scattered inelastically. This limitation 

can be overcome by utilizing surface-enhanced Raman scattering (SERS) which can enhance the 

Raman signal several magnitudes allowing for single molecule-level detection. SERS typically 
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utilizes a nano-featured metallic substrate composed of gold or silver which, when placed near 

an analyte, will greatly amplify the signal. The enhancement from SERS comes from both an 

electromagnetic and chemical enhancement with the two being complimentary to each other. The 

electromagnetic enhancement is generated from the collective oscillation/excitation of electrons 

termed ‘surface plasmons’ generated by the incident radiation interacting with the substrate. 

Chemical enhancement meanwhile is generated from the chemical interactions between the 

molecule and the SERS substrate. Several reviews are available describing the SERS 

mechanisms in detail.15-18 

SERS substrates can be produced with a variety of methods with an inexpensive, safe and 

relatively simple option being the use of an electric field with nanoparticles or metal salts as 

building blocks to assemble nano-featured structures such as polyhedrons, dendrites and 

nanowires.19,20 Nanoparticle assemblies typically are formed in the gaps between 

microelectrodes using electrokinetic forces.21-23 There are some examples however of electrolytic 

reactions forming nanowires in the gap between microelectrodes.24-26 With either building block 

however, nanostructures formed in the gap between electrodes usually have a limited surface 

coverage, preventing their use with handheld Raman spectrometers. 

Recently, we reported on a method for fabricating silver nanostructures on the edges of 

microelectrodes by reducing silver ions in the presence of citrate using an alternating current 

(AC).27 By functionalizing the insulating surface with a hydrophobic fluorinated silane and 

carefully tuning the electrical signal (frequency, applied potential difference) and solution 

parameters (concentration of silver nitrate and trisodium citrate), we were able to grow 2-D  

silver nanostructures to a length of 100 µm laterally from the edges of both ‘finger-like’ 

electrodes. The functionalization is done to ensure an attractive surface interaction between the 
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nanostructures and the low surface energy substrate. Despite the significant lateral growth, the 

SERS substrate was previously limited to microscope-based Raman systems as the total surface 

area was not compatible with fiber optic or handheld Raman spectrometers. The consumption of 

reactants in the droplet, not the voltage losses from the growing electrical resistance was found to 

be the previously limiting factor for preparing large SERS substrates. We are now able to grow 

the nanostructures laterally to nearly 280 µm in length in 30 minutes by adopting a semi-batch 

method, where the solution droplet was changed every minute.  To the best of our knowledge, a 

nanostructured substrate suitable for portable SERS sensing analysis of this size, formed on the 

edges of microelectrodes has not been previously reported. By designing different 

microelectrode patterns, the SERS substrate produced can have their geometry altered to 

optimize its compatibility with the Raman spectrometer. The signals we measure using our 

structures for multiple analytes exceeds the signals from a commercially available benchmark. 

We further show that, when combined with multivariate analysis, the pesticide thiram can readily 

be detected and identified in apple juice using a principal component analysis (PCA) and support 

vector machine (SVM) algorithms. We believe the simplicity in fabrication, the impressive 

SERS enhancement of our nanostructures, the portability potential along with the reusability of 

our microelectrode platform offers a compelling SERS solution for both academic and industrial 

users. 

4.3 Materials and Methods 

4.3.1 Chemicals and Reagents 

Silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7), trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane, rhodamine 6G (R6G), melamine, thiram (Pestanal®, analytical standard) and cocaine (1 
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mg/mL in acetonitrile) were all purchased from Sigma Aldrich (Oakville, ON, Canada). Polished 

silicon wafers (4′′ diameter) with a thermally grown SiO2 layer (0.5 µm) were purchased from 

University Wafer (South Boston, MA, USA). Silver P-SERS substrates were purchased from 

Metrohm Raman (Laramie, WY, USA). Aqueous solutions and dilutions were prepared using 

Millipore® water (18.2 MW*cm). A transparency-based photolithography mask was designed 

using AutoCad (2018) and printed by Advance Reproductions Corp. (North Andover, MA, 

USA). Tropicana apple juice was purchased form a local grocery store. 

4.3.2 Microchip Fabrication 

The fabrication of microelectrodes with a minimal gap of 100-500 µm between electrodes was 

carried out at Nanofabrication Kingston (NFK, Innovation Park, Kingston, Ontario). Figure B.1 

in Appendix B displays all the electrode designs tested. The wafer was initially washed using 

acetone, isopropanol and water before being exposed to oxygen plasma to remove any remaining 

contaminants. A layer of the negative photoresist AZ nLOF 2020 (MicroChem Corp, 

Westborough, MA) was spin-coated at 3000 rpm onto the surface followed by a soft bake at 

110oC for 2 minutes. The photoresist was then exposed to UV light using photolithography mask 

aligner in order to pattern the surface. The wafer then underwent a post exposure bake at 110oC 

for 1 minute before being allowed to cool and then being placed in a bath of AZ 300 MIF 

(MicroChem Corp, Westborough, MA) for 60 seconds to develop. Metal deposition was done 

using physical vapour deposition with 5 nm of chromium deposited as an adhesive layer before 

100 nm of gold was deposited. Remaining photoresist was removed using a heated bath of AZ 

400T Resist Stripper (MicroChem Corp, Westborough, MA) at 45°C. The wafer was diced using 

a diamond tip scribe. 
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4.3.3 Surface Modification of Microchips 

Prior to deposition, all microelectrode chips were modified with trichloro(1H,1H,2H,2H-

perfluorooctyl) silane. Chips were washed with acetone, ethanol and then water before being 

dried. The chips were exposed to plasma for 5 minutes before being placed overnight in a 

vacuum chamber with 20 µL of the silane solution. Finally, the chips were washed again using 

dish soap and then acetone, ethanol and water before being air dried and stored before 

deposition. 

4.3.4 Assembly of Nanofeatured Structures 

Depositions were performed using a BK Precision 4040B Sweep function generator (Cole-

Parmer Canada Inc) while a Tektronix 1002B oscilloscope monitored the electrical signal. A 

square-wave electrical signal with a potential difference of 2.5 Vpp (peak-to-peak voltage) and 

frequency of 10 Hz was applied for all deposition. 20 µL of the reactant solution (2.0 mM 

Na3C6H5O7 and 0.5 mM AgNO3) was deposited on the centre of the chip before the electrical 

signal was applied for 20-30 minutes (20 minutes for 300 µm gap patterns and 30 minutes for 

500 µm gap patterns). For semi-batch depositions, the droplet was replaced with a new droplet 

every minute. The chip was rinsed with water once the deposition process was completed and 

dried with air. Photos were taken using a digital camera connected to the microscope every 5 

minutes and once more when the substrate was dried. Photos were analyzed using ImageJ 

(Version 2.0.0) to estimate lateral growth rates and surface coverage. A MLA 650 FED ESEM 

system was used to analyze the structures via scanning electron microscopy (SEM). All 

depositions were performed at room temperature.  
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4.3.5 Analyte Deposition 

To evaluate the SERS performance of the nanostructures and PSERS substrates, 10 µL of the 

analyte solutions were drop casted onto the substrates. Aqueous solutions of analytes tested 

include: melamine (5 and 1 ppm), thiram (1 ppm), cocaine (100 ppm) and R6G (10-5 M). 

4.3.6 Raman Measurements 

All spectra were recorded using a Thermo Scientific Gemini handheld analyzer (780 nm, 3 

second exposure with 20 averages) system via a fiber optic probe. Each spectrum was recorded 

from 250-2875 cm-1 with 10 measurements taken on a single chip. All data processing was 

performed using Matlab (R2018a). Spectra were filtered using a Savitzky-Golay filter before 

being baseline corrected with an open source function.28 A BC 300 microelectrode pattern was 

used for SERS analysis.  Following SERS measurements, the structures and analyte were 

removed using a cotton swap which had been soaked in dish soap. Chips were then washed with 

acetone, ethanol and water before being air dried and stored for reuse. 

4.3.7 Transmission Electron Microscopy 

A Hitachi H-7000 system was used to analyze the nanostructures at nm resolution via 

transmission electron microscopy (TEM). Nanostructures were sonicated in either ethanol or an 

aqueous solution of 2.0 mM Na3C6H5O7 in order to separate the structures from the 

microelectrodes. Samples sonicated in ethanol resulted in complete removal of nanostructures 

from the microelectrodes while sonication in water only removed nanostructures formed via later 

nucleation on top of the initially formed nanostructures. 
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4.3.8 Multivariate Analysis 

Matlab (2018a) was used to performed the multivariate analysis (MVA). After filtering and 

baseline correcting the spectra, the built in Matlab function ‘pca’ was used to perform principal 

component analysis (PCA). The first principal component (PC) was used with the Classification 

Learning App available in Matlab to identify samples of contaminated apple juice with different 

classifies using varying degrees of cross validation. Classifiers tested include: k-nearest neighbor 

(KNN) and a linear support vector machine (SVM). To confirm significant separation between 

samples, statistical analysis was performed using open-sourced Hotelling T2 functions.29  

4.4 Results and Discussion 

4.4.1 Testing Procedure 

A schematic of our testing procedure is shown in Figure 4.1. The SERS substrate is initially 

formed using an electrolytic reaction driven by an AC field performed in a droplet on a 

microelectrode platform. Afterwards, the analyte is drop-cast onto the surface and allowed to dry 

before a SERS measurement is taken using a handheld Raman spectrometer. The recorded 

spectrum is then compared to the spectra of pure chemical compounds, previously recorded 

using a combination of multivariate analysis techniques resulting in its 

classification/identification. The entire testing process can be completed in approximately 5-10 

minutes using previously fabricated nanostructures depending on the solvent the analyte is 

present in and approximately 30 minutes if starting with a blank microelectrode chip. 
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Figure 4.1: Schematic of testing process from electrodepositing silver to form nanostructures, 
depositing analytes onto SERS substrate, analyzing sample using handheld Raman device and 

identifying sample using a combination of MVA techniques. 

4.4.2 Assembly of SERS Substrates 

Here we present our recently developed technique for fabricating extended silver 

nanostructures from silver ions via an electrochemical deposition with an AC signal. Figure 4.2 

is a schematic of the semi-batch process used to produce SERS substrate and the testing 

procedure. Starting with a clean microelectrode chip (Figure 4.2a), a droplet containing 

Na3C6H5O7 and AgNO3 is deposited on the chip and an AC electrical signal is applied (Figure 

4.2b). Silver ions are attracted to the cathode via migration where they are reduced forming 

silver adatoms. As the electric field is strongest at the edge of the electrodes, the adatoms 

accumulate at the edge of the electrode forming a stable nucleus. As more silver adatoms are 

added to the nucleus, silver nanostructures are formed and begin to grow out laterally from the 

electrode edge along the silicon oxide substrate. By applying a sufficient potential difference at 

10 Hz with an adequate concentration of AgNO3 and Na3C6H5O7, the nanostructures are formed 

under diffusion limiting aggregation (DLA) conditions resulting in dendritic and fractal like 

structures forming on the edges of the microelectrodes. The DLA conditions are due to the 

combination of a high potential difference being applied to the system, raising the reduction rate 

to the point of the reaction becoming diffusion limiting and a concentration gradient forming 
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around the growth front. As a result, non-thermodynamically favored nanostructures such as 

dendrites and nanowires are formed as compared to spherical-like polyhedrons formed under 

reaction limiting conditions.19,30,31 In the case of reducing silver or copper onto an insulating 

surface off the edge of a cathode, Fleury et al. noted an additional transition from dendritic 

structures to a uniform film once a critical current density was surpassed.32 The structures 

branched to such a degree that voids between growing structures were eventually filled. Beyond 

simply to achieve the desired morphology, the deposition process also needs to be carefully 

controlled as silver can be deposited directly onto a cathode as others have demonstrated.33-35 For 

more details regarding the deposition process, the proposed mechanism and the effects from 

electrical and solution parameters please see Raveendran et al..27 The nanostructures can reach a 

lengths greater than 100 µm in 10 minutes under the right electrical conditions with a single 

droplet using a bipolar electrode design. Measuring the growth of the nanostructures over the 10 

minutes, it was noted the growth slowed over time, a sign of a limiting factor being present. 

Allowing the deposition to continue for additional time did not result significant further growth. 

Examining the structures under higher resolution with SEM revealed the nanostructures furthest 

from the electrode edge appeared similar to structures formed earlier in the deposition process, 

distinct from structures formed with a lower applied potential difference. Thus, it was concluded 

the limiting factor was not voltage losses from electrical resistance in the nanostructures. Instead 

we hypothesized the limiting factor was the consumption of the reactants in the droplet and thus 

moved to a semi-batch deposition process where the droplet was replaced every minute. Raising 

the concentration of Na3C6H5O7 and AgNO3 was not a viable option as higher concentrations 

eventually lead to 3-D structures forming which lacked proper attachment to the substrate and 

would be removed with the droplet during the drying process. The semi-batch process resulted in 
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the nanostructures growing beyond 100 µm, filling 300- and 500-µm electrode gaps confirming 

our hypothesis (Figure 4.2c). Once the nanostructures filled the electrode gap, the reactant 

droplet was removed and the analyte solution was drop-casted onto the surface before SERS 

measurements were taken (Figure 4.2d). Finally, a soap wash was performed, removing the 

analyte and nanostructures from the surface and regenerating the microelectrode platform to be 

reused. 

 
Figure 4.2: Schematic of semi-batch deposition process to produce silver nanostructures before 

drop-casting analyte solution performing SERS analysis to identify unknown analyte. 
Nanostructures and analyte can later be removed and the microelectrode chip recycles for further 
use. (a) Clean microelectrode chip. (b) Deposition with initial droplet. (c) Extended deposition 

using semi-batch process. (d) SERS measurement using fully formed nanostructures. 

 
The semi-batch deposition was performed using a variety microelectrode designs with the 

minimal gap between electrodes ranging from 100-500 µm. Figure 4.3 is an image of one of the 

designs, “BC 300”, with the nanostructures grown after 20 minutes of deposition using either the 
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(a) batch (b) semi-batch process. The nanostructures evenly coated the edges of the electrodes to 

the extent they could be observed with the naked eye. Using optical microscopy, the 

nanostructures were visually similar to nanostructures fabricated with a single droplet (excluding 

extent of growth) suggesting the use of multi-droplets simply extended the growth seen with a 

single droplet without changing the morphology of the nanostructures. The surface coverage of 

the nanostructures shown in Figure 3 was estimated to be 26.9% and 67.7% for the batch and 

semi-batch deposition respectively. 

  
Figure 4.3: Example of nanostructures formed on a BC 300 microelectrode chip using either a (a) 

batch deposition or (b) semi-batched deposition. 
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Figure B.2 in Appendix B contains additional optical images of nanostructures fabricated with 

various microelectrode designs. In all cases, using the semi-batch technique resulted in the 

electrode gap being filled with nanostructures. Use of a single droplet with 20 minutes for 

deposition failed to sufficiently grow nanostructures more than 60 µm for the two interdigitated 

300 µm electrode designs tested (see Figure B.2a and b in Appendix B). Nanostructures grown 

from an electrode edge which was unopposed to the opposite electrode displayed additional 

lateral growth as compared to nanostructures growing directly toward the opposite electrode. The 

reduction in growth when the nanostructures are growing towards a oppositely polarized 

electrode matches what we observed previously. Given the use of multiple droplets, it is doubtful 

the growth was restricted due to the consumption of silver ions. Instead we hypothesize as the 

nanostructures close the gap between electrodes, the electric field intensifies and electric field 

driven phenomena such as migration and AC electro-osmosis (ACEO) intensified in those 

regions thereby hindering lateral growth.36,37 Migration will include both attraction to the 

cathode and repulsion from the anode for silver ions. ACEO on the other hand will generate fluid 

flow in the shape of a conveyor belt, flowing down in the gap between electrodes then parallel 

over the electrode surface.38,39 The combination of ACEO with the increase in repulsion from 

migration limits the possibility of a silver ion reaching the nanostructures’ tip before being 

reduced. Silver ions near nanostructures on the outer edges of electrodes however experience a 

smaller increase in repulsion from migration and less fluid flow and thus those nanostructures 

can grow in a linear fashion. 

4.4.3 Greater Visual Resolution Analysis of Nanostructures 

Further characterization of the nanostructures was performed using SEM and TEM. Figure 4.4 

displays nanostructures fabricated using a BC 300 microelectrode design. A low magnification 
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view in Figure 4.4a reveals differences in nanostructures formed near and away from the 

electrode edge which is further highlighted with higher magnification. Near the electrode edge in 

Figure 4.4b, the nanostructures have grown to fill all the spaces between nanostructures resulting 

in a dense coverage. The initial nanostructures have become highly branched structures which 

have thickened to almost appear like a particulate film in some instances, matching what Fleury 

et al. reported.32 Additionally, secondary white nanostructures have formed on the initial layer of 

nanostructures. These white structures accept electrons from the underlying nanostructure layer 

and can grow in all directions, unlike the underlying layer which grows relatively perpendicular 

away from the electrode edge. The tips of the nanostructures seen in Figure 4.4c, display a like 

dendritic like morphology with the side branches curving into the gaps between nanostructures. 

If given more time, the nanostructures will branch further and thicken, thereby increasing the 

surface coverage and appearing similar to the nanostructures formed near the electrodes. Overall 

the nanostructures are visually similar to those we fabricated previously using a single droplet 

suggesting the semi-batch process maintained and extended the growth of nanostructures without 

introducing a significant change in their morphology. Additional SEM images of nanostructures 

are provided in Appendix B (Figure B.3). 
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Figure 4.4: SEM of nanostructures formed using a BC 300 microelectrode design. (a) Zoomed 

out view of nanostructures reveals morphology differences in the nanostructures based on 
location relative to electrode edge. (b) Nanostructures formed near the electrode edge display 
two layer of nanostructures. Second layer of nanostructures deposited on previously formed 
nanostructures. (c) Nanostructures formed at the edge of the growth frontier display a greater 

degree of fractal morphology. 

Further resolution of the nanostructures was achieved using TEM. Samples prepared by 

sonicating in ethanol are shown in Figure 4.5a and b. Using ethanol as the solvent resulted in the 

complete removal of structures from the microelectrode chip. The samples shown in Figure 4.5a 

and b are formed directly on the silicon substrate, with (a) being formed near the electrode and 

(b) formed further away. From Figure 4.5a it can be seen the nanostructure has a main trunk 
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which has nucleated several branches and the branches themselves have formed sub-branches. 

The high degree of sub-branching is believed to be responsible for the appearance of particulate 

like film near the electrode seen in Figure 4.4b. Figure 4.5b displays nanostructures formed away 

from the electrodes where the main trunk has branched but with limited sub-branching so far. 

The limited sub-branching is from the limited deposition time and with more time, Figure 4.5b 

would begin to appear as Figure 4.5a. Both images display structures with rounded edges which 

may be a result of the deposition time. It was previously noted in the literature silver dendrites 

will morph from a sharp tip to a more rounded and then hexagonal shape as a reaction slows and 

small grains have time to relax and move to minimize their energy position.40 The curvature of 

the nanostructure in Figure 4.5b is likely due to growing in a crowded environment, surrounded 

by competing nanostructures and growing towards areas with the greatest concentration of silver 

ions. Similar anisotropic growth of nanostructures due to a local concentration gradient has been 

documented in the literature.41 Figure 4.5c is a nanostructure obtained by sonicating in an 

aqueous solution with 2 mM Na3C6H5O7 which only removed the secondary layer of 

nanostructures formed atop of the initial layer. The structure has sharp edges with the branching 

still in its preliminary steps due to the limited time it has to grow and availability of silver ions 

from the bulk solution. Overall TEM imaging of the nanostructures further highlighted the 

effects deposition time and the local environment has on the morphology of the nanostructures 

formed. 
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Figure 4.5: TEM of nanostructures. (a) an example of structures formed near the electrode edge, 

similar to areas seen in Figure 4.4b. (b) nanostructures formed away from the electrode edge 
such as areas shown in Figure 4.4c. (c) nanostructure formed on existing silver nanostructures as 

seen in Figure 4.4b as white dendrites. 

4.4.4 Estimating Growth Rates 

Growth using the semi-batch process was relatively constant and a linear regression found a 

similar growth rate for all electrode designs tested (see Table 4.1). As the electrode gap 

increased, the lateral growth rate also increased. The increase in growth rates for larger gaps and 

nanostructures growing with no opposing electrode further supports our hypothesis that repulsion 

from a local anode hinders lateral growth. More information regarding how the lateral growth 

rates were calculated is shown in Appendix B. 

Table 4.1: Estimate of growth rates for various microelectrode patterns using a semi-batch 
deposition. Number in electrode pattern name indicates distance between oppositely polarized 

electrodes. Linear regression was performed with the y-intercept fixed to the origin. 

Electrode Pattern Growth rate (µm/min) R2 
DB 300 8.38  ± 0.20 0.940 
ID 300 8.74 ± 0.27 0.892 
BC 300 8.09 ± 0.16 0.953 
BP 100 9.74 ± 0.12 0.973 
DB 500 8.78 ± 0.19 0.923 
ID 500 9.64 ± 0.17 0.941 

 

Based on the nanostructure morphology at the furthest regions becoming more nanowire like 

rather than dendritic/fractal, two factors are believed to be responsible for the growth limit. The 
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primary reason for the morphology change being voltage loses due to electrical resistances in the 

silver nanostructures. Unlike traditional electrodeposition processes performed on a conducting 

surface, electrons must travel from the electrode through the nanostructures to the growth front 

rather than directly from the electrode to the growth front. Thus as the nanostructures become 

longer, the voltage losses due to electrical resistance increases as well. The secondary reason is 

that the environment at the growth front has reached extreme levels of DLA with the local silver 

ion concentration no longer sufficient for growth to continue.19,31 We hypothesize as all the 

nanostructures can act as reduction sites for silver ions and locations for adions to join, existing 

nanostructures are able to out compete the nanostructure tips for silver ions.  

4.4.5 SERS Testing 

The SERS substrates were evaluated using the chemical hazard melamine, the Raman dye 

R6G, the pesticide thiram and the illicit drug cocaine with all samples at relevant 

concentrations.42-44 The signal was compared with the commercially available, silver P-SERS 

substrates as a means to assess viability of the enhancement provided by our nanostructures. P-

SERS are a single use, low-cost, paper-based SERS substrate produced using printed silver 

nanoparticles manufactured by Metrohm. They can be used to detect a variety of substrates 

including illicit drugs, medicines and dyes. The combination of low costs and simplicity in 

fabrication make them one of the few commercially available SERS substrates on the market. As 

shown in Figure 4.6, under the conditions used in our measurements, the SERS signal of the 

characteristic peak for all analytes tested was greater with our nanostructures as compared to the 

signal measured using a silver-PSERS substrate. On average, the signal was 2.38 ± 0.58 times 

greater using our nanostructures compared to PSERS with the signal of melamine at 1 ppm being 
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greater using our SERS signal than using PSERS with a solution of melamine at 5 ppm. For the 

full spectra of analytes tested, please see Figure B.5 in Appendix B. 

 
Figure 4.6: Characteristic peak intensities of various analytes on our nanostructures versus 

commercially available silver-PSERS. Characteristic peaks used were: 682 cm-1 for melamine, 
1363 cm-1 for R6G, 1383 cm-1 for thiram and 1003 cm-1 for cocaine. 

 
To assess the reproducibility of the signal measured, the coefficient of variance (CoV) was 

calculated for all analytes using the same characteristic peaks with the results shown in Table 

4.2. On average it was found the nanostructures had a CoV value of 0.090 compared to 0.107 for 

PSERS using our experimental apparatus indicating our nanostructures offer both a larger 

enhancement and a greater degree of reproducibility as compared to the commercial product. 

Furthermore, P-SERS are single use substrates whereas our nanostructures can potentially be 

washed using a citrate solution and reused. A log-log calibration curve was generated using R6G 

and was found to be highly linear with an R2 value of 0.987 (Figure B.6 in Appendix B). The 

results from the calibration curve suggest quantification not just identification should be viable 

using our nanostructures and a portable Raman spectrometer. Using the calibration curve and 

measurement of a ‘blank’ sample, the limit of detection for the nanostructures was estimated to 

be 1.2x10-8 mol/L. A breakdown of the calculations is provided in Appendix B.  This limit of 
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detection is greater than one previously measured for similar silver nanostructures, 2.3x10-10 

mol/L, but should be expected as previous measurements were performed using a benchtop 

Raman instrument with a 633 nm excitation laser.27 The trade-off for the portability of a 

handheld laser with a higher excitation wavelength is a decrease in overall SERS performance. 

The SERS enhancement factor is expected to have a maximum value between 106 and 107, based 

on our previous morphologically similar, nanostructures fabricated using the same technique but 

as a batch process.27 As shown in the manuscript, the primary differences between using a semi-

batch rather than batch process is the increased in both the overall lateral growth and the growth 

rate. 

Table 4.2: Summary of coefficient of variance calculations for both silver nanostructures and 
silver-PSERS. Characteristic peak intensities of various analytes were used to perform the 

calculations. 

Analyte and Concentration Silver Nanostructures Silver-PSERS 
Melamine (5 ppm) 0.011 0.042 
Melamine (1 ppm) 0.080 0.188 

R6G (10-5 M) 0.185 0.107 
Thiram (1 ppm) 0.144 0.114 

Cocaine (100 ppm) 0.028 0.083 
Average 0.090 0.107 

 

Moving to ‘real world’ testing, a sample of apple juice was spiked using thiram to have a 

concentration of 1 ppm. The presence of thiram in apple juice can be seen clearly in Figure 4.7a 

with thiram’s characteristic peak at 1383 cm-1 being present (see Figure B.5b SERS spectrum of 

thiram in water at 1ppm). To reduce the complexity of identifying a sample composed of 1201 

variables and automate the process thereby reducing the expertise required to make an 

identification with certainty, the spectra of apple juice with and without thiram present were 

compressed using PCA. PCA is a data reduction technique which uses a linear combination of 

the original variables (here intensity values at every whole wavenumber) to calculate a set of 



 111 

uncorrelated indices or principal components, PCs. Since PCs are calculated such that the first 

PC explains the largest amount of variance in the data, the second PC the second largest amount 

and so on, later PCs can be discarded without greatly impacting the analysis. Table 4.3 

summarizes the variance explained by the first three PCs with 48.4% of the variance explained 

using PC1 alone. As shown in Figure 4.7b, the spiked apple juice samples clearly separated from 

the pure apple juice samples. An F-test was performed using the Hotelling’s T2 value to 

determine if the clusters were significantly separated.45 The null hypothesis that there is not 

significant separation between the two groups was rejected with an alpha value of 0.0001 

confirming the two clusters are significantly separated. The large degree of separation of the two 

sample types and variance explained with a single PC is a result of the coefficients or loadings 

for PC1 shown in Figure 4.7c. The coefficients are the factors or weights used to calculate the 

PCs using the original variables (after normalizing to have a mean of zero and standard deviation 

of one) and define the direction of PCs with the sum of the squared loadings being equal to one. 

Thus, the coefficients provide a correlation between the variables and PCs and based on Figure 

4.7c, we can conclude PC1 is highly affected by the characteristic peak for thiram along with the 

peaks at 1145, 1383 and 1510 cm-1. 

 

Figure 4.7: (a) SERS signal from apple juice and apple juice spiked with thiram (1 ppm). (b) 
Score plot of PCs 1 and 2 for apple juice and spiked apple juice. Each circle represents a 
spectrum and the ellipse indicate the 95% confidence interval.  (c) Coefficients for PC1. 
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Table 4.3: Variance explained by first three PCs. 

PC Variance Explained (%) Cumulative Variance Explained (%) 
1 48.4 48.4 
2 21.4 69.8 
3 8.8 78.6 

 

With the PCs, a classification system is still required. Here we tested two different supervised 

classification systems, KNN and SVM. KNN assigns each spectrum to the nearest cluster based 

on the Euclidean distance from the cluster while SVM calculates a hyperplane to maximize the 

distance of each data point from the hyperplane.46 Multiple level of folds were used with both 

classification systems but all combination of testing resulted in 100% identification of the 

spectrum in question as summarized in Table 4.4. Thus, our semi-batch nanostructures are not 

only compatible with handheld Raman spectrometers, they are comparable to single use 

commercial SERS substrates currently available and can quickly detect the presence of the 

pesticide thiram in apple juice in an automated fashion. 

 
Table 4.4: Cross validation results of using a single PC with various class identification with 

varying levels of folds. All classification systems yielded 100% identification of sample. 

Number of Folds Fine KNN SVM 
2 100% 100% 
5 100% 100% 
10 100% 100% 

LOOCV 100% 100% 
 

4.5 Conclusions 

Here we have presented a novel method for fabricating silver nanostructures on the edges of 

microelectrodes to produce SERS substrates which are compatible with handheld Raman 

spectrometers.  By utilizing a semi-batch deposition process, we are able to produce 

nanostructures with a lateral length of 150 and 250 microns within 20 and 30 minutes 
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respectively. The nanostructures grew with an average lateral growth rate of 8.90 ± 0.19 µm/min. 

Various microelectrode patterns were evaluated and all were able to grow extended silver 

nanostructures demonstrating configurable SERS substrates can be produced. The nanostructures 

all grew with a similar lateral growth rate despite varying electrode gaps indicating while a 

necessary potential difference was required to drive the process, the required electric field for the 

process was not as stringent of a factor. SEM and TEM revealed the nanostructures have a fractal 

like morphology and over time can act as both a substrate and electrode to grow a secondary 

layer of nanostructures. Testing with a portable Raman spectrometer, we found we could 

successfully detect R6G, melamine, thiram and cocaine with our nanostructures at relevant 

concentrations. The limit of detection was estimated to 1.2x10-8 mol/L. A single-use paper-based 

SERS substrate commercially available was tested using the same conditions and found to 

generate a weaker signal than the signal using our SERS substrate. Thiram in apple juice was 

detected in spiked apple juice samples with 100% success with no preprocessing of the sample 

using a combination of PCA with the linear classifiers KNN and SVM at various levels of cross 

validation as a means of ‘real-world’ testing. The potential for handheld sensors is growing as 

spectrometers become more affordable and miniaturized and so it is critical compatible sensor 

accessories such as quality SERS substrates like the ones we have described here are developed.  
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Chapter 5 Detection and quantification of toxicants in 

food and water using Ag-Au core-shell fractal SERS 

nanostructures and multivariate analysis1 

5.1 Abstract 

Here we demonstrate a facile, two step formation of silver core - gold shell (Ag-Au) 

nanostructures using microelectrodes and assess their performance as surface-enhanced Raman 

scattering (SERS) substrates to detect and quantify toxicants. Ag nanostructures, serving as the 

scaffolds for the bimetallic structures, were grown first by using electrochemical deposition on 

the edges of microelectrodes functionalized with the alkanethiol, 11-mercaptoundecanoic acid. 

Subsequently, different concentrations of HAuCl4 were used to perform a galvanic reaction on 

the surfaces of the Ag nanostructures with aqueous droplets being placed on the microelectrodes 

for 10 minutes before the substrate was rinsed and dried. Lower HAuCl4 concentrations were 

found to better preserve the fractal morphology of the formed Ag-Au nanostructures, while 

higher concentrations resulted in Ag-Au fragments. The SERS enhancement factor for the Ag-

Au nanostructures was estimated to have a max value of 6.51 x 105. Combining a data reduction 

technique with a linear classifier, both identification and quantification were demonstrated with 

100% success. The toxicants thiram, thiabendazole, malachite green and biphenyl-4-thiol were 

 
1 This chapter with minor changes to fulfill formatting requirements has been published as: 
Raveendran, J.; Docoslis, Detection and Quantification of Toxicants in Food and Water using 
Ag-Au core-shell Fractal SERS Nanostructures and Multivariate Analysis. Talanta 2021, 231. 
https://doi.org/10.1016/j.talanta.2021.122383. 
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all detected and identified at 1 ppm. Lastly, as a proof of concept, the Ag-Au nanostructures 

were transferred to a PDMS film resulting in a flexible SERS substrate capable of direct 

detection of thiram on an apple peel without any additional sample pre-treatment. 

5.2 Introduction 

The use of pesticides continues to grow with an expected 3.5 million tonnes to be used 

globally this year alone.1 The increase in demand is needed to ensure food security for the 

growing population but poses severe risks to both the environment and humans as runoff from 

farms can contaminate bodies of water and pesticide residue may remain on food products during 

consumption.2,3 In order to decisively limit the spread of contamination, new sensors capable of 

quickly detecting pesticides must also be developed, in addition to existing attempts to reduce 

the dangers posed by these chemicals.1,4 Raman spectroscopy is a vibrational spectroscopic 

technique which provides a ‘molecular fingerprint’ of the material being tested by measuring the 

inelastically scattered  photons.5 Improvements in Raman spectrometers in the last two decades 

have resulted in spectrometers becoming smaller and more portable while maintaining excellent 

performance.6,7 Chemical hazards and toxic substances can now be detected, identified and 

quantified on site rather than transported to central analytical laboratories.8,9 Additionally, 

Raman spectroscopy is significantly cheaper compared to the ‘gold standards’ of testing, which 

typically involve immunoassays, liquid or gas chromatography, and mass spectrometer as it does 

not require trained technicians, expensive reagents or dedicated facilities.9,10 Raman 

spectroscopy in particular has great potential for detecting biological and chemical hazards in 

water since, unlike IR spectroscopy, the former is compatible with water and requires little to no 

sample preparation.11,12 The technique is non-destructive and label free with its main limitation 
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being a relatively weak signal when compared with other sensing mechanisms such as 

fluorescence. The weak signals typically associated with Raman, however, can be greatly 

enhanced by several orders of magnitude by means of surface-enhanced Raman scattering 

(SERS). SERS involves using substrates, typically metallic nanostructures, which produce an 

electromagnetic and/or chemical enhancement to amplify the Raman signal. The electromagnetic 

enhancement originates from local field enhancement and re-radiation enhancement while the 

chemical enhancement arises from substrate-analyte interactions which ultimately modify the 

polarizability of the analyte.13–15 SERS has performed well in the detection of pesticides and 

food adulterants.16–18 The fungicide thiram has been successfully identified both on apple peels 

and in apple juice.19–21 Thiabendazole, an antifungal and antiparasitic agent was identified in 

mango peel extracts with a paper based SERS substrate made using gold nanoparticles and 

multivariate analysis (MVA).22 Chlorpyrifos, a widely used organophosphate pesticide, was 

identified and quantified on the apple and pear products using gold “nanopopcorn” particles and 

nanofinger SERS substrates.23,24  

SERS nanostructures are typically made from silver or gold with each metal having its own 

benefits. Silver offers the lowest losses in the visible region of wavelength with the largest 

enhancement.13 When exposed to the atmosphere, however, silver will form silver oxide which 

can greatly decrease the SERS enhancement.25 Silver can also react with NaCl forming silver 

chloride which can then adsorb onto the silver surface, blocking the adsorption of desired 

analytes and lowering the measured SERS signal.26 Given the variety of salts found in bodies of 

water, silver SERS substrates will likely be unable to perform in a consistent manner.27,28 Gold, 

on the other hand, despite having a lower enhancement than silver, offers a greater degree of 

chemical stability as it will not react in the atmosphere nor with salts and can be readily modified 
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to enhance analyte adsorption.26,29 Thus gold based SERS substrates should provide a more 

reproducible measurement. Different methods for fabricating gold SERS sensors exist such as 

chemical synthesis of colloidal nanoparticles30, electrodeposition of gold ions31, adsorption or 

electrokinetic deposition of gold nanoparticles32,33 and metal deposition onto preformed 

templates.24,34 In the case of a metal template with a lower standard reduction potential than gold, 

a galvanic reaction can be performed to deposit gold on the surface. A galvanic reaction is 

relatively simple and inexpensive to perform as no specialized equipment or cleanroom facilities 

are required to deposit the metal. If carefully controlled, the galvanic reaction can result in a 

bimetallic substrate with the gold depositing as a shell layer and the underlying template metal 

acting as a core with the initial morphology of the template preserved. A silver scaffold/template 

for example can result in a bimetallic nanostructure with a silver core and gold shell (Ag-Au) 

that offers the benefits of silver enhancement with the chemical stability of gold while 

maintaining the initial morphology.35–37 Sun et al. studied the replacement reaction and proposed 

a mechanism for the coating process using silver nanoparticles and nanocubes as templates.38,39 

They identified the multiple steps involved in the 2-stage process of alloying and de-alloying of 

the nanostructures. The galvanic reaction could be limited to simply coat the silver template with 

a layer of gold, extended to produce hollow gold structures or fully utilized to produce gold 

nanoparticles as the hollow structures collapse. 

Previously we reported a method for fabricating silver (Ag) nanostructures on a microelectrode 

platform and how to produce large scale SERS substrates compatible with handheld Raman 

spectrometers.20,40 By carefully controlling electrical parameters (frequency, applied potential 

difference), solution composition (concentration of silver nitrate and trisodium citrate) and 

surface energy parameters, we demonstrated that fractal Ag nanostructures could be formed on 
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the edges of gold microelectrodes and grow outwards to reach a lateral length of 280 µm. The 

nanostructures performed well as SERS substrates and could be used to detect the chemical 

toxins melamine and thiram. Additionally, as the nanostructures remain attached to the 

microelectrodes, they could be energized to generate electrokinetic forces which in turn would 

accelerate analyte deposition. The improvements in analyte deposition were demonstrated using 

the molecule rhodamine 6G and the fluorescently tagged protein avidin.40 However, the chemical 

stability of the silver nanostructures is limited as previously stated.  

To combine the advantages of chemical inertness and strong SERS enhancement here we 

develop a method for producing silver core - gold shell (Ag-Au) substrates. Specifically, we 

demonstrate how our previously electrodeposited Ag dendrites can be used as scaffolds for 

growing these bimetallic nanostructures on a microelectrode platform by means of a galvanic 

reaction. Moreover, we explore their morphology and tune their SERS performance by varying 

the concentration of gold (III) chloride hydrate during synthesis. We subsequently test the 

chemical stability of our Ag-Au nanostructures after prolonged immersion (24 h) in a phosphate-

buffered saline (PBS) bath and compare it with that of their Ag counterparts. Additionally, we 

assess the performance of our new Ag-Au core-shell nanostructures in terms of their ability to 

identify toxicants at 1 part-per-million (ppm) concentrations and quantify the fungicide thiram in 

apple juice at 5 different orders of magnitude. Finally, we demonstrate the Ag dendrites can be 

transferred to a polydimethylsiloxane (PDMS) film and the galvanic reaction then performed to 

produce a bimetallic flexible SERS substrate. The flexible SERS substrates were used to identify 

thiram directly on an apple peel. Both identification and quantification were automated using the 

multivariate analysis (MVA) techniques, principal component analysis (PCA) and partial least 
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squares (PLS) along with the classifiers, k-nearest neighbors (KNN) and support vector machine 

(SMV).  

To the best of our knowledge, Ag-Au nanostructures grown on the edges of microelectrodes 

have not been reported previously. We are only aware of experiments utilizing a microelectrode 

platform to fabricate gold nanostructures with gold salts that resulted in nanowire formation 

between electrodes.41,42 Nanoparticles could be used to form nanowires and dendritic structures 

but required a narrow gap between electrodes to generate the necessary electrokinetics to 

assemble the structures.33,43,44 In both cases the resulting structures provided limited surface 

coverage whereas our Ag-Au structures exhibit extensive growth and evenly coat the 

microelectrodes edges with a dense layer while retaining the dendritic morphology of their Ag 

nanoscaffold.  

The bimetallic nanostructures presented herein offer a great deal of promise for use in 

chemical and biological sensing as gold can easily be functionalized for selective analyte 

capture. Moreover, the microelectrode platform embedded into the SERS substrate can 

(optionally) be used for concentration amplification of analytes via electrokinetic effects, a 

unique feature of our SERS substrate.40,45,46 The flexible bimetallic SERS substrates lack the 

ability of concentration amplification but can be used to detect toxicants on uneven surfaces 

without the need of an extraction step. These bimetallic nanostructures are also amenable to 

integration as SERS substrates with handheld Raman spectrometers for in situ sample testing, as 

shown previously for Ag.20,47 
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5.3 Materials and Methods 

5.3.1 Chemicals and Reagents 

Silver nitrate (AgNO3), gold (III) chloride (HAuCl4) hydrate, trisodium citrate (Na3C6H5O7), 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane, rhodamine 6G (R6G), thiabendazole, thiram 

biphenyl-4-thiol, 1-octadecanethiol (ODT), 11-mercaptoundecanoic acid (MUA), Sylgard 184 

and malachite green were all purchased from Sigma Aldrich (Oakville, ON, Canada). Polished 

silicon wafers (4′′ diameter) with a thermally grown SiO2 layer (0.5 µm) were purchased from 

University Wafer (South Boston, MA, USA).  Tropicana apple juice and apples were purchased 

from a local grocery store. 

5.3.2 Microchip Fabrication 

Microelectrodes with tip-to-tip separation of 50 µm were fabricated at Nanofabrication 

Kingston (NFK, Innovation Park, Kingston, Ontario). The fabrication process followed standard 

photoresist patterning and metal deposition steps which were described elsewhere.20 

5.3.3 Surface Modification of Microchips 

All microelectrode chips were modified with trichloro(1H,1H,2H,2H-perfluorooctyl) silane to 

promote 2-dimensional growth of the nanostructures. Initially the chips are washed using 

acetone, ethanol and water before being dried. The chips were then placed in a plasma chamber 

and exposed to plasma for 5 minutes before being placed in a vacuum chamber with 20 µL of the 

silane solution overnight. Afterwards, the chips were washed using the three solvents again 

before being air dried and stored. 

To functionalize the gold electrodes and gold coated silicon pieces with either alkanethiol, 

separate solutions of ODT and MUA were prepared using ethanol with a final concentration of 
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20 mM. Substrates were placed in the solution for 24 hours before being washed with ethanol 

and dried. Unless otherwise stated, all SERS experiments were performed using electrodes 

functionalized with MUA. 

5.3.4 Goniometry 

A Dataphysics OCA 15EC digital goniometer (Charlotte, NC, USA) was used to perform 

contact angle measurements on gold coated silicon pieces to assess if the SAM layer had 

successfully formed. Approximately 2 µL droplets of either water, hexadecane or ethylene glycol 

was deposited onto the substrate using an electronically controlled syringe before the resulting 

contact angle was measured. For each substrate, 5 droplets were used to calculate an average 

contact angle at room temperature. Using the van Oss-Chaudhury-Good (OCG) model and 

Matlab (2018b), the measured contact angles were used to calculate the surface properties of the 

gold substrates as described previously.40 

5.3.5 Assembly of Metallic Nanostructures 

The Ag nanostructures were formed using a BK Precision 4040B Sweep function generator 

(Cole-Parmer Canada Inc.) while a Tektronix 1002B oscilloscope was used monitored the 

electrical signal. A 10 µL aqueous droplet containing 2.0 mM Na3C6H5O7 and 0.5 mM AgNO3 

was deposited on the centre of the chip before the electrical signal (3.0 Vpp (peak-to-peak 

potential difference) and frequency of 10 Hz) was applied for 10 minutes. Afterwards the chip 

was rinsed with water and dried with air. Photos were taken every minute using a digital camera 

connected to the microscope and once the substrate was dried. Lateral growth rates were 

estimated using the open source platform Fiji (Version 2.0.0).49  

The bimetallic structures were formed using different aqueous solutions of gold (III) chloride 

hydrate (0.05, 0.25, 1.00 mM). A 10 µL droplet of the gold salt solution was placed on a chip 
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after the Ag nanostructures were deposited. After 10 minutes, the chip was rinsed with water and 

dried using air. 

5.3.6 Flexible SERS substrates 

For the direct detection of thiram on an apple peel, a flexible bimetallic SERS substrate was 

prepared. After the Ag nanostructures were formed, liquid PDMS was prepared using a Slygard 

184 kit. The microelectrode chip was placed on an “in-house” build spin coater and a droplet of 

PDMS was deposited on the chip. The spin coater was activated, resulting in a thin film of 

PDMS being left on the chip. The chip was then placed on a hot plate set to 80oC until the PDMS 

was fully cured. The PDMS and nanostructures were then lifted from the silicon chip using 

tweezer and transferred to a glass slide for easy handling. Figure C.1 in Appendix C is a 

schematic diagram of this process. A 10 µL droplet of the gold (III) chloride hydrate solution 

(0.05 mM) was placed on the film for 10 minutes to replicate the galvanic reaction performed on 

the silicon chip. Afterwards, the film was gently rinsed with water and dried using air. 

5.3.7 Analyte Deposition 

Aqueous stock solutions for R6G and malachite green were prepared using Millipore® water 

(18.2 MW‧cm). Biphenyl-4-thiol stock solution was prepared using ethanol while thiabendazole 

and thiram stock solutions were prepared using acetone. For SERS testing and PCA 

identification experiments, all analyte solutions were diluted using Millipore® water to have a 

final concentration of 1 µg mL-1 (1 ppm). For PLS quantification experiments, thiram solutions 

were diluted using Tropicana apple juice. 

To evaluate the SERS performance of the nanostructures, 5 µL of the analyte solution was 

drop casted onto the substrates and allowed to dry. Quantification experiments involving apple 

juice required a 30 second water rinse to remove the crystalized sugars from the surface of the 
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chip. For direct detection of thiram on an apple peel, the apple peel was washed using acetone, 

ethanol and water and allowed to dry. Afterwards, the peel was weighed and 1000 µg mL-1 

thiram in acetone was deposited onto the peel and allowed to spread/dry on the peel. The size of 

the droplet deposited was such that the final amount of thiram on the peel would be 7 µg thiram / 

g apple (7 ppm). As an example, a 7.8 µL droplet deposited onto a peel which weighed 0.899 g. 

Control samples were prepared in a similar manner with pure acetone droplets.  

5.3.8 Raman Measurements 

All spectra were recorded using a HORIBA Jobin-Yvon spectrometer (model: LabRAM) 

equipped with a 633 nm He/Ne laser (17 mW) and Olympus BX-41 microscope system. The 

measurements were performed using a 50x microscope objective, 500 µm pinhole, 500 µm slit 

width and 10x laser filter. For each analyte and SERS substrate evaluated, 3 chips with 5 

measurements each were taken with 2 averages for each measurement for a total of 15 

measurements per analyte/substrate combination. Spectra were recorded from 550-1850 cm-1 

with a sampling time of 1-5 seconds. All data processing was performed using Matlab (R2018b). 

Spectra were filtered using a Savitzky-Golay filter before being baseline corrected with an open-

source function.49 Following SERS measurements, microelectrodes were placed in a soap bath 

before being cleaned using a cotton swap which had been soaked in dish soap. Chips were then 

washed with acetone, ethanol and water before being air dried and stored for reuse. 

5.3.9 Nanostructure Characterization 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) was 

performed using a MLA 650 FED ESEM system at 5.0 kV. SEM was used to visualize the 

nanostructures at high resolution while EDX was used to identify the elemental composition of 

the nanostructures. Spectrum analysis was performed using Matlab (R2018b). 
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5.3.10 Multivariate Analysis 

Matlab (2018b) was used to perform multivariate analysis (MVA). After filtering, baseline- 

correcting and normalizing the spectra, the built-in Matlab function ‘pca’ and ‘plsregress’ was 

used to perform principal component analysis (PCA) and partial least square regression (PLS) 

respectively. The Classification Learning App available in Matlab was used to identify different 

samples using a k-nearest neighbor (KNN) or linear support vector machine (SVM) classifier. To 

confirm significant separation between samples, statistical analysis was performed using open-

sourced Hotelling T2 functions.50  

5.4 Results and Discussion 

5.4.1 Assembly of SERS active nanostructures 

A schematic outlining the fabrication process to produce both the Ag scaffold and resulting 

Ag-Au nanostructures is shown in Figure 5.1. A droplet containing AgNO3 and Na3C6H5O7 is 

placed on the microelectrode chip before an electrical signal is applied to the electrodes. Under 

an AC signal the two electrodes alternate between acting as the cathode and the anode. At the 

electrode acting as the cathode, silver ions are reduced while at the anode electrode citrate ions 

are oxidized as described by equations 5.1 and 5.2, respectively. 

𝐴𝑔(:R)S + 𝑒T → 𝐴𝑔(U)  (5.1) 

𝐶V𝐻W𝑂X)T(:R) → 𝐶𝑂*	(:R) + 𝐻(:R)S + 𝐶W𝐻P𝑂W*T(:R) + 2𝑒
T   (5.2) 

The Ag nanostructures form on the edges of the electrodes and grow along the insulating 

surface rather than directly on the electrode surface as others have reported.51–53 More research is 

needed to confirm our hypothesis that the combination of an AC and high intensity electric field 
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is the primary cause for the observed differences in deposition. Due to the potential difference 

applied and the formation of a concentration gradient around the growth front, the reduction of 

silver ions occurs under diffusion limiting conditions and thus non-thermodynamically favored 

shapes such as dendrites and nanowires form.54 Under an AC signal, Ag nanostructures form on 

both electrodes. In addition to providing the anodic current, citrate acts as a supporting 

electrolyte, capping and complexing agent and prevents the formation of silver oxide. 

Attaching trichloro(1H,1H,2H,2H-perfluorooctyl) silane to the insulating substate lowers the 

overall surface energy of the substrate and changes the surface interactions between the 

insulating surface and Ag nanostructures from repulsion to attraction.40 As a result, the 

nanostructures grow laterally along the insulating surface in a 2-D manner, forming dendritic 

nanostructures. In experiments where the insulating surface and nanostructures has a repulsive 

interaction, the nanostructures form 3-D amorphous particles on the edges of the electrodes and 

were largely removed with the droplet. For more details regarding the deposition process please 

see Raveendran et al.40 

To form the Ag-Au nanostructures, a galvanic reaction is performed once the Ag 

nanostructures were made. The standard reduction potential for Ag+/Au (0.80 V vs. standard 

hydrogen electrode (SHE)) is lower than the potential for Au+3/Au (1.52 V vs. SHE).55 

Therefore, when a droplet containing HAuCl4 is placed on the chip, the Ag nanostructures 

oxidize in a reversal of equation 5.1 and the gold ions undergo reduction as described by 

equation 5.3. The overall galvanic reaction is described by equation 5.4. 

𝐴𝑢(:R)S) + 3𝑒T → 𝐴𝑢(U)  (5.3) 

3𝐴𝑔(U) + 𝐴𝑢(:R)S) → 3𝐴𝑔(:R)S + 𝐴𝑢(U)	  (5.4) 
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Once the desired SERS substrate is formed, the analyte solution is drop cast onto the substrate 

and SERS measurements can be performed after the droplet has evaporated. After all 

measurements are performed, the microelectrode chip can be cleaned with a soap wash, which 

removes both the analyte and nanostructures from the chip. The microelectrode chip could then 

be used for another round of electrodeposition. 

 

Figure 5.1: Schematic of testing process where Ag nanostructures are formed using 
electrodeposition. An additional galvanic reaction can be performed to form Ag-Au 

nanostructures. With either set of nanostructures, the analyte solution is then drop cast onto the 
surface and the SERS measurement is performed. Afterwards the microelectrodes are cleaned 

and stored for reuse. 

5.4.2 Effect of SAM on Electrodeposition 

As drop casting was used to deposit the analyte on the surface, it was desirable for the 

droplet to have the greatest contact angle possible (smallest footprint) to maximize the number 

of analyte molecules deposited per unit surface area. To achieve this goal, the use of 
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alkanethiols was investigated as a way to functionalize the gold electrodes. Alkanethiols are 

carbon chain molecules containing a thiol group at one end and a second functional group at 

the other end. The thiol group will readily form an Au-S covalent bond and a SAM is formed 

on the gold surface. For the work reported here, two alkanethiols, MUA and ODT were used to 

functionalize the gold electrodes. As alkanethiols will attach to both gold and silver, the 

functionalization was performed prior to electrodeposition to ensure only the gold electrodes 

were functionalized. MUA was found to lower the surface energy of gold surfaces while ODT 

raised the surface energy of gold surfaces as shown by the values in Table C.2 in Appendix C. 

When MUA and ODT were used to modify the microelectrodes, the contact angle of the 

droplet increased and decreased, respectively (Table C.3). MUA was estimated to decrease the 

contact area between the droplet and substrate by 21% while ODT raised the area of contact by 

44%. It is important to note the area of contact was assumed to be a flat circle and thus the 

values reported in Table C.4 are merely initial estimates. More details regarding the surface 

properties of bare and functionalized gold surfaces are available in Appendix C 

Figure 5.2 is a set of optical images of Ag nanostructures formed with (Figure 5.2a) and 

without a SAM present (Figure 5.2b and c). Visually, the final Ag nanostructures appear the 

same in all three cases with a darker section near the electrodes, which transitions to a goldish 

and then reddish colour at the tips of the nanostructures. Higher imaging resolution showed no 

significant differences in the morphology of the nanostructures as shown by Figure C.2 in 

Appendix C. 

 Measuring the lateral growth during the deposition process, we found the growth at the tips 

of electrodes slowed as the inter-electrode gap was decreasing (Figure C.3a in Appendix C). 

The growth on the sides of the electrodes however revealed two growth trends (Figure C.3b in 



 133 

Appendix C). For the non-functionalized electrodes, the lateral growth of nanostructures was 

completed within the first 5 minutes. For the remaining 5 minutes, only minor growth was 

seen. The lack of growth in the final half of the deposition process was due to the reactants in 

the droplet being consumed. Thus, the deposition became reactant depleted and growth was 

halted. The electrodes functionalized with MUA and ODT displayed linear growth for the 

entire deposition process and ultimately resulted in less lateral growth than the non-

functionalized electrodes. Estimates for the lateral growth rates are shown in Table C.5 in 

Appendix C. The functionalized electrodes had a similar growth rate for both alkanethiols 

tested (8.5 and 8.4 µm/min for ODT and MUA respectively). The slower growth rate 

compared to the non-functionalized electrodes is most likely due the SAM acting as a resistor, 

thereby lowering the voltage in the droplet. As the potential difference acts as the driving force 

for the reaction, a lower potential difference will slow both the reaction and growth of 

nanostructures.40,54 Thus, it was concluded that the main effect of SAM on the deposition 

process was the reduction of the nanostructure growth rate. As MUA was found to raise the 

contact angle and not have a noticeable effect on the fabricated nanostructures, it was used to 

functionalize the electrodes for all subsequent experiments. 
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Figure 5.2: Ag nanostructures formed with and without a SAM layer present. (a) No SAM 
layer present. (b) MUA SAM layer present. (c) ODT SAM layer present. 

 

5.4.3 Analysis of Ag-Au nanostructures 

The resulting nanostructures from the galvanic reaction are shown in Figure 5.3. Specifically, 

Figure 5.3a displays Ag nanostructures and Figure 5.3b-d displays Ag-Au nanostructures 

fabricated with increasing concentrations of HAuCl4. The effects of the galvanic reaction can be 

seen visually with the mid gold colour regions becoming darker and shifting to a reddish colour 

at 0.05 mM HAuCl4. As the concentration of HAuCl4 increased, the nanostructures became 

darker with the dark colour seen at the inner region near the electrodes now extending to the tips 

of the nanostructures. The change in the colour of the nanostructures is due to gold having a 

different plasmon absorbance compared to silver and the morphology of the nanostructures 

changing as well.56,57 The Ag-Au nanostructures formed remained on the microelectrode 

platform but raising the concentration of HAuCl4 beyond 1.00 mM resulted in some of the 

nanostructures being removed during the washing step. 
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Figure 5.3: Optical images of Ag and Ag-Au nanostructures fabricated using different 
concentrations of HAuCl4. (a) 0 mM. (b) 0.05 mM. (c) 0.25 mM. (d) 1.00 mM. 

Further characterization of the Ag-Au nanostructures was performed using SEM and EDX. 

Figure 5.4 displays the initial Ag nanostructures/scaffold and Ag-Au nanostructures formed 

using different concentration of HAuCl4. At 0.05 mM (Figure 5.4b), the Ag nanostructures have 

been successfully coated with a layer of gold. At 0.25 mM of HAuCl4 (Figure 5.4c), the 

nanostructures can be seen becoming hollow due to alloying and de-alloying process depleting 

the silver core. The de-alloying process did not compromise the underlying Ag scaffold and the 

fractal nanostructure morphology was still present. Increasing the concentration of HAuCl4 to 

1.00 mM (Figure 5.4d), the underlying Ag scaffold collapsed with the Ag-Au nanostructures 

now composed of fragments rather single nanostructures extending from the electrode edge. The 

fragments contain several holes in their structure, suggesting the de-alloying process has 
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removed a large degree of silver from the Ag-Au nanostructures. Additional SEM images of the 

Ag-Au nanostructures are provided in Appendix C (Figure C.4). From Figure C.4 it can be seen 

the galvanic reaction also formed gold particles on the nanostructures.  

 

Figure 5.4: SEM of Ag and Ag-Au nanostructures fabricated using different concentrations of 
HAuCl4. (a) 0 mM (b) 0.05 mM. (c) 0.25 mM. (d) 1.00 mM 

Figure 5.5 displays the EDX spectra taken of the Ag and Ag-Au nanostructures. The EDX 

measurements confirm the galvanic reaction was successful in forming Ag-Au nanostructures 

with only structures exposed to HAuCl4 displaying a gold peak. Using the area under the gold 

and silver peaks, the mole fraction of silver:gold was estimated for the different Ag-Au 
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nanostructures and is summarized in Table 5.1. It is important to note these values should not be 

used to identify the exact molecular composition of the Ag-Au nanostructures but rather to 

identify trend(s). From the values in Table 5.1, it can be concluded as a higher concentration of 

HAuCl4 was used to perform the galvanic reaction, the resulting Ag-Au nanostructures contained 

less silver, matching the expected outcome. 

 
Figure 5.5: EDX spectra of Ag nanostructures and Ag-Au nanostructures fabricated using 

different concentrations of HAuCl4. 
 

Table 5.1: Mole fraction of silver relative to gold for Ag-Au nanostructures formed using 
different concentrations of HAuCl4. 

HAuCl4 concentration (mM) Mole fraction of silver relative to gold 
0.05 0.85 
0.25 0.76 
1.00 0.29 
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5.4.4 SERS testing 

As shown in Figure 5.6, the SERS signal for Ag nanostructures increased (19 ± 11 %) when 

the electrodes were functionalized with MUA. The increase in signal for R6G’s characteristic 

peaks is believed to be due to the decrease in contact area between the droplet and the substrate 

when MUA is present (-21 %). Comparing the Ag-Au nanostructures to the Ag nanostructures, 

both using electrodes functionalized with MUA, found the Ag-Au nanostructures retained 14 ± 

1.2 % of the Ag signal. Using equation 5.5, the enhancement factor (EF) for Ag-Au 

nanostructures was estimated 

𝐸𝐹 = 𝐸𝐹][ ∗
.34536
134536
.36
136

 (5.5) 

where I is the measured intensity, N is the number of molecules adsorbed on the surface and the 

subscripts Ag-Au and Ag refer to measurements performed using Ag-Au nanostructures and Ag 

nanostructures, respectively. Previously EFAg was estimated to have a max value of 4.55 ´ 106.40 

Assuming the increase in signal seen for the Ag nanostructures with MUA present is due to the 

higher analyte surface concentration, the Ag nanostructures with and without MUA present 

should have the same enhancement factor value. Similarly, it was assumed the number of 

molecules present on the surface for both Ag-Au and Ag nanostructures. Thus, a max 

enhancement factor value of 6.51 x 105 for the Ag-Au nanostructures was calculated. Please 

note, this value is an estimate and for a more precise calculation, a comparison of the Raman and 

SERS signal from a SAM forming, non-resonant molecule should be performed as described by 

Marquestaut et al.58A SAM forming molecule will allow for the total amount of molecules 

present to be estimated based on the ratio of total area being scanned to area per molecule. 

Additionally a non-resonant molecule will eliminate the risk of resonance Raman contributing to 
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the signal measured and artifically raising the SERS enhancement. The magnitude decrease for 

the enhancement factor is to be expected as gold is a less SERS active material than silver and 

SEM analysis found that the gold shell had successfully engulfed the silver core.26 The EF values 

of our bimetallic structures are superior than those of the corresponding gold substrates. Recently 

reported gold nanoparticle assemblies on a microelectrode platform resulting in an enhancement 

factor of 1.5 x 103.33 If a greater SERS enhancement is required, the reaction time or 

concentration of HAuCl4 should be lowered to increase the likelihood of pinholes remaining in 

the outer shell to maximize the electromagnetic field enhancement.59 

 

Figure 5.6: Average SERS signal for Ag nanostructures without MUA, Ag nanostructures with 
MUA and Ag-Au nanostructures with MUA. Spectra are vertical offset by 1500. 

Tests performed on Ag-Au nanostructures formed using higher concentrations of HAuCl4 

showed that the SERS signal decreased as the concentration increases (Figure 5.7a). Figure 5.7b 

highlights how the SERS signal for Ag-Au nanostructures formed using 0.25 mM and 1.00 mM 

of HAuCl4 retained 88 ± 4.6% and 7.9 ± 1.4% of the signal measured for 0.05 mM of HAuCl4. 

Lower concentrations of HAuCl4 were found to result in an incomplete gold shell forming and as 

such were not used for SERS testing. The decrease in SERS enhancement was likely due to 2 

primary reasons. As the gold shell became thicker, the distance between the silver core and the 
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analyte increased, lowering the enhancement provided by the latter. Secondly, the morphology of 

the nanostructures was altered by the galvanic reaction with hotspots in the gaps between 

nanostructures being lost and the fractal structure collapsing at higher concentrations of HAuCl4. 

As Ag-Au nanostructures fabricated using 0.05 mM of HAuCl4 demonstrated the greatest 

enhancement, such Ag-Au nanostructures were used for the remaining experiments. Additional 

details regarding the variability in the signal for the Ag-Au nanostructures and a mapping of the 

SERS intensity over the Au-Ag nanostructures (Figures C.6 and C.5) is available in Appendix C. 

 

Figure 5.7: Average SERS signal of R6G from Ag-Au nanostructures fabricated using different 
concentrations of HAuCl4. Spectra are vertically offset by 75. (b) Ratio of peak intensities for 

Ag-Au nanostructures fabricated using different concentrations of HAuCl4 relative to 0.05 mM. 
Solid line indicates average ratio value for 9 peaks and dash line indicates standard deviation for 

average value.  

5.4.5 Stability of SERS substrate 

The Ag and Ag-Au nanostructures were stored for 24 hours in a PBS bath to assess the 

stability of the nanostructures in high salt solutions. As seen in Figure 5.8a and b, the spectrum 

for Ag nanostructures was drastically different after 24 hours while the spectrum for Ag-Au 

nanostructures was largely unchanged. Using the 9 characteristic peaks for R6G, the signal for 

Ag nanostructures after the PBS exposure was estimated to be 48 ± 5.0% of the signal pre-
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exposure while the Ag-Au nanostructures retained 93 ± 7.3% their signal post exposure to PBS 

(Figure 5.8c). The retention of the enhancement from the Ag-Au nanostructures is quite 

impressive as Song et al. reported at ~30% decrease in signal in their gold coated silver nanorod 

substrate after it was stored in 100 mM of NaCl for 18 hours.27 The significant decrease in 

enhancement for the Ag nanostructures is likely due to the formation of AgCl deposits on the Ag 

nanostructures. AgCl can then block analytes from adsorbing onto the surface and also dissociate 

from the surface, etching the Ag nanostructures in the process.26 The gold shell of the Ag-Au 

nanostructures prevents the formation of silver chloride and thus analytes can easily adsorb onto 

the surface even after Ag-Au nanostructures are stored in PBS. The stability of SERS substrates 

is critical for any application but particularly for those involved with biological functionalization 

or environmental water testing. Both involve exposing the SERS substrate to solvents containing 

a high concentration of salt(s). If measurements are not reproducible, results cannot be properly 

interpreted or quantified even with the aid of MVA. Thus, in cases which do not require the same 

degree of enhancement offered by Ag nanostructures, Ag-Au nanostructure may in fact be a 

better option as a SERS substrate. 
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Figure 5.8: (a) Normalized SERS signal of R6G from Ag nanostructures before and after PBS 
storage. (b) Normalized SERS signal of R6G from Ag-Au nanostructures before and after PBS 

storage. (c) Ratio of peak intensities before and after PBS storage for Ag and Ag-Au 
nanostructures. Solid line indicates average ratio value for 9 peaks and dash line indicates 

standard deviation for average value. 
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5.4.6 Identification of toxicants using PCA 

The Ag-Au nanostructures were used to detect 4 different toxicants at 1 ppm. Thiram is a 

fungicide used on fruits and vegetables with a 7 ppm max residual level (MRL) for most produce 

in Canada.60 Thiabendazole is used as an antifungal and antiparasitic agent with a MRL of 10 

ppm for fresh fruit in Canada.60 Malachite green is an antimicrobial agent which is used to help 

raise aquarium fish but is not approved for use in fish intended for human consumption in 

Canada.61 Biphenyl-4-thiol is an alkanethiol which can be used to modify the adhesion and 

frictional properties of substrates but should be carefully disposed of to avoid short and long 

term damage to aquatic life.62 As the analytes pose an aquatic risk, it is of critical importance that 

they can be detected quickly in water to limit potential damage to the environment and any living 

organism they come into contact with. Figure 5.9a displays the spectrum for each of the analytes 

along a blank solvent sample. The characteristic peaks for each of the analytes can be clearly 

identified and are a near match to known band positions (see Table C.6 in Appendix C). Figure 

C.7 in Appendix C displays the average raw and processed spectra for the analytes tested in this 

manuscript. 

Rather than rely on an operator to identify the analytes based on making a visual match to a 

known spectrum in a database, MVA was applied to the data to automate the identification. PCA 

is a data compression technique which calculates a set of uncorrelated principal components 

(PCs) using a linear combination of the original set of variables. For SERS data, this original set 

of variables is the intensity values at each whole wavenumber. The PCs are calculated to explain 

the variance in the data set using fewer variables than the original set of variables with the first 

PC explaining the most variance and each subsequent PC explaining less variance. Thus later 

PCs can be discarded, reducing the dimensions of the new data set the classifier uses to make a 
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decision. Figure 5.9b and c display 3-D and 2-D plots of the recorded spectra plotted using the 

first 3 PCs with the ellipsoids indicating the 95% confidence interval. The first 3 PCs were found 

to explain 71.6% of the variance in the data set which originally consisted of 1201 variables (see 

Table 5.2 and Figure C. 8 in Appendix C). From Figure 5.9b and c it is clear the different 

analyte and blank measurements all separate from one another using the first 3 PCs alone. The 

separation between the different ellipsoids was confirmed to be significant by performing a F-

test with the Hotelling’s T2 value and an alpha value of 0.0001. Examining the coefficients or 

loadings for the PCs (Figure C.5 in Appendix C), which act as weights when calculating the PCs, 

revealed the coefficients for the first 3 PC contained characteristic peaks for the different 

analytes tested. In particular, PC2 contains a characteristic peak for each of the analytes and the 

blank samples all have a PC2 value lower than all the analyte PC2 values. Thus, it can be 

concluded the PCs are successfully separating the different samples based on the characteristic 

peaks of the analytes. 
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Figure 5.9: Testing different toxicants with Ag-Au nanostructures. (a) Normalized spectra of 
different analytes (1 ppm) tested as well as a ‘blank’ solvent. (b) 3-D plot of the first three PCs 

used to identify the different samples. (c) 2-D plots of the first three 3 PCs. All ellipsoids 
indicate 95% confidence interval. 

Table 5.2: Variance explained for the first 3 PCs calculated using PCA. 

PC Variance explained (%) Cumulative variance explained (%) 
1 43.5 43.5 
2 18.5 62.0 
3 9.6 71.6 

 
Two different supervised classifiers, KNN and SVM, were used to identify the different 

samples using cross-validation to test the classifiers. KNN calculates a set of centroids based on 

the number of groups present and then assigns each sample to the nearest centroid based on the 

minimal Euclidean distance between the sample and the centroids. SVM calculates a hyperplane 
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which maximizes the distance between each of the known samples and the hyperplane to classify 

unknown samples. Using different levels of cross validation or folds, both classifiers were able to 

identify the unknown samples with 100% accuracy as summarized in Table 5.3.   

Table 5.3: Cross validation results for classifiers using 3 PCs and varying levels of folds. 

Number of folds Fine KNN SVM 
5 100% 100% 
10 100% 100% 
30 100% 100% 
45 100% 100% 

 

5.4.7 Thiram quantification using PLS  

Beyond simply being able to identify toxicants, it is important to be able to quantify the 

concentration of the toxicants as well. Here the quantification ability of the Ag-Au 

nanostructures was evaluated by measuring different concentrations of thiram in apple juice 

(1000-0.1 ppm). Figure C.10 in Appendix C displays the average spectrum for thiram at different 

concentrations. While the characteristic peaks for thiram could be seen in all spiked samples 

without any preprocessing of the sample, the peak intensities of the characteristic peaks failed to 

generate a reliable calibration curve. It is important to note a 30 second water rinse was required 

once the apple juice evaporated to remove the crystalized sugars on the substrate before any 

SERS measurement could be performed. Such a rinse likely removed some of the thiram 

molecules present on the Ag-Au nanostructures which in turn would increase the variance in 

SERS spectrum recorded. Therefore, PLS with KNN and SVM was used to perform 

quantification as it would not rely on a single variable to perform quantification. PLS is similar 

to PCA as a new set of uncorrelated indices or PCs are calculated using a linear combination of 

the original set of variables but differs as it is a regression technique and actually provides two 

sets of indices. The new variables provide the most information for both the original predictor 
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and response variables with the two new set of variables being highly correlated. The 

quantification we present here utilizes the first set of indices or PCs calculated. The first 3 PCs 

were used to plot the recorded spectra in 3-D and 2-D space as seen in Figure 5.10a and b. The 

variance explained by the first 4 PCs is summarized in Table 5.4 with 60.6% of the variance in 

the original data set explained using only three PCs (see Figure C.11 in Appendix C for variance 

explained by first 50 PCs). The samples separate into distinct clusters based on the concentration 

of thiram present with a F test performed using the Hotelling’s T2 value and alpha value of 

0.0001 confirming the clusters are all significantly separated from one another. Figure 5.10b 

highlights the fact PC1 separates the blank sample from all the “spiked” samples. Examining the 

PLS loadings shown in Figure C.8 in Appendix C, the characteristic peaks for thiram (1386 and 

1510 cm-1) can be seen for PC1 suggesting the blank sample separated due to lacking those 

specific peaks.  
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Figure 5.10: PLS quantification of thiram in apple juice using Ag-Au nanostructures. (a) 3-D plot 
of the first three PCs used to quantify different samples. (c) 2-D plots of the first three 3 PCs. All 

ellipsoids indicate 95% confidence interval. 

Table 5.4: Variance explained by the first 4 PCs calculated using PLS. 

PC Variance explained (%) Cumulative variance explained (%) 
1 44.8 44.8 
2 10.2 55.0 
3 5.6 60.6 
4 3.3 63.9 

 

Testing with KNN and SVM is summarized in Table 5.5. KNN was able to successfully 

identify all unknown concentrations with 100% accuracy. SVM was less successful though with 

a 1000 ppm sample misidentified as 100 ppm for all levels of cross validation tested (98.9%) and 

a 0.1 ppm mislabeled as 1 ppm at 5 folds (97.8%).  Modifying the SVM classifier to use a non-
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linear kernel or increasing the number of PCs used for quantification could improve success rate 

of the SVM classifier.63 A linear regression model was generated using the first four PCs 

calculated using PLS. The model was found to be significant using statistical testing and 

displayed good linearity with a coefficient of determination of R2 = 0.97 (see Figure C.9). 

Additional information regarding the regression model is provided in Appendix C. Overall 

utilizing PLS with a classification system or regression model, we were able to use Ag-Au 

nanostructures to successfully quantify thiram in apple juice without any preprocessing of the 

sample. 

Table 5.5: Cross validation results for classifiers using 3 PCs and varying levels of folds. 

Number of folds Fine KNN SVM 
5 100% 97.8% 
10 100% 98.9% 
30 100% 98.9% 
45 100% 98.9% 

 

5.4.8 Flexible SERS substrates for the direct identification of thiram 

The Ag-Au nanostructures can also be assembled on a PDMS film for the direct detection of 

toxicants on fruit. As shown in Figure C.1 in Appendix C, the Ag nanostructures can be 

transferred to a PDMS film and the same galvanic reaction can be performed to produce Ag-Au 

nanostructures on a flexible transparent substrate. The flexible SERS substrate could then be 

placed directly on a contaminated apple peel and used to detect thiram on the apple peel. Such 

testing eliminates the need for an extraction process which typically requires additional solvents, 

equipment and time to perform.22–24 Li et al. demonstrated the capabilities offered using flexible 

SERS substrates extend beyond detection of toxicants on fruit by detecting toxicants directly on 

a yellow croaker fish, a crab and lobster.64 The benefits for direct detection however need to be 

weighed against the presence of background signal from the matrix. The background signal can 
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introduce new peaks in the SERS spectrum collected as well as interfere with the signal from the 

target analyte. Here we demonstrate despite the background signal from our substrate and the 

apple peel, the characteristic peak for thiram at 1386 cm-1 can clearly be seen in Figure 5.11a. 

Additionally, unlike Zhu et al. we were able to detect thiram without needing ethanol to 

disassociate the thiram molecules from the apple peel.65 A PCA model was developed using the 

signal between 1200-1600 cm-1 to limit the effect of the background signal from both PDMS 

and the apple. Figure 5.11b is a 2-D plot of the first 2 PCs and it can be seen the contaminated 

measurements separated from the control measurements. The previously mentioned F-test using 

Hotelling’s T2 value and an alpha value of 0.0001 was repeated and confirmed the two clusters 

were significantly separated. The variance explained by the first 2 PCs are presented in Table 5.6 

with the first 2 PCs having a cumulative variance explained of 60.5%. Testing with either a KNN 

or SVM model found both models could identify the contaminated sample with 100% as 

summarized in Table 5.7. Overall, the bimetal, flexible SERS substrates showed promise as an 

effective SERS substrate with more development and testing planned to determine their 

applicability for detecting and quantifying different toxicants.  

 

Figure 5.11: Identification of thiram on an apple peel. (a) Normalized spectrum of thiram and a 
control sample. (b) 2-D plot of the first 2 PCs. Ellipse indicate 95% confidence interval. 
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Table 5.6: Variance explained by the first 2 PCs calculated using PCA for direct toxicant 
detection. 

PC Variance explained (%) Cumulative variance explained (%) 
1 44.6 44.6 
2 15.9 60.5 

 

Table 5.7: Cross validation results for classifiers using 2 PCs and varying levels of folds. 

Number of folds Fine KNN SVM 
5 100% 100% 
10 100% 100% 

 

5.5 Conclusion 

Here we present and evaluate a two-step method for producing Ag-Au dendritic nanostructures 

using microelectrodes for the detection, identification and quantification of toxicants in water 

and food. Ag dendritic nanostructures were initial fabricated using electrochemical deposition to 

serve as a scaffold for the bimetallic nanostructures. Subsequently, a galvanic reaction was used 

to coat the Ag nanostructured templates with a gold shell, forming Ag core-Au shell 

nanostructures. Using HAuCl4 at concentrations between 0.05-0.25 mM resulted in Ag-Au 

nanostructures which retained the morphology of the originally Ag scaffold. Reactions 

performed using 1.00 mM resulted in Ag-Au fragments due to the collapse of the internal Ag 

nanostructures. This two-step process can be completed in under 25 minutes. After testing the 

microelectrode platform can be cleaned and reused. The Ag-Au nanostructures were estimated to 

have an enhancement factor of 6.51 ´ 105. When stored for 24 hours in PBS, the Ag-Au 

nanostructures displayed outstanding chemical stability, retaining 92.7 ± 7.3% of their original 

signal while the Ag nanostructures retained only 48.1 ± 5.0%. Combining the SERS signal 

measured using Ag-Au nanostructures with PCA and a classification system, 4 different 

chemical hazards were detected at 1 ppm with 100% accuracy based on testing with a validation 
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data set. Similarly, using PLS with a classifier resulted in the concentration of thiram being 

identified with 97.8-100% success.  As a proof of concept, the Ag nanostructures were 

transferred to PDMS films and the galvanic reaction repeated to produce a flexible bimetallic 

SERS substrate capable of direct detection of analytes on contaminated surfaces. The Ag-Au 

nanostructures were shown capable of identifying thiram on an apple peel with measurements in 

the validation set being identified with 100% success. The simplicity in fabrication as well as the 

chemical stability and SERS performance of these extended Ag-Au nanostructures make them a 

promising SERS substrate for a wide range of applications. The Au shell provides a desirable 

surface for chemical modification with functional probes such as antibodies and aptamers which 

can enhance the specificity of detection and prevent adsorption of background molecules when 

working with chemically complex samples. Finally, the Ag-Au nanostructures provide a larger 

surface area than similarly reported substrates and the electrodeposition process to form the 

initial Ag nanostructure scaffold is scalable. These extended area Ag-Au nanostructures can be 

integrated with handheld Raman spectrometer units for portable, point-of-need testing of food 

and water samples in remote areas. 
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Chapter 6 Conclusions and Outlook 

In this thesis, the combination of microelectrodes and electrochemical deposition is 

investigated as a means to fabricate SERS-active fractal nanostructures. The work described in 

this thesis fill a void in the state-of-the-art, since all previously reported research focused largely 

on utilizing metal nanoparticles as building blocks and electrokinetics to assemble nanostructures 

with microelectrode platforms.1–4 Moreover, in all previously reported works using ions as 

building blocks and electrochemical deposition, nanowires were the primary product with 

possible applications rarely reported.5–8 In both cases, the surface coverage of the resulting 

nanostructures was limited. Here it was demonstrated that electrochemical deposition could be 

performed to produce SERS substrates compatible with microscope-based and handheld Raman 

spectrometers. The 2-D lateral growth of silver nanostructures was promoted by tuning the 

interactions between the nanostructures and the insulating substrate as well as the electrical 

parameters and solution composition to ensure diffusion limiting conditions. Summaries of the 

major findings and trends (Table 6.1) are presented as well as a discussion on the outlook for 

future work. 

6.1 Summary of Findings in this Thesis 

In Chapter 3 the hypothesis that nanofeatured 2-D silver structures could successfully be 

grown on the edges of microelectrodes using a sub-kHz AC electrical signal without damaging 

the microelectrodes was confirmed true. By utilizing a low potential difference and trisodium 

citrate, the deposition occurred under diffusion limiting conditions rather than reaction limiting 

conditions despite the strong electric fields generated by the microelectrodes. Combining the 

diffusion limiting conditions with the insulating substrate being chemically modified to promote 
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an adhesive interaction between the substrate and nanostructures was found to be necessary to 

promote 2-D growth of the nanostructures. The morphology of the nanostructures could be 

changed from spherical aggregates to fractal dendrites by altering the potential difference or 

solution composition. Utilizing an electrical signal of 10 Hz, 3Vpp and a solution of 0.5 mM 

silver nitrate 2.0 mM trisodium citrate was found to produce the best SERS substrate iteration 

with an estimated SERS enhancement of 4.55 ´ 106 and limit of detection of 2.3 ´ 10-10 mol/L 

for rhodamine 6G. Finally, it was confirmed the nanostructures could act as extensions of the 

electrodes and be used to improve the performance of the SERS structures by using 

electrohydrodynamics to accelerate analyte deposition onto the structures. 

 

In Chapter 4 the reactant limiting conditions of single droplet or batch based electrochemical 

deposition were identified as a barrier for extending the growth of the nanostructures. Thus, a 

multi-droplet or semi-batch electrochemical deposition process was developed to produce SERS 

substrates compatible with a handheld Raman spectrometer. Utilizing the semi-batch deposition 

process, the lateral growth of the nanostructures was estimated to be 8.9 ± 0.2 µm/min with 

structures reaching a lateral length of 150 and 250 µm within 20 and 30 minutes respectively. 

The SERS substrates were found to be configurable as interdigitated and circular electrode 

patterns all resulted in similar nanostructures growing from the edges of the electrodes. Based on 

the interchangeable lateral growth rates for the different electrode patterns and gap sizes, it was 

concluded that while a sufficient potential difference was required for the process, the required 

electric field was a less stringent factor. Testing the SERS substrates against a commercially 

available substrate, the nanostructures were found to be more than twice as sensitive and to have 

a limit of detection of 1.2 ´ 10-8 mol/L for rhodamine 6G.  
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In Chapter 5, the capability of the silver nanostructures to act as a scaffold was confirmed as 

the structures were used in conjunction with a galvanic reaction to form silver core - gold shell 

nanostructures. Moderate concentrations of gold (III) chloride (0.05-0.25 mM) tested resulted in 

silver nanostructures fully coated with a gold shell and the internal scaffold still intact. Lower 

concentrations failed to evenly coat the nanostructure template and higher concentrations caused 

the underlying template to collapse into fragments. The hypothesis that the bimetallic 

nanostructures would possess a greater chemical stability was proven correct with the bimetallic 

nanostructures retaining 92.7 ± 7.3% of their signal after 24 hours in a bath of phosphate-

buffered solution compared to the silver structures which retained only 48.1 ± 5.0%. The Ag-Au 

nanostructures were found to be effective SERS substrates with an estimated enhancement factor 

of 6.51 x 105 and could be used to detect and identify four different toxicants at 1 ppm with the 

aid of multivariate analysis. The use of partial least squares with SERS measurements to perform 

quantification was demonstrated with thiram being correctly quantified in apple juice at 5 

different orders of magnitude. Lastly, a previous hypothesis that lowering the surface energy of 

the microelectrodes would result in nanostructures forming on electrodes directly was proven 

false. The functionalized electrodes did however demonstrate a decrease in wettability which in 

turned increased the SERS intensity measured due the increase in analyte molecules per unit 

surface area. 

 

Finally, in Appendix D, it was demonstrated that AC electrokinetics (dielectrophoresis and 

electroosmosis) generated using energized planar quadrupolar microelectrodes could be used as 

contact-free templates inside which microparticles could be assembled into well-defined 3-D 
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structures. Mutual dielectrophoresis between microspheres led to particle chaining and the 

particles/chains were transported to the centre of the electrodes by electroosmosis where the 

chains combined together by negative dielectrophoresis. Square-, circular- and diamond-shaped 

structures could be formed by applying a potential difference of 5,7 or 20 Vpp, respectively. 

Asymmetric structures such as heart-shaped and oval-shaped could be formed by applying a 

second electric field during the assembly process. Matching the refractive index of the silica 

particles and the solvent resulted in particle chains aligning in a crystalline fashion but the 

overall order of the structure could not be determined. Lastly, the preservation of the structures 

using the surfactant F-127 was presented. F-127 stabilized the structures during the evaporation 

process by forming a hydrogel film. The film could be removed with UV-ozone treatment with 

no significant shape distortion noted during the encapsulation or removal process. 

Table 6.1: Summary of parameters varied and corresponding trends/observations. 

Parameter Trends/Observations 
DC bias The more negatively charged electrode underwent more growth 

while the more positively charge electrode had its growth reduced. 
Effects from DC bias became more pronounced as a larger bias was 

applied. 
Surface modification of 

Insulating substrate 
with 

trichloro(1H,1H,2H,2H-
perfluorooctyl) silane 

Promoted adhesive interaction between the nanostructures and 
insulating substrate. As a result, nanostructures grew in a 2-D 

manner along the substrate rather than form 3-D aggregates on the 
edges of the electrodes. 

Frequency Low frequencies (0.01-0.1 Hz) resulted in more distinct 
nanostructure branches forming with visible gaps between 

electrodes. Additionally, at low frequencies electrodes were more 
likely to be damage during the deposition process. 

Moderate frequencies (1-10 Hz) resulted in nanostructures evenly 
coating the microelectrode edges with no visible gaps between 

electrodes. 
High frequencies (> 25Hz) resulted in nanostructure formation 

being limited to the tips of the microelectrodes and no deposition 
seen at 500 Hz or higher. 

Potential difference A minimal potential difference was required for nanostructure 
formation to occur (0.9 Vpp). 
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As the potential difference increased, the morphology of 
nanostructures changed. At 0.9 Vpp, small aggregate structures 

formed at the electrode tips. From 1.0-1.5 Vpp, tangle-like 
nanostructures formed. At 1.5-2.0 Vpp, and the structures formed 
on all edges of the microelectrodes. Above 2.0 Vpp, reddish gold 
fractal nanostructures formed with a mix of short branches and 

long-jagged nanowires. 
 

Lateral growth of nanostructures increased with potential difference 
up to 3 Vpp. After which the growth rate decreased, possibly due to 

damage to the microelectrodes.  
 

SERS enhancement increased slightly with potential difference, 
reaching a max value at 3.00 Vpp before decreasing. 

Trisodium citrate 
concentration varied 

with silver nitrate 
concentration fixed at 

0.5 mM 

Without trisodium citrate, deposition only occurred at tips of 
electrodes with dense black aggregates forming. Adding trisodium 

citrate (< 0.5 mM), the nanostructures coated the tips of the 
electrodes, forming branch like nanostructures consisting of thing 

plates stacked together. From 0.5-5.0 mM, the fractal nanostructures 
formed evenly on all electrode edges. At high concentrations (>10 

mM) nanostructure growth was inhibited. 
 

Lateral growth of nanostructures increased to a max value at 1.0 
mM before decreasing. 

 
Similar SERS signal was measured for nanostructures fabricated 

using a concentration between 0.125-5.0 mM. 
Silver nitrate 

concentration varied 
with trisodium citrate 

concentration fixed at 2 
mM 

Lateral growth of nanostructures initially increased with increasing 
silver nitrate concentration, reaching a max at 1.0 mM before 

decreasing with higher concentrations of silver nitrate. 
 

3-D nanostructures began forming at 1.0 mM as the deposition 
changed from anisotropic growth to isotropic growth. The 
deposition became focussed at the electrode tips at high 

concentrations of silver nitrate (> 4.0 mM). 
Total amount of ions 
varied with a constant 

4:1 molar ratio of 
trisodium citrate:silver 

nitrate 

Lateral growth of nanostructures increased with total ion 
concentration. Nanostructures became a darker colour as total ion 

concentration increased and 3-D growth was observed at the highest 
concentrations tested. 

 
SERS activity increased as total ion concentration increased. 

Number of droplets 
used to perform 
electrochemical 

deposition. 

The total amount of lateral growth for the nanostructures increased. 
With a single drop or batch deposition, growth slowed after 5 min 
and largely halted after 10 minutes. With a semi-batch process, the 

growth remained largely linear until gap between oppositely 
charged electrodes was filled (300 and 500 µm gaps). 
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HAuCl4 concentration As the concentration of HAuCl4 increased, the amount of gold 
deposited onto the silver nanostructures increase. Between 0.05-

0.25 mM, morphology of silver dendrites was maintained. At 1.00 
mM dendritic morphology collapsed and only bimetal fragments 

were seen. There was also an increase in gold nanoparticles formed 
on the silver nanostructures. 

 
SERS signal for R6G decreased as greater concentrations of 

HAuCl4 were used to fabricate bimetal structures. Decrease in 
SERS intensity was tied to the increase in gold present in the 
bimetal nanostructures and the changes in the nanostructures’ 

morphology. 
Surface modification of 
the electrodes with 11-
mercaptoundecanoic 

acid 

 

Microelectrodes became more hydrophobic and the contact area 
between a water droplet and the substrate increased. 

The lateral growth rate of the nanostructures reduced by nearly 50% 
compared to nanostructures grown with non-modified electrodes. 

SERS signal for R6G found to increase by 19 ±	11 % when 
electrodes are modified. Increase in signal is believed to be tied to 

decrease in contact area between droplet and substrate. 
 

6.2 Outlook and Future Work 

The findings in this thesis highlight the potential synergy between SERS and microelectrodes 

and how electrochemical deposition can be properly utilized with microelectrodes. The following 

areas have been identified for further research: 

(i) Currently, there is no confirmed explanation for why no nanostructures form directly 

on the electrodes. A previous hypothesis that lowering the surface energy of electrode 

surface would result in nanostructure formation on the electrodes was rejected based on 

the results presented in chapter 5. Preliminary experiments being conducted in the 

QuSENS lab found a DC electrical signal could result in deposition on both the 

electrodes and on the edges of the electrodes. A study to identify how the DC electrical 

signal either promotes or stabilizes nanostructure formation on the electrode surface 

should be performed. Numerical simulations should also be performed to identify how 
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the electric field and forces acting on silver ions vary spatially relative to the electrode 

surface and electrode edge under DC and AC conditions. Such simulations may 

identify concentration profiles or fluid flows near the electrode surface to explain the 

lack of deposition on the electrodes. 

 

(ii) The semi-batch deposition presented in Chapter 4 found that the reactant limiting 

conditions imposed by droplet-based deposition could be circumvented by replacing 

the droplet. The extended nanostructures could reach a lateral length of 280 µm before 

the lateral growth was halted but no studies were performed to identify why the growth 

stopped. Further testing should be performed using the semi-batch process with 

samples prepared using different depositions times (5-120 minutes) and being visually 

analyzed using scanning electron microscopy (SEM). It is unknown currently if the 

lateral growth was halted due to cumulative electrical resistance in the nanostructures 

or due to “competition” between the nanostructure tips and other areas for silver ions. 

SEM will be able to identify differences in the morphology of the nanostructures and if 

over time deposition resulted in excessive branching and coarsening of the 

nanostructures along with secondary nucleation on existing nanostructures rather than 

lateral growth. Methods to extend the lateral growth of the nanostructures such as 

altering the electrical signal or solution composition over time or implementing metal 

templates such as gold islands should also be investigated. 

 

(iii) The results presented in Chapter 3 and 5 suggest a SERS biosensor should be viable but 

a proof of concept is currently lacking. The gold exterior for the bimetal nanostructures 
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will provide an ideal surface for functionalization to ensure selective capture as well as 

chemical stability in biological buffers. Additionally the use of electrokinetics to 

capture biological analytes has been well documented in the literature.9,10 A proof of 

concept experiment using biotin to functionalize the nanostructures and selectively 

capture streptavidin should be performed. SERS measurement should be able to 

identify the binding of streptavidin as well as the impact of applying electrokinetics 

during the capture stage. A fluorescein biotin molecule and fluorescence microscopy 

can be implemented as a verification step for streptavidin capture.  

 
(iv) The results reported in Chapter 3 largely followed measuring the response in the 

formation of nanostructures when a single variable was changed or one-factor-at-a-time 

design. As the different electrical parameters and solution concentrations could have a 

synergistic effect, it would be wise to perform a more in-depth study using a design of 

experiments protocol. Either a full factorial design could be used to perform the 

experiments, or a fractional factorial design could be implemented if the number of 

combinations is too great. By testing different combinations of variables at different 

levels, previous hidden trends may become apparent and a superior SERS substrate to 

what was reported may be discovered.  

 

(v) Lastly a study should be performed to identify if the nanostructures and microelectrode 

platform can be combined with other sensing mechanisms to expand the potential 

applications. Metal nanofeatured structures have excelled as sensors using various 

voltametric/amperometric methods to detect various analytes.11–13 Such sensing 

methods lack the identification offered using SERS but are relatively inexpensive and 
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can offer a greater sensitivity. A set of calibration experiments should be performed 

using hydrogen peroxide as a test analyte to determine the sensitivity and limit of 

detection of the nanostructures using amperometric detection. The measured 

performance of the nanostructures can then be compared to values in the literature to 

determine if the nanostructures have any potential for amperometric detection.14 
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Appendices 

Appendix A Supporting Information to Chapter 3 
 
 

In this section, we present the complementary material data and results for fabricating silver 

nanostructures on a microelectrode platform as well as the SERS performance of said 

nanostructures. 

A.1  DC Bias Assemblies 
 

 
Figure A.1: Deposition formed at various DC biases with an AC sinusoid electrical signal of 2.5 

Vpp at 10Hz. All structures were formed using a 2 mM Na3C6H5O7 and 0.5 mM AgNO3 
solution. Scale bar is 100 microns. (B) indicates which electrode was subjected to the bias. 

A.2  XPS 
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X-ray photoelectron spectroscopy (XPS) was performed on the nanostructures to identify their 

composition. As shown in Figure A.2, the structures have single peaks for Ag 3d 5/2 and 3/2 at 

binding energies that match the expected values for metallic Ag with FWHM values of 0.90 and 

0.82 respectively. If Ag oxide was present, we would expect either for the single peak to be 

located at a lower binding energy or secondary peak present. The O 1s section similarly shows 

little to no signal from binding energies associated with AgO or Ag2O (< 530 eV) further 

strengthening our hypothesis the nanostructures are composed largely if not entirely of metallic 

Ag. The XPS measurements were performed approximately 4 days after the nanostructures were 

formed and simply stored in an unsealed covered petri dish. 

 
Figure A.2: XPS spectra of Ag nanostructures fabricated using a solution of 2 mM Na3C6H5O7 
and 0.5 mM AgNO3 and electrical signal of 10 Hz and 3 Vpp was applied for 10 minutes. 

A.3  Surface Energy Calculations 
 

The van Oss-Chaudhury-Good (OCG) equation (A.1), was used to estimate the surface energy 

properties of substrates. The equation relates the surface energy of solids to the surface tension of 

liquids and contact angle measurements:1  

𝛾F(1 + 𝑐𝑜𝑠𝜃) = −2[2𝛾FF^𝛾AF^ +2𝛾FS𝛾AT + 2𝛾FT𝛾AS]            (A.1) 
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where 𝜃 is the contact angle, 𝛾 is the surface energy/tension, subscripts L represent the liquid 

phase and S represent the substrate, superscripts LW, + and – represent components of the total 

surface tension, namely, apolar, electron-acceptor and electron-donor, respectively with air being 

the surrounding medium. The electron acceptor and donor components can be combined together 

to account for the total polar (acid-base) component for surface tension (𝛾_]` = 22𝛾_S𝛾_T). The 

polar and apolar components can be summed together to estimate the total surface energy/tension 

for a solid or liquid respectively (∆γ = ∆𝛾F^ + ∆𝛾]`). Contact angle measurements were taken 

on all substrates using water, hexadecane and ethylene glycol. All substrates were cleaned prior 

to measurements using a wash of acetone, ethanol and DI water before being dried. Equation A.1 

was used to solved a system of equations for the substrate’s surface energy values in Matlab 

using the contact angles and values summarized in Table A.1. 

Table A.1: Surface tension properties of solvents used for contact angle measurements to 
calculate surface properties of various substrates ((\

(2).2 

Solvent gLW gAB+ gAB- 
Water 21.8 25.5 25.5 

Hexadecane 27.6 0 0 
Ethylene glycol 29 3 30.1 

 
The nanostructure samples, due to being a composite substrate, required additional 

calculations. The Cassie-Baxter equation, equation A.2 was used to estimate contact angle on 

pure Ag nanostructures surface properties with an assumed surface coverage based on SEM and 

optical microscopy images. The surface coverage of nanostructures was estimated as the 

following: 

• 𝑓aE?ab_cEU = 0.1875 

• 𝑓[Gda = 0.25 

• 𝑓U_d:?E	e:fEb = 0.5625 
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𝑐𝑜𝑠𝜃 = Σ𝑓_𝑐𝑜𝑠𝜃_  (A.2) 

𝑐𝑜𝑠𝜃"#$%&'#( = 𝑓(#)('*+#%𝑐𝑜𝑠𝜃(#)('*+#% + 𝑓,-.(𝑐𝑜𝑠𝜃,-.( + 𝑓%*.$)#	0$1#'𝑐𝑜𝑠𝜃%*.$)#	0$1#'  (A.3) 

Once the surface properties were calculated, the interactions between the nanostructures and 

various substrates in water were calculated. The interaction energy looked specifically at the 

change in Gibb’s free energy as the two approached one another at the point of contact (lo=0.157 

nm) i.e., as a nanostructure was approaching a gold island in water, does the change in Gibb’s 

free energy at the point of contact predict the two structures making contact or being repelled 

from one another based on thermodynamics? The total change in energy was calculated from the 

sum of van der Waals and acid-base interactions when the nanostructures approach other 

substrates with the geometry of both substrates assumed to be parallel plates (eqs A.4-A.6).  

Van der Waals Interaction 

Δ𝐺5)*∥F^ (𝑙h) = −2c2𝛾5F^ − 2𝛾)F^d	c2𝛾*F^ − 2𝛾)F^d	                                 (A.4) 

Acid Base interactions 

Δ𝐺5)*∥]` (𝑙h) = −2e62𝛾5S − 2𝛾)S	862𝛾5T − 2𝛾)T	8 + 62𝛾*S −2𝛾)S	862𝛾*T − 2𝛾)T	8 −

62𝛾5S −2𝛾*S	862𝛾5T −2𝛾*T	8f                                      (A.5) 

Total  

Δ𝐺5)*∥i (𝑙h) = Δ𝐺5)*∥F^ (𝑙h) + Δ𝐺5)*∥]` (𝑙h)                                          (A.6) 

Table A.S2 summarizes all surface energy/tension values and change in Gibb’s free energy 

calculated. A glass slide functionalized with the same silane was estimated to have a surface 

energy of 11.1$j
$2, which is close to our calculated value of 12.5$j

$2.3 As well, the estimate total 

change in Gibb’s free energy matched the experimental results with gold and silanized surfaces 

having attractive interactions while Ag nanostructures and plasma cleaned wafers having 

repulsive interactions with Ag nanostructures. 
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Table A.2: Surface tension values (mJ/m2) for various substrates tested and change in Gibb’s free 
energy (mJ/m2) for various substrates and nanostructures in water. Negative DG value indicates 
two surfaces have an attractive interaction while a positive value indicates repulsion between the 

substrate and nanostructures in water at the point of contact. 

 Surface Energy/Tension 
((\
(2) 

Calculated Interaction Energy at 
Contact ((\

(2) 

Ag nanostructures vis a 
vis: 

𝛄SLW 𝛄S+ 𝛄S- ∆GLW ∆GAB ∆GT 

Gold electrode/island 25.92 0.34 3.95 0.02 -18.97 -18.95 
Plasma cleaned wafer 26.45 0.86 74.60 0.02 38.24 38.26 

Silanized wafer 10.59 0.49 1.94 -0.07 -24.34 -24.41 
Ag nanostructures 21.58 0.49 34.88 -0.001 14.89 14.89 

  
A.4  Frequency 
 

Nanostructures were fabricated using a solution of 2 mM Na3C6H5O7 and 0.5 mM AgNO3 with 

a potential difference of 2.5 Vpp except for the deposition made under DC conditions which used 

a potential difference of 1.5 V.   
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Figure A.3: Tilted SEM image of nanostructures deposited using an electrical signal 10 Hz and 
2.5 Vpp for 10 minutes with a solution composed of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. In 
all images, the electrode is on the left side. (A) is a wide view of the nanostructures deposited. 

(B) is zoom in of nanostructures formed near the electrode edge. (C) is of nanostructures formed 
in the middle section. (D) is focused on the tips of the nanostructures formed. 

 
Figures A.4-A.7 are SEM images of nanostructures made using an increasing frequency. 
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Figure A.4: Deposition performed using using an AA battery (1.5 V) for 10 minutes with a 

solution composed of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. (A) Nanostructures formed at both 
electrode tips. (B) Nanostructures formed on single electrode tip. (C) Nanostructures formed near 

the electrode edge in the electrode gap.  (D) Higher resolution image of nanostructures formed 
away from the electrode edge in the electrode gap. 
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Figure A.5: Deposition performed using an electrical signal 0.01 Hz and 2.5 Vpp for 10 minutes 
with a solution composed of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. (A) Nanostructures formed 

at both electrode tips. (B) Nanostructures formed on single electrode tip. (C) Nanostructures 
formed near the electrode edge in the electrode gap.  (D) Higher resolution image of 

nanostructures formed away from the electrode edge in the electrode gap. (E) Nanostructures 
formed near the electrode edge away from the electrode gap. (F) Higher resolution image of 

nanostructures formed far from the electrode edge on the lateral side of the electrodes. 
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Figure A.6: Deposition performed using an electrical signal of 0.1 Hz and 2.5 Vpp for 10 

minutes with a solution composed of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. (A) Nanostructures 
formed at both electrode tips. (B) Nanostructures formed on single electrode tip. (C) 

Nanostructures formed near the electrode edge in the electrode gap.  (D) Higher resolution image 
of nanostructures formed away from the electrode edge in the electrode gap. (E) Nanostructures 

formed near the electrode edge away from the electrode gap. (F) Higher resolution image of 
nanostructures formed far from the electrode edge on the lateral side of the electrodes. 
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Figure A.7: Deposition performed using an electrical signal of 1.0 Hz and 2.5 Vpp for 10 

minutes with a solution composed of 2 mM Na3C6H5O7 and 0.5 mM AgNO3. (A) Nanostructures 
formed at both electrode tips. (B) Nanostructures formed on single electrode tip. (C) 

Nanostructures formed near the electrode edge in the vicinity of the electrode gap.  (D) Higher 
resolution image of nanostructures formed away from the electrode edge in the vicinity of the 

electrode gap. (E) Nanostructures formed near the electrode edge away from the electrode gap. 
(F) Higher resolution image of nanostructures formed far from the electrode edge on the lateral 

side of the electrodes. 

Nanostructures deposited using different frequencies were all evaluated as potential SERS 

substrates. Figure A.8 displays the SERS signal of R6G on the various nanostructures. 
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Figure A.8: SERS signal of R6G (10-5 M) from nanostructures fabricated using different 

frequencies. Electrical signal of 2.5 Vpp was applied for 10 minutes with a solution of 2 mM 
Na3C6H5O7 and 0.5 mM AgNO3. 

A.5  Potential Difference 
 

Nanostructures deposited using different potential differences and frequency of 10 Hz were all 

evaluated as potential SERS substrates. Figure A.9 displays the SERS signal of R6G on the 

various nanostructures. 

 
Figure A.9: SERS signal of R6G (10-5 M) from nanostructures fabricated using different 

potential differences . All noanostructures fabricated with a solution of 2 mM Na3C6H5O7 and 
0.5 mM AgNO3 and a frequency of 10 Hz for 10 minutes. 
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Assemblies were performed using various potential differences at 10 Hz with both sine and 

square electrical signal (Figure A.10). Using images taken every minute, the growth rates of the 

structures was estimated, see Figure A.11 and Table A.3. 

 

 
Figure A.10: Deposition formed at various potential differences using either a sine or square 

wave signal. All structures were formed using a 2 mM Na3C6H5O7 and 0.5 mM AgNO3 solution 
and a frequency of 10 Hz for 10 minutes. Scale bar is 100 microns. 
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Figure A.11: Growth measurements of dendrites formed using a 2 mM Na3C6H5O7 and 0.5 mM 

AgNO3 solution and a frequency of 10 Hz. Measurements at the tips and sides were average 
from 2 and 4 measurements respectively. 

Table A.3: Summary of growth rate calculations where both the potential difference and shape of 
electrical signal was changed. Linear fitting of growth curves evaluated using R2 values. Growth 

rate for nanostructures grown on side of microelectrodes, perpendicular to the tips of the 
microelectrodes. 

Potential Difference 
(Vpp) 

Potential 
Difference (VRMS) 

Growth rate (µm / minute) R2 

2.00 sine 0.707 6.3102 0.8516 
2.25 sine 0.795 7.659 0.9248 
2.50 sine 0.884 8.1183 0.9665 
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3.0 sine 1.06 8.229 0.9336 
3.5 sine 1.24 8.6806 0.9143 

2.0 square 1.0 9.986 0.9458 
2.25 square 1.13 11.041 0.9458 
2.5 square 1.25 13.241 0.9852 
3.0 square 1.50 11.013 0.9521 
3.5 square 1.75 8.9271 0.9355 

 
A.6  Solution Composition 
 

Nanostructures deposited using different concentrations of Na3C6H5O7 were all evaluated as 

potential SERS substrates. Figure A.12 displays the impact the concentration of Na3C6H5O7 has 

on the nanostructures formed. The areas which displayed the greatest lateral growth had their 

measured and plotted in Figure A.16. 
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Figure A.12: Optical images of nanostructures assembled using various concentrations of 
Na3C6H5O7 with 0.5 mM AgNO3 and a square electrical signal of 10Hz and 3Vpp for 10 

minutes. Scale bar is 100 microns. 

 
Figure A.13 displays the SERS signal of R6G on the various nanostructures shown in Figure 

A.12. 
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Figure A.13: SERS signal of R6G (10-5 M) from nanostructures fabricated using different 

concentrations of Na3C6H5O7. Solutions all contained 0.5 mM AgNO3 and a square electrical 
signal of 3 Vpp and 10 Hz for 10 minutes were used for all depositions. 

 
The importance of a supporting electrolyte was tested using a low concentration of Na3C6H5O7 

and adding Na2SO4. As seen in Figure A.14, the addition of Na2SO4 greatly alters the 

morphology of the nanostructures formed. Adding 3 mM of Na2SO4, the nanostructures are no 

longer tip focused and coat all edges of the microelectrodes. At 30 mM Na2SO4, the 

nanostructures failed to grow laterally and in fact failed to stay anchored to the surface when the 

droplet was removed. The excess Na2SO4, likely reduced the effect of migration due to electrical 

screening and a smaller fraction of the current being carried by Ag ions. Ag ions which reach the 

electrodes are not solely directed by migration to attach to defects or extrusions on the growing 

nanostructures where the electric field is strongest. Instead the Ag ions are reduced and attached 

to the nanostructure in an almost non-preferential manner. Thus more spherical or aggregate like 

particles form on the edges of the microelectrodes rather than fractal nanostructures. 
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Figure A.14: Deposition formed using various concentrations of Na2SO4. All structures were 
formed using a 0.125 mM Na3C6H5O7 and 0.5 mM AgNO3 solution and an electrical signal 

frequency of 10 Hz and 2.5 Vpp for 10 minutes. 
Testing with citric acid (C6H8O7) was found to support our hypothesis on the roles Na3C6H5O7 

plays. Using a solution of 2 mM C6H8O7 with 0.5 mM AgNO3, the structures formed coated the 

edges of the microelectrodes but failed to extend further than 5-10 microns from the edge (see 

Figure A.15A). Only by adding sodium hydroxide (NaOH), increasing pH from acidic conditions 

to neutral, did the growth of nanostructures improve and begin to resemble structures made with 

Na3C6H5O7 instead of C6H8O7. (Figure A.15B-E). Raising the pH reduced the concentration of 

protons in solution thereby increasing the migration of Ag ions and also changed the protonation 

state of citric acid as described by the following eqs.4 

𝐶V𝐻k𝑂X ↔ 𝐶V𝐻X𝑂XT + 𝐻S, 𝑝𝐾:5 = 3.2  (A.7) 

𝐶V𝐻X𝑂XT5 ↔ 𝐶V𝐻V𝑂XT* + 𝐻S, 𝑝𝐾:* = 4.8  (A.8) 

𝐶V𝐻V𝑂XT* ↔ 𝐶V𝐻W𝑂XT) + 𝐻S, 𝑝𝐾:) = 6.4  (A.9) 

The deprotonated charged citrate anion has increasing probability of forming a complex with a 

Ag cation. Raising the pH to basic conditions, resulted in a structure which resembled a structure 

formed at low concentrations of AgNO3 (Figure A.15F). The higher pH would have pushed the 

deprotonation of C6H8O7 to -3 and a stronger Ag-citrate complex would have formed with the 
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free Ag ion concentration being severely reduced. The solution was clear but some of the Ag 

ions may have also precipitated out of solution as Ag hydroxide. As a control, deposition was 

attempted at acidic conditions with Na2SO4 added as well; no deposition was seen (see Figure 

A.15G). 

 
Figure A.15: Depositions performed with varying concentrations of sodium hydroxide with 2 

mM citric acid, 0.5 mM AgNO3 and an electrical signal of 3.0 Vpp and10 Hz 10 minutes. Scale 
bar is 100 microns. 
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Figure A.16: Max lateral growth of nanostructures assembled using various concentrations of 

Na3C6H5O7 with 0.5 mM AgNO3 and a square electrical signal of 10Hz, 3Vpp. 

 
Figure A.17 demonstrates how varying the concentration of AgNO3 can drastically alter the 

nanostructures formed. The growth of the nanostructures which displayed the largest lateral 

growth was measured and is plotted in Figure A.18. It is important to note these are max values 

and not reflective of the average growth as the higher concentrations resulted in uneven growth 

on the electrode edges. 
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Figure A.17: Optical images of nanostructures assembled using various concentrations of AgNO3 
with 2.0mM Na3C6H5O7 AgNO3 and an electrical signal of 10Hz and 3Vpp for 10 minutes. Scale 

bar is 100 microns. 
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Figure A.18: Max lateral growth of nanostructures assembled using various concentrations of 

AgNO3 with 2.0mM Na3C6H5O7 AgNO3 and an electrical signal of 10Hz, 3Vpp. 

Nanostructures deposited using a 4:1 molar ratio of Na3C6H5O7: AgNO3 had their largest 

lateral growth was measured and is plotted in Figure A.19. The measurements were taken on the 

electrode edges away from the electrode gap. 

 
Figure A.19: Max lateral growth of nanostructures deposited using a 4:1 molar ratio of 

Na3C6H5O7: AgNO3. An electrical signal of 3 Vpp at 10 Hz was used during deposition. 

 
Nanostructures deposited using different concentrations of Na3C6H5O7 and AgNO3 with a 4:1 

ratio between Na3C6H5O7:AgNO3 were all evaluated as potential SERS substrates. Figure A.20 

displays the SERS signal of R6G on the various nanostructures. 
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Figure A.20: SERS signal of R6G (10-5 M) from nanostructures fabricated using diferent ion 

concentrations while maintaining a 4:1 molar ratio between Na3C6H5O7:AgNO3. An electrical 
signal of 10Hz and 3Vpp for 10 minutes were used for all depositions. 

A.7  SERS 
 

As a means to further characterized the nanostructures, the limit of detection for nanostructures 

fabricated using a solution of 2.0 mM Na3C6H5O7: and 0.5 mM of AgNO3 and electrical signal 

of 10 Hz and 3Vpp was evaluated. The limit of blank and limit of detection were calculated 

using equations A.10 and A.11 based on the intensity values recorded at the 610 cm-1 

wavenumber.5 

 
𝐿𝑜𝐵 = 𝜇ld:?m + 1.645 ∗ 𝜎ld:?m  (A.10) 

𝐿𝑜𝐵 = 168.05 + 1.645 ∗ 62.79 

𝐿𝑜𝐵 = 271.35 

 

𝐿𝑜𝐷 = 𝐿𝑜𝐵 + 1.645 ∗ 𝜎5h578B	>Vn   (A.11) 

𝐿𝑜𝐷 = 271.35 + 1.645 ∗ 76.14 

𝐿𝑜𝐷 = 396.60 
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Using a linear regression on the intensity values for the 610 cm-1 peak at various 

concentrations (Figure A.21, equation A.12), the limit of detection was calculated to be 2.3x10-

10 mol/L.  

 
log5h 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 3.7061 + 0.115 ∗ log5h(𝑅6𝐺	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)   (A.12) 

log5h 396.60 = 3.7061 + 0.115 ∗ log5h(𝐿𝑜𝐷	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)    

𝐿𝑜𝐷	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 		2.3 ∗ 10T5h
𝑚𝑜𝑙
𝐿  

 
The potential application of the nanostructures was evaluated through the detection of the 

chemical hazards melamine and thiram. In an aqueous solution, melamine was detected at 1 ppm 

and 100 ppb as shown in Figure A.21B with melamine’s characteristic peak due to the ring 

breathing II mode clearly being present.6 Similarly, thiram was detected in apple juice at 1 ppm 

with no sample preparation being required before analysis with thiram’s characteristic peak 

being seen separate from the control sample. (Figure A.21C).7  
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Figure A.21: Various SERS spectra using nanostructures fabricated using a 2 mM Na3C6H5O7 

and 0.5 mM AgNO3 solution and a frequency of 10 Hz with 3 Vpp for 10 minutes. (A) Intensity 
of R6G’s 610 peak at low concentrations. (B) Melamine in water at 1 ppm and 100 ppb. (C) 

Apple juice and apple juice contaminated with thiram (1 ppm). 
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Appendix B Supporting Information to Chapter 4 
 

In this section, we present the complementary material to the article provided in Chapter 4. 

Images of electrode designed, nanostructures fabricated, estimates for various growth rates and 

SERs spectra of different analytes testing using silver nanostructures and commercially available 

PSERS is presented. 

B.1  Electrode Designs 
 

Figure B.1 displays all the microelectrode patterns used to perform the electrolytic deposition 

process. Black areas indicate the silicon dioxide substrate while green areas indicate where gold 

was deposited. 

 
Figure B.1: CAD Images of microelectrode patterns used for deposition. Numerical value 

indicates minimal distance between opposing electrodes. 

B.2  Nanostructure Formation 
 

Figure B.2 displays the results for deposition using an electrical signal of 2.5Vpp, a frequency 

of 10 Hz and a square shape-function. Using a single droplet for the deposition process was 

found to highly inadequate as shown in Figure B.2a and b. Instead a multi-droplet deposition 

process was required to adequately grow the nanostructures to produce a SERS substrate with the 
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necessary surface coverage to be compatible with a handheld Raman spectrometer (see Figure 

B.2c-h). 

 

Figure B.2: Deposition: (a) single drop with ID300. (b) single drop with DB300. (c) multi drop 
with ID300. (d) multi drop with DB300. (e) multi drop with ID500. (f) multi drop with DB500. 

(g) multi drop with BP100. (h) multi drop with BC300.   
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SEM imaging of nanostructures formed using a DB 300 microelectrode pattern shown in 

Figure B.3 revealed the multi-drop deposition process extended the growing nanostructures 

without impacting their morphology. 

 
Figure B.3: SEM images of nanostructures grown using a DB 300 microelectrode. 
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B.3  Estimating Growth Rates 
 

The deposition process was monitored with pictures taken every five minutes to estimate the 

growth rates. For consistency, measurements were taken from nanostructures growing towards 

an oppositely polarized electrode with the exception of the BP100 design which had 

measurements taken from areas with no nearby opposite electrode having the greatest estimated 

growth rate. As shown in Figure B.4a, the use of single droplet resulted in nanostructures which 

grew ~60 microns from the electrode edge, falling short of 150 microns needed to span half the 

electrode gap for 300-micron gap interdigitated electrodes. The growth plateaued between 10-15 

minutes of deposition whereas multi-drop depositions were able to produce nanostructures which 

span the gap reinforcing the hypothesis, reactant consumption was the limiting factor for 

deposition. For the multi-droplet deposition, it was noted while lateral growth could be described 

largely as a linear function, the growth slowed as the nanostructures approached one another 

(near the midpoint of the electrode gap). The slowing of growth supports our previous arguments 

for growth being hindered as the electric field intensifies between oppositely polarized 

nanostructures. Silver ions are unable to reach the nanostructure tips due to bulk fluid flow and 

repulsion from the nearby anode.  



 198 

 

Figure B.4: (a) Growth of nanostructures for 300-micron gap electrodes using single and multi-
droplets during deposition. (b) Growth of nanostructures using multi-droplets with varying gap 

size between electrodes. 

 
Figure B.4b displays the growth for 500-micron interdigitated electrodes along with growth for 

the BC 300 electrode design and BP 100 design. In all cases, the nanostructures grew in a similar 

manner for the first 5 minutes before the BC 300 electrode design began to slow while the other 

three designs maintained a similar growth rate for the majority of the 30 minutes of deposition. 

Only once the midpoint for 500-micron gap electrodes was approached did the 500-micron gap 

electrodes experience a reduction in their growth rate. Overall, all designs were successful for 

fabricating extended nanostructures with the 300-micron gap being filled in 20 minutes and the 

500-micron gap being filled in 30 minutes. 

B.4  SERS Testing 
 

SERS spectra of melamine, thiram (1 ppm), R6G (10-5 M) and cocaine (100 ppm) recorded 

using our nanostructures and the commercially available produce PSERS are displayed in Figure 

B.5a-d respectively. In all cases, our nanostructures provided a stronger signal however for 

thiram (Figure B.5b) the peaks were noticeably wider. It is unknown at this time why the peaks 



 199 

were wider but is hypothesized to be related to interactions between the thiram molecules and 

either the silanized substrate or gold microelectrodes. 

 
Figure B.5: SERS spectra of various analytes tested using our SERS substrates and commercially 

available PSERS. (a) melamine at 1 and 5 ppm. (b) thiram at 1 ppm. (c) R6G at 10-5M. (d) 
cocaine at 100 ppm. 

The SERS performance of the silver nanostructures was further assessed by calculating the 

limit of detection of the nanostructures using R6G and the intensity of the 1363 cm-1 peak. The 

limit of the blank and limit of detection for signal intensity was first calculated using eqs B.1 and 

B.2.1 

𝐿𝑜𝐵 = 𝜇ld:?m + 1.645 ∗ 𝜎ld:?m  (B.1) 
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𝐿𝑜𝐵 = 1.60 ∗ 10TP + 1.645 ∗ 6.89 ∗ 10TV 

𝐿𝑜𝐵 = 1.72 ∗ 10TP 

 

𝐿𝑜𝐷 = 𝐿𝑜𝐵 + 1.645 ∗ 𝜎5h59B	>Vn   (B.2) 

𝐿𝑜𝐷 = 1.72 ∗ 10TP + 1.645 ∗ 1.57 ∗ 10TW 

𝐿𝑜𝐷 = 1.97 ∗ 10TP 

 
A linear regression on the logarithmic values for the intensity values for the 1363 cm-1 peak at 

various concentrations (Figure B.6 and equation B.3) was then performed and the limit of 

detection was calculated to be 1.2x10-8 mol/L.  

log5h 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = −1.423 + 0.2884 ∗ log5h(𝑅6𝐺	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)  (B.3) 

log5h(1.97 ∗ 10TP) = −1.423 + 0.2884 ∗ log5h(𝐿𝑜𝐷	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)    

𝐿𝑜𝐷	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 		1.2 ∗ 10Tk
𝑚𝑜𝑙
𝐿  
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Figure B.6: Calibration curve for R6G using 1363 cm-1 peak. Linear regression was performed 

on calibration curve to calculate the limit of detection for R6G. 
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Appendix C Supporting Information to Chapter 5 
 
In this section, we present the complementary material to the article provided in Chapter 5. 

Results from the surface functionalization, images of the nanostructures formed and details about 

the multivariate analysis are included.   

C.1  Flexible SERS substrates 
 

Figure C.1 is a diagram showing the steps used to fabricate silver (Ag) nanostructures and then 

transfer them onto a polydimethylsiloxane (PDMS) film. The nanostructures on the PDMS film 

were later exposed to a droplet of gold (III) chloride hydrate solution to replicate the galvanic 

reaction and produce Ag-Au core-shell nanostructures. 

 

Figure C.1: Schematic diagram of the process used to produce flexible SERS substrates. 
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C.2  SAM Functionalization 
 
 

To evaluate if the formation of the self-assembled monolayer (SAM) was successful, the 

testing procedure was repeated using pieces of silicon wafers coated with 100 nm of gold. 

Afterwards, each substrate was used to measure contact angles using water, hexadecane and 

ethylene glycol. As seen in Table C.1, the average contact angle increased for substrates 

functionalized with 11-mercaptoundecanoic acid (MUA) and decreased when functionalized 

with 1-octadecanethiol (ODT). 

Table C.1: Average contact angle values measured for gold substrates using different solvents. 

Substrate Water Hexadecane Ethylene glycol 
Gold  67.3o ± 4.1o 21.8o ± 1.5o 53.8o ± 1.5o 

MUA functionalized gold  100.6o ± 2.3o 40.0o ± 2.9o 81.5o ± 3.4o 
ODT functionalized gold  48.7o ± 4.9o 8.8o ± 2.8o 41.8o ± 2.0o 

 
The surface energy values for the different substrates were then calculated using the contact 

angle measurements and known surface tension values for the liquids as described elsewhere and 

are summarized in Table C.2.1 MUA was found to lower the surface energy of the gold substrate 

while ODT raised the surface energy of the gold substrate. 

Table C.2: van der Waals (LW), acid-base (AB) and total surface energy of gold substrates ($j
$2). 

Substrate gLW gAB g 
Gold  25.7 4.4 30.1 

MUA functionalized gold  21.5 0 21.5 
ODT functionalized gold  27.3 5.1 32.4 

 
Contact angles of droplets placed on the microelectrodes were measured as well and are shown 

in Table C.3. The attachment of MUA and ODT to the electrodes match the previous results with 

MUA raising the contact angle and ODT lowering the contact angle. Table C.4 summarizes 

calculations performed to estimate the area of contact between a 5 µL droplet and the 

microelectrodes. It is important to note that the area of contact was assumed to be a flat circle for 
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the calculations to simplify the calculations. Relative to the silanized electrodes, MUA lowered 

the area of contact by 21.4% while ODT raised the area contact by 44.6%. 

Table C.3: Water contact angles measured on microelectrodes with various surface 
modifications. 

Substrate Contact Angle 
Silanized microelectrodes 103.5o ± 6.1o 

MUA + Silanized microelectrodes  111.6o ± 5.2o 
ODT + Silanized microelectrodes  96.1o ± 2.6o 

 

Table C.4: Estimated surface area of contact of 5 µL circular droplet with electrodes. 

Substrate Surface area 
(mm2) 

Area normalized with respect to silanized 
microelectrodes 

Silanized microelectrodes 5.6 ± 0.5 0 % 
MUA + Silanized microelectrodes  4.4 ± 0.1 -21.4 % 
ODT + Silanized microelectrodes  8.1 ± 0.4 44.6 % 
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Figure C.2: SEM images of silver nanostructures. (a) Nanostructures formed on non-
functionalized electrodes. (b) Nanostructures formed on microelectrode platform functionalized 

with MUA. 

 
The lateral growth of the nanostructures is plotted in Figure C.3a and b. The nanostructure 

growth at the tips of the electrodes is similar in all three cases as seen in Figure C.3a. The growth 

on the sides of the electrodes however reveals the lateral growth of nanostructures is slower 

when a SAM layer is present. Table C.5 contains the calculated lateral growth rates for 

nanostructures grown on the side of the electrodes. 
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Figure C.3: (a) Growth of nanostructures at the tips of the electrodes. (b) Growth of 

nanostructures on the sides of the electrodes. 

Table C.5: Lateral growth rates on the side of the electrodes. 

Functionalization Lateral growth (o$
U

) R2 

None (first 5 minutes only)  16.3 ± 0.3 0.999 
None 11.0 ± 0.8 0.95 
MUA 8.4± 0.3 0.99 
ODT 8.5± 0.2 0.99 

 
 
C.3  Au-Ag Nanostructures 
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Figure C.4: SEM of Ag-Au nanostructures fabricated using different concentrations of HAuCl4. 
(a) and (b) 0.05 mM. (c) and (d) 0.25. (e) and (f) 1.00 mM. 
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C.4  SERS Variance 
 

A mapping of the SERS intensity of the 610 cm-1 peak for R6G was performed to analyze the 

variance in intensity along with SERS substrate. The same procedure described in the main 

manuscript for testing different SERS substrates with R6G was repeated with measurements 

taken in an 8x2 grid (16 measurements total) at regular intervals. The built in Matlab function 

“surf” was used to generate the surface plot with the “texturemap” option chosen as shown in 

Figure C.5. Examining Figure C.5, it can be seen the intensity is maximized at the edges of the 

mapping region. This increase in intensity is likely due to the coffee ring effect, which results in 

analyte molecules being concentrated at the edges of the droplet as it evaporates following drop 

casting.2 

 

Figure C.5: Mapping of SERS intensity of R6G’s 610 cm-1 peak over the Au-Ag nanostructures. 

 
To estimate the variation in signal intensity for Ag-Au nanostructures, R6G measurements 

were performed on 5 different substrates with the average for each of the substrates shown in 

Figure C.6. The coefficient of variance (CoV) was calculated for the 5 different SERS substrates 

using the intensity of the 610 cm-1 peak, with the average CoV value for an individual substrate 
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being 24.6%, the lowest value being 18.0% and the highest value being 32.1%. Using the 

measurement from all the substrates, the CoV was estimated to be 25.5%. 

 

Figure C.6: Average spectra for R6G collected on 5 different sets of Au-Ag nanostructures. 

C.5  PCA Toxicant Identification 
 

Table C.6: Characteristic peaks for analytes used for PCA identification. 

Analyte Band position (cm-1) 
Thiram3 1143 

 1375 
 1510 

Thiabendazole4 788 
 1012 
 1276 
 1580 

Malachite green4 1172 
 1220 
 1368 
 1592 
 1616 

Biphenyl-4-thiol5 950-1100 (4 smaller peaks) 
 1282 
 1590 
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All spectra collected undergo a baseline correction, filtering and interpolation to have intensity 

values at each whole wavenumber. The filtering is performed using a Savitzky-Golay filter with 

3rd order polynomial and 9 data point frame-length. The interpolation is done using a spline 

function. Figure C.7 displays the raw and the processed spectra of all analytes used in the work 

reported. 

 

Figure C.7: Raw and Processed spectra for various analytes tested. (a) Biphenyl-4-thiol. (b) 
Malachite green. (c) R6G. (d) Thiabendazole. (e) Thiram. 
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Figure C.8: Cumulative variance explained by first 50 PCs used for PCA identification. 

 
 

 

Figure C.9: PCA Loadings for the first 3 PCs. 

C.6  PLS Thiram Quantification 
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Figure C.10: Normalized spectra of thiram at different concentrations. 

 
Figure C.11: Cumulative variance explained by first 50 PCs used for PLS quantification. 

 
 

 
Figure C.12: PLS Loadings for the first 3 PCs. 

For concentrations which do not correspond to measurements taken for the PLS model, a 

regression model was calculated using the first 4 PCs in the form of equation C.1: 

log5h(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) 	 = ∑ 𝛼_𝑃𝐶__pP
_p5 + 𝛼h   (C.1) 

 
where a is the coefficient, PC is the principal component and the numbered subscripts 

indicated the PC number and 0 being the intercept-term. The coefficient values for the linear 

regression model as well as the standard error and p-value for each of the values are shown in 

Table C.7. As the p-values are all below the significance level of 99% (p-value = 0.01), the null 

hypothesis for zero correlation between the independent and dependent variables can be rejected. 

Additionally, the regression model was evaluated using an overall F-test and the p-value (1.65 ´ 
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10-51) was found to be less than the significance level (99%). Thus, the null hypothesis that a 

model with no independent variables would fit the data as well as the calculated model was 

rejected. Figure C.13 is a plot of the predicted thiram concentration using the model versus the 

actual concentration. The regression model successful predicts the concentration of the samples 

and displays a high R2 value of 0.97.  

Table C.7: Coefficient values used for linear regression model used to predict the thiram 
concentration based on PC values. 

Coefficient Estimate p-value 
a0 1.09 1.59 ´ 10-15 
a1 4.49 1.48 ´ 10-3 
a2 -11.3 8.94 ´ 10-14 
a3 1.07 8.2 ´ 10-4 
a4 -1.79 1.32 ´ 10-4 

 

 
Figure C.13: Calibration curve generated using linear regression model. 
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Appendix D Contact-free Templating of 3-D Colloidal 
Structures using Spatially Non-Uniform AC 

Electric Fields1 
D.1  Abstract 

The formation of ordered and regularly shaped structures of colloidal particles with the aid of 

spatially non-uniform electric fields is a modern research area of great interest. This work 

illustrates how alternating current (AC) electrokinetic effects (dielectrophoresis, electroosmosis) 

can serve as contact-free templates, inside which colloidal spheres can assemble into a various 

shapes and sizes. We show how three-dimensional colloidal structures of square, circular and 

diamond shape of tens of micrometers in size can be reproducibly formed with a single set of 

quadrupolar microelectrodes. Numerical simulations performed help to explain the role of AC 

electroosmosis and AC dielectrophoresis on the shaping of these structures as a function of 

potential difference and frequency. We also demonstrate how the templating repertoire is further 

enhanced with the simultaneous application of a second, individually controlled AC electric 

field, which enables a variety of asymmetric colloidal structures to be produced using the same 

set of quadrupolar microelectrodes. As the preservation of shape and size of such electric-field 

templated structures after medium evaporation still remains a big challenge, here we also report 

on a novel method that permits the stabilization and isolation of these particle assemblies through 

medium gelation and subsequent hydrogel removal with a UV/ozone treatment. 

 
1 This appendix with minor changes to fulfill formatting requirements has been published as: 
Raveendran, J.; Wood, J. A.; Docoslis, A. Contact-Free Templating of 3-D Colloidal Structures 
Using Spatially Non-Uniform AC Electric Fields. Langmuir 2016, 32 (37), 9619–9632. 
https://doi.org/10.1021/acs.langmuir.6b02188. 
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D.2  Introduction 

Colloidal crystals and ordered colloidal structures have found many applications in emerging 

research fields recently. Applications of colloidal crystals range from materials photonic band 

gap materials, sensors, microelectronics, dye sensitized solar cells, to scaffolds for tissue 

engineering applications and templates for surface-enhanced Raman spectroscopy.1–9 Numerous 

techniques are available for fabricating these types of structures, including self-assembly, 

template-assisted assembly and assembly driven by an external field such as gravitational, 

electrical or magnetic.10–14 Electric fields in particular offer a number of advantages as they 

provide a large number of control parameters (potential difference, medium and particle 

electrical properties) and can be scaled to very large intensities at low power by reducing the 

characteristic gap between electrodes, while not being restricted as magnetic fields are to ferrous 

materials.15 Additionally, the action of an applied electric field can lead to fluid motion, further 

adding to potential control forces for assembly. The collective action of direct electrical forces 

on particles and induced fluid forces for an alternating current (AC) electric field are known 

collectively as AC electrokinetics. 

Although a number of scientific reports currently exist on electric field-driven crystallization 

of colloids,16-18 there is a scarcity of experimental studies focused directly on solely electric field 

driven colloidal templating that can produce 3-D structures of well-defined order and geometry. 

Fiedler et al. were the first to report on dielectrophoresis-assisted formation of 3-D microbodies 

made of latex particles inside “three dimensional field cages”; a technique they termed 

“electrocasting”.19 Using 100 μm gap quadrupolar planar microelectrodes, Docoslis and 

Alexandridis demonstrated how dielectrophoresis can be used for the assembly of regularly-

shaped 3-D structures of silica and latex colloids.20 Abe et al. utilized a 400 μm gap hyperbolic 
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electrode set for assembly of polystyrene (PS) colloids (2-10 μm) and were able to achieve single 

or multiple layer structures by using a combination of AC and DC fields.21 Three-dimensional 

structures of varying complexity have also been demonstrated using a combination of 

dielectrophoresis and induced-charge electroosmotic flows.22 Insights on the assembly 

mechanism of 3-D colloidal particle structures under an AC electric field in planar quadrupolar 

microelectrodes inside a refractive index matched fluid were offered recently through 

simulations and confocal fluorescence microscopy.23,24 The main focus of that work was to 

investigate the well-order colloidal assembly of defect free, equilibrium colloidal crystals both 

experimentally and analytically. Interestingly, all the three-dimensional structures that were 

demonstrates as a function and even those analytically predicted had the same geometry 

(hemispherical with bottom layers almost having a square shape). No attempt on structure 

stabilization was reported. The same group also proposed a feedback control mechanism for 

controlling the colloidal size of the formed structures through electric field intensity 

modulation.25 In that case, well-ordered two-dimensional crystals were assembled using negative 

dielectrophoresis and a combination of electrophoresis and electroosmosis. Negative 

dielectrophoresis was used to collect and concentrate particles in the centre of the quadrupolar 

electrodes while electrophoresis and electroosmosis were used to remove particles. The potential 

for large-scale, parallel fabrication of 2-D and 3-D polystyrene particle clusters of regular shape 

and size formed in planar quadrupolar arrays was recently demonstrated by Menad et al.26 

Demirörs et al. assembled 3-D colloidal structures and stabilized them using 

photopolymerization, achieving different geometries by using a different electrode design each 

time.27 For a comprehensive overview of the use of AC electrokinetic forces for colloidal 

assembly see the article by Velev and Bhatt.28 
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The present work demonstrates how spatially nonuniform AC electric fields can be used as 

versatile, contact-free templates that actively guide colloidal particle assembly into structures of 

various size and shape inside water and other particle suspension media using a single 

microelectrode geometry. This is accomplished here by combining AC dielectrophoresis, the 

force on a particle due to the action of a non-uniform electric field on an induced dipole, and AC 

electroosmosis, the fluid flow that arises from electric field action on the ionic double layer that 

forms between electrodes and fluid.29 Contrary to all previous studies, here we explicitly 

demonstrate the electric field templating effect by tracking the changes in the shape and size of 

the particle assemblies as functions, not only of the potential difference, but also frequency, 

particle concentration, and type of suspending medium. Using a refractive index matching 

approach, we are able to observe with an optical microscope the variation in the packing density 

of particle layers at various heights inside the structure. Moreover, we explore and demonstrate 

for the first time the enhancement in the particle templating options afforded by a single 

microelectrode set when two AC electric fields are simultaneously applied. We also perform 

numerical simulations in order to provide some insight in the individual contributions of 

dielectrophoresis and electroosmosis to the shaping of the microparticle assemblies. An 

additional major contribution of the present work is the demonstration of a stabilization/ 

immobilization method, which enables isolation of the electric- field templated colloidal 

structures for further analysis and manipulation. Solving the stabilization problem for colloidal 

assemblies on this scale is not a trivial task; therefore, developing a general tool set for 

maintaining assemblies after medium evaporation and manipulating them is of great importance. 

This can have many applications as, for example in the case of inverse colloidal crystals, where 
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the templated colloids will have to be stabilized prior to being impregnated with some filler 

material and then removed by solvent or heat treatment.30  

D.3  Materials and Methods 

D.3.1 Colloids and Suspension Media.  

Hydrophilic silica (-OH surface functionality) colloids of 2.0 µm diameter with a refractive 

index of 1.43-1.47 were obtained from Bangs Laboratories (Fishers, IN, USA). Samples were 

obtained in the form of aqueous suspensions, with a volume fraction of approximately 10 wt% 

solids in water. Suspensions were centrifuged and the supernatant was replaced with deionized 

(DI) water three times to remove any impurities. Samples could then either be used directly as 

concentrated stocks or diluted. DI water (refractive index of 1.334 at 25 °C, the temperature of 

the experiments) was obtained using a Millipore process (18 MΩ·m), while dimethyl sulfoxide 

(DMSO) was obtained from Sigma-Aldrich (Mississauga, ON, Canada). DMSO is a near 

refractive index matching fluid for silica (refractive index of 1.476 at 25 °C), allowing for 

suppression of van der Waals forces and potentially aiding crystallization (in terms of providing 

suspension stability). The refractive index of liquids was measured using a refractometer 

(Bausch & Lomb, catalog number 33-45-58), calibrated with 1-bromonapthalene. Zeta potential 

was measured using a Malvern Zetasizer Nano ZS system (Malvern Instruments Ltd.).  

D.3.2 Pluronic F 127 Gelation.  

Stock solutions (30 wt%) of Pluronic F 127 [(PEO)101(PPO)56(PEO)101] in DI water were 

prepared for concentration-driven gelation experiments. Solid F 127 was purchased from the 

Sigma-Aldrich and dissolved in water through use of an ultrasonic bath at room temperature for 

1 hr, followed by refrigeration (4 ◦C). As Pluronic has temperature inverse solubility in water and 
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DMSO, placing the solution under refrigeration increases the solubility of F 127 and facilitates 

dissolution of the material in the case of water. Particle dispersions at desired volume fractions of 

Pluronic and DMSO could then be achieved through dilution of stock Pluronic solutions, stock 

solids and pure DMSO as required. Solutions were mixed using an ultrasonic bath in ice-water to 

prevent thermal gelation. An aqueous solution consisting of 4% DMSO and 6% F127 was found 

to have an initial refractive index of 1.350. Gelation at room temperature (25 °C) takes place 

when F127 concentration is approximately 25% (v/v), and can therefore be driven by medium 

evaporation.31	 

D.3.3 Experimental Apparatus.  

Non-uniform AC electric fields were generated by using gold microelectrodes (100 nm thick) 

fabricated via photolithography on a SiO2 surface (0.5 µm thick) deposited on top of a silicon 

wafer (500 µm thick). The microelectrode geometry utilized in this work is a set of four 

quadrupolar electrodes with tip-to-tip distance between opposite electrodes equal to 100 µm. A 

MiiCraft + 3D printer (Young Optics Inc., Hsinchu Science Park, Hsinchu,Taiwan) was used to 

fabricate a template which was then used to make PDMS wells. Liquid PDMS was prepared 

using a Sylgard 184 Silicone elastomer kit and poured into the template before being heated. 

Once the PDMS was cured, the PDMS well was removed from the template. The well was 

bonded to the surface of the electrode chip using epoxy. The wells had an internal radius of 2.5 

mm, wall thickness of 4 mm and height equal to 400 µm. Electrical connections were made by 

using 4 brass connectors, held in place with screws, which were placed in contact with each of 

the 4 quadrupolar microelectrodes. Alligator clips could then be attached to the brass connectors, 

connecting the microelectrode set to the function generator. Power to the microelectrodes was 

supplied by a signal generator (BK Precision 4040A). The microelectrodes were connected to the 
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source in an alternating fashion (1800 phase difference between adjacent electrodes). The 

potential difference (Vpp, peak-to-peak) and applied frequency (f) were monitored using an 

oscilloscope (Tektronix 1002B). A schematic of the experimental setup is provided in Figure 

D.1. Observations of the assemblies in solution and after evaporation were performed using an 

Olympus BX53 microscope with a Lumenera INFINITY 2 digital microscopy camera. For SEM 

images of assemblies after medium evaporation, a MLA 650 FEG ESEM system was used. 

Samples were sufficiently conductive to obtain clear images without gold coating. 

 
Figure D.1: Schematics of the experimental setup: (a) Top view; (b) Cross section. Power to the 

microelectrodes was supplied from a function generator, while the potential difference and 
frequency were monitored with an oscilloscope. Phase difference between adjacent electrodes 

was 180o unless otherwise noted. The height of the well was 400 µm. 

D.3.4 Numerical simulations.  

In order to determine which electrokinetic phenomena are responsible for shaping the 

structures, numerical simulations were performed using Comsol Multiphysics (version 5.1). The 
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control volume was a cylinder with radius of 225 µm and a height of 80 µm. It was found that, 

above 80 μm, the gravitational force experienced by the particles is greater than the 

dielectrophoretic force and drag force from electroosmosis. A plot of the net force a particle 

would experience had the majority of arrows above 80 μm pointing downward. Hence, by 

limiting the height of the control volume to 80 μm, the crucial force/flow patterns were 

simulated/analyzed and a finer mesh was afforded without encountering memory limitations. The 

electrodes were the same quadrupolar design as the ones used experimentally with a 100 µm gap 

between opposing electrodes and 17 µm between adjacent electrodes. All simulations were 

performed using a stationary model. Details on the simulations are available are in Appendix E. 

D.4  Results and Discussion  

D.4.1 AC Electrokinetic Effects used in Particle Templating 

AC electrokinetic effects, namely dielectrophoresis and electroosmosis, were employed to 

manipulate fluid and particle movement towards the assembly of microstructures. For the low 

medium conductivity used in the experiments (𝜎 < 4$A
$

) electrothermal fluid flow was found to 

be at least one order of magnitude smaller, hence not an important contributor to the assembly 

process.32  

D.4.2 AC Dielectrophoresis.  

The strength and direction of dielectrophoresis (DEP) is affected by a multitude of 

experimental parameters, such as potential difference, microelectrode design, particle size, field 

frequency, and the properties of particle and medium (conductivity, dielectric constant). The 

time-averaged dielectrophoretic force on an isolated spherical particle is given by29 

〈𝐹q/r〉 = 𝜋𝜖$𝑎)𝑅𝑒{𝐾𝑒}∇|𝑬|*  (D.1) 
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where 𝜖$ is the permittivity of the medium,	𝑎 is the particle radius, 𝐾𝑒 is the Clausius-

Mossotti factor and ∇|𝑬|* is the gradient of the electric field squared (peak value where 𝑬 =

√2𝑬𝑹𝑴𝑺	). The Clausius-Mossotti factor describes the effect of frequency on polarizability and is 

calculated using the complex permittivities of the particle (𝜖;̃) and medium (𝜖$̃) 

𝐾𝑒 = 7s:T7s!
7s:S*7s!

   (D.2) 

𝜖;̃ = 𝜖; − 𝑖
Q:
K

  (D.3) 

𝜖$̃ = 𝜖$ − 𝑖 Q!
K

   (D.4) 

where 𝜎 is the conductivity, 𝜔 is the angular frequency and 𝑖 = √−1. DEP can act as an 

attractive or repulsive force with particles moving either toward or away from areas of high 

electric field strength respectively, depending on the polarizability of the particle and medium. If 

the particle is more polarizable than the medium (𝑅𝑒{𝐾𝑒} > 0) then the particle will experience 

an attractive force towards area of high electric field intensity (“positive” DEP). If the particle is 

less polarizable than the medium (𝑅𝑒{𝐾𝑒} < 0) then the particle will experience a repulsive 

force from areas of high electric field intensity and move towards areas with a minimized electric 

field (“negative” DEP). 

D.4.3 AC Electroosmosis  

The electric field can also act on fluid to produce alternating current electro-osmosis (EO). EO 

fluid flow is generated at the surface of the electrodes due to the combination of a tangential 

electric field component and non-zero charge density (inside the electric double layer, EDL). The 

non-zero charge density results in electrical stresses inside the EDL which drag ions in the EDL 

creating a flow that moves downward in the gap between the electrodes and then over the 
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electrode surface away from the gap. The slip velocity tangential to the EDL can be described 

using a modified Helmholtz-Smoluchowski formula33 

𝒗𝒔𝒍𝒊𝒑 =
5
*
7!8
9
𝑅𝑒{6𝑉 − 𝑉:;;8 ∗ 𝑬𝒕∗} (D.5) 

where V is the potential at the surface of EDL, Vapp is the voltage applied to the electrode, 𝑬c∗is 

the complex conjugate of the tangential electric field at the surface of the EDL, h is the viscosity 

of the fluid and L is a correction factor equal to the stern layer capacitance relative to the total 

EDL capacitance. EO is most prominent at frequencies between 102-105 Hz.29 At lower 

frequencies the formation of the EDL is periodic and discontinuous compared to the inertial time 

scale for the fluid. Similarly EO will behave in a periodic and discontinuous manner, limiting the 

momentum transferred to the bulk of the fluid, thus limiting EO induced fluid flow. At higher 

frequencies the EDL does not have time to fully form due to the applied voltage oscillating 

between positive and negative voltages faster than the ions can re-arrange. As a result, the 

voltage drop in the EDL is reduced resulting in a reduced EO slip velocity. 

D.4.4 Effect of Applied Voltage.  

Dielectrophoretic assembly of particles was carried out under a variety of conditions, aiming to 

explore the role of various experimental parameters on the electric-field-guided colloidal 

assembly process. The case of silica (dp = 2.0 µm) in water was examined first. Figure D.2 is an 

ensemble of colloidal structures obtained at various voltages at 1 MHz using the same 

microelectrode design. The images are top-down views of the microelectrode tips energized at 

different voltages after the silica spheres had settled by gravity. In all cases, silica exhibits 

negative DEP, resulting in particles being pushed away from the electrode edges. The size of the 

formed assemblies is of the order of the electrode gap spacing (100 μm), but decreases with 

increasing applied voltage. For 2.5 Vpp (Figure D.2a), the structure formed is of an “inverse” 
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nature. Particles are pushed away from the electrode edges only at the minimum gap spacing 

between electrodes, creating four symmetric “wells”. As potential difference increases, the 

particles are pushed further away from the microelectrode gap and toward the microelectrode 

center. At 5 Vpp (Figure D.2b) they have formed a square-shaped structure. Higher potential 

differences produce formations with rounded edges and, at 7 Vpp, a structure with circular shape 

(Figure D.2c). Finally, at potential differences above 10 Vpp the particles begin to assume a 

diamond-shaped formation, with edges and corners becoming increasingly sharper with potential 

difference (Figure D.2d).  The total assembly time in all cases was on the order of only a few 

seconds. Potential differences up to 36 Vpp (1 MHz and 100 kHz) were tried, but did not result in 

additional shapes; instead, they only caused lateral compression of the particle structure, 

producing diamonds with smaller footprint and greater height. Above 36 Vpp (100 kHz), the 

structures were disrupted and swept away by intense fluid flow. Although in the present case the 

field was activated after the silica particles had settled on the microelectrode plane, it was found 

that the same particle formations would result even if the field was applied immediately after 

particle introduction to the assembly well. Pre-settling of the particles allowed for a better 

process visualization and more precise control of the structure shape.  
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Figure D.2: Examples of contact-free templating of silica particles (0.1 wt% in water) in a 
quadrupolar microelectrode array. A number of structures of regular shape can be obtained as a 

function of applied electrical potential. AC field frequency: 1 MHz. Scale bar: 100 µm. 

All assemblies were electric field reversible. That is, an increase or decrease in the potential 

difference would always result in the structure that was previously obtained at the particular 

electrical potential.  It also means that, upon electric field cancellation, all structures would break 

apart. Moreover, contact of the particle structure with the meniscus during medium evaporation 

would lead to the flattening of the structure. As such, the use of a structure immobilization 

technique through either “freezing” of the medium or linking of the assembled particles was 

deemed to be necessary. 

D.4.5 Effect of AC Field Frequency.   

The influence of tuning frequency on the assembly shape and size was examined by lowering 

the applied frequency from 1 MHz, to 100 kHz, and, finally, to 10 kHz. Although this has a 
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negligible impact on the strength of the dielectrophoretic forces, it makes electroosmotic flows 

more intense. The increasing influence of the electroosmotic flows on colloidal assembly with 

decreasing field frequency was noticed during the experiments as particles were seen to form 

rolls over the microelectrode edges in a mode consistent with AC electroosmotic flow. Although 

AC frequency changes did not result in the formation of colloidal structures of a different shape, 

the presence of electroosmotic flows perturbed the assembled structures, causing them to be 

more “diamond” like at slightly lower potential difference (intense fluid flows caused the 

structure to “bow” inwards).  

Another important observation is that, in all cases where particle assembly took place without 

particle pre-settling, it was noticed that lower frequencies were more efficient in transporting 

particles and particle chains from the bulk of the suspension to the assembly site. The mechanism 

of electric field induced assembly is well known to begin with particles chaining together under 

the influence of induced dipole-induced dipole forces, with chains then being attracted to each 

other and forming larger structures.34 Optical microscopy observation allowed us to confirm this 

mechanism. For all cases, the chains are attracted to each other through electric field-induced 

dipole interaction forces (dielectrophoresis) and electroosmotic flows driving the chains towards 

the electrode center, thus contributing to the growth of the structure size. The effect of 

electroosmosis on particle assembly is further examined below by means of numerical 

simulations. 

D.4.6 Colloidal Assembly in DMSO 

The use of refractive index matching or near refractive index matching for crystallization is 

well known.35 By matching refractive indices of particle and medium, van der Waals forces are 

suppressed.36 This methodology is well known for producing colloidal crystals in other methods 
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and has been applied to the colloidal crystallization by electric fields generated by parallel 

electrodes.37 Silica and DMSO are near index-matched materials, with sufficient contrast 

between particle and medium to still allow for visualization by optical microscopy. The results 

for the DEP assembly of 0.l wt.% 2 µm silica in DMSO are shown in Figure D.3. Similar as 

before, relatively small changes in the potential difference lead to dramatic changes in the 

assembly shape and size. Shifting from 5V to 20 Vpp (f=100 kHz) yields shapes ranging from 

“square”-like, rounded inwards along the edges, to a rounded “diamond” like structure. Beyond 

2.5 Vpp, all structures formed were multilayered, which makes direct determination of the 

structure outside of the assembly edges difficult. What is clear from examining the assembly 

edges is that the particles have chained and these chains have aligned themselves into groups as 

part of the overall structure. The chaining force arises from induced dipole-induced dipole 

interactions, with the translational force being dielectrophoresis. The colloidal crystallization of 

silica in DMSO inside an electric field has been examined theoretically in our previous work.38 
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Figure D.3: Dielectrophoretic assembly of 0.1 wt% (~0.05 %v) silica particles in DMSO, a near 
refractive index matching liquid. The screening of the van der Waals interactions improves 

packing density and ordering among the assembled microspheres. The corresponding applied 
potential differences are shown on the images (f: 100 kHz). Scale bar: 50 µm. 

Microscopy observations for the case of DMSO are qualitatively the same as those made 

previously for water. Namely, use of lower frequencies allows more direct visualization of the 

formation of particle chains as they can be seen to travel down and toward the dielectrophoretic 

trapping center faster and more frequently (see Figure E.4 and E.6 in Appendix E). Although the 

chaining phenomenon is itself a result of induced dipole-induced dipole interactions between 

particles (so-called mutual dielectrophoresis), electroosmotic flows tend to transport particles 

from the bulk in a manner to promote formation of these chains at a greater distance from the 

electrode center. Formation of chains and chain integration into larger structures (2-D crystals or 

3-D aggregates) is a well-known phenomenon of electric-field induced assembly of colloids into 

structures and has been observed previously in the assembly of colloidal aggregates, 2-D 

colloidal crystals, electrorheological fluids and magnetorheological fluids.13,34,39–48 These cases 
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mainly involve parallel spaced planar electrodes (or magnetic equivalents) but the underlying 

physics is analogous.  

D.4.7 Explanation of the Experimentally Observed Trends 

Numerical simulations (see Appendix E for details) were performed in order to provide an 

insight on the experimentally observed response of electrified silica particles. The objective of 

these simulations was to produce the 3-D force field, i.e., the contact-free template, which drives 

silica particles to assembly in various shapes. First, the effect of AC frequency on the effective 

particle polarizability (Re[Ke]) of silica inside water and DMSO was calculated (Figure D.4a). 

The results are in agreement with experimental observations as they predict that silica will 

experience negative DEP (assembly at local electric field minima) in both media at all AC 

frequencies.  

The effect of AC frequency on electroosmosis was also calculated. Figure D.4b is a plot of the 

maximum simulated electroosmotic velocity values. The location of this maximum fluid velocity 

was found to be at the electrode edge, at the point of minimum distance between adjacent 

electrodes. As can be seen from the graph, electroosmosis is at its peak (~600 µm/s) at about 5 

kHz. Although it drops sharply beyond 10 kHz, it is still appreciable at 100 kHz (~120 µm/s) and 

almost non-existent (< 5 µm/s) at 1 MHz. These results agree very well with our experimental 

observations and are consistent with reports found in the literature.29 Figure D.4c captures the 

force field profile on particles close to the electrode tips at the frequency of 1 MHz and 20 Vpp. 

The total force on the particle was taken to be the combination of the particles weight, FDEP and 

the viscous drag on the particle caused by AC electroosmosis (FEO). The color plot indicates the 

norm and the arrows the direction of the force on the xy-plane situated 1 µm above the 

microelectrodes. This elevation corresponds to the center of gravity of settled silica particles in a 
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monolayer formation. The model assumes isolated particles and no particle-substrate 

interactions. In spite of these simplifications, the results agree very well with the experiments, as 

the direction of the arrows corresponds very well to the experimentally observed trajectories of 

particles and particle chains. Namely, the strongest force exists in the narrow gaps between 

adjacent electrodes and, being repulsive, tend to clear these areas of particles (confirmed with 

Figure D.2a). Moreover, strong forces developing at the electrode edge tend to push particles 

away from that edge; those existing in the area surrounded by the electrode tips contribute to the 

structure formation in the center, whereas those lying outside retreat away from the tips (Figure 

D.2b-d). Additional evidence for the model’s validity is provided by the isodynamic lines (lines 

of equal force) shown in Figure D.4d, which closely resemble the shape of the experimentally 

formed colloidal structures at different potential differences. The isodynamic lines were 

simulated at a single condition (1 MHz, 20 Vpp) but will have the same patterns regardless of the 

potential difference selected. As the potential difference increases, patterns closer to the center 

should be used to predict the resulting structure to reflect the increase in force. The current 

simplified simulation framework could not successfully predict the diamond shape structure; this 

is likely due to assuming noninteracting particles, particle-induced distortion of the electric-field, 

etc. However, more intensive simulations performed by our group using a continuum 

thermodynamic approach were able to successfully predict the diamond structure.38 In spite of 

the fact that the electroosmotic flows are much more intense at 100 kHz, the corresponding 

contour plot (top down view) is indistinguishable (Figure E.4). This is explained by the fact that 

the magnitude of the electroosmotic force on the xy-plane in the area outlined by the 

microelectrode tips is very small compared to FDEP. The electroosmotic effect becomes 

prominent only when the forces are plotted on planes normal to the microelectrode surface 
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(Figure E.6). There it can be noticed that the electroosmotic velocity becomes substantially 

larger and the particle trajectories are expected to change dramatically with decreasing 

frequency. Although this has no major effect on the shaping of the particle assemblies when 

viewed from the top, it can contribute to the funneling of particles to the assembly site from the 

bulk. In the present case, gravity can make up for the absence of electroosmosis at high 

frequencies; however, the funneling effect intensified by electroosmosis can play major role in 

the supply rate/assembly of near naturally buoyant microparticles or nanoparticles in general.    

 

Figure D.4: Numerical simulation results of (a) the Clausius-Mossotti factor for silica and (b) 
maximum AC electroosmotic velocity in water and DMSO. (c) Plots (log base 10) of the norm 

(color) and direction (arrows) of the combined force (DEP and viscous drag) on a silica particle. 
(d) The contours of the isodynamic lines correlate very well with the experimentally formed 

particle assemblies. The plots of (c) and (d) correspond to a plane at height of 1 µm above the 
microelectrode surface. Peak-to-peak potential difference: 20 V; f=1 MHz. 
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D.4.8 Stabilization of the Colloidal Structures 

Depending on particle and electrolyte concentration, particle formation would be either electric 

field reversible (complete destruction of structure upon cancellation of field) or electric field 

irreversible (structure is essentially intact upon cancelling field). A key problem for DEP-

assembled particle structures was in maintaining their stability upon medium evaporation, as the 

convective forces of the meniscus were sufficient to disrupt the assembled structures to a large 

degree. This is to be expected since the elastic constant of colloidal crystals is on the order of 10 

dyne/cm2, whereas that of the atomic crystals is on the order of 1010 dyne/cm2. In other words, 

colloidal crystals are typically 109 times softer then atomic crystals.49 Therefore, the former are 

more easily susceptible to defects and distortions, which explains why the force of the 

evaporating medium coupled with loss of dielectrophoretic force leads to destruction of an 

assembled structure. 

A number of colloidal structure stabilization approaches were attempted in this work, 

including UV-crosslinking of cinnamoyl chloride functionalized silica, avidin-biotin linkages 

between biotin functionalized silica, gelation of silica colloids in PVA, photopolymerization of 

PEGMA and TMPTA for immobilizing silica.50 The only successful and reproducible method 

was through structure encapsulation inside an aqueous gel of Pluronic F 127. The aqueous 

solution of Pluronic F 127 undergoes reverse thermal gelation with increasing temperature; at 

weight fractions of approximately 25% this transition will occur at room temperature.31 Since the 

gelation will occur naturally as the water in the droplet evaporates, this approach was deemed 

ideal for increasing the medium viscosity for minimizing meniscus driven flow effects during 

evaporation, thereby “freezing” a structure in place upon gel formation. Pluronic F127 was 

selected based on prior experience working with the polymer and available information on the 
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impact DMSO has on its gelation.31 Other Pluronic block copolymer which exhibit either 

temperature or concentration driven gelation should also be applicable for stabilization. 

The optimum F 127 concentration is system specific, in that a minimum gel height is needed to 

completely encapsulate the structure. After performing DEP experiments ranging from 2 to 20 V 

and 0.3 to 5 MHz in varying solids concentration suspensions of silica (0.02 to 8.6 wt%), it was 

found that an initial Pluronic concentration of 3-4 wt% was sufficient in order to maintain the 

overall geometric structure of an assembly. More importantly, it was found that the addition of 

small amounts of DMSO (4 wt%) in the initial medium allowed the system to exhibit colloidal 

behavior similar to that seen in the case of pure DMSO, resulting in a colloidal layer which 

appears more ordered. Specifically, as water evaporated from the well, the DMSO content in the 

medium rises until a near-refractive index matching (approximately 1.43 for this silica) condition 

ensues prior to gelation. As expected, the addition of DMSO had an impact on the gelation 

behavior of F 127.31 Therefore, when DMSO was added, the Pluronic content had to be increased 

to 6 wt%. This 6:4 F 127:DMSO weight ratio was found to be a “locally optimized” formulation 

for the purpose of these experiments, as it allowed the liquid medium to transition through a 

refractive index matching stage prior to gelation. Higher initial Pluronic content resulted in 

unnecessarily thick gels, which were less translucent and more time-consuming to remove. On 

the other hand, higher initial DMSO content would prevent F 127 from forming a gel of 

sufficient thickness for complete structure encapsulation (or gel at all). An example of the 

structures thus formed can be seen in Figure D.5. The desired colloidal structure seen in Figure 

D.5 typically forms within a few seconds upon electric field application, while the suspending 

medium is at very high water content (~90 wt%). Gradual increase in the DMSO content (and 

Pluronic) due to evaporative loss of water in the well produces a transition of the system towards 
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refractive index matching conditions. At a near-refractive index matching stage, the particles are 

still visible and their lateral arrangement at various heights inside the structure can be observed. 

These observations allow us to discern the presence of more orderly arrangements closer to the 

bottom of the colloidal structure (Figure D.5a), where the particles also appear to be more 

densely packed. The order becomes less and less as we move towards the middle (Figure D.5b) 

and top (Figure D.5c) of the assembly, i.e., approximately 10-15 particle layers from the 

microelectrode surface. These observations are consistent with results reported by Juárez et al. 

who performed a systematic confocal fluorescence microscopy study on electric field-assembled 

silica spheres inside a refractive index matching liquid medium.23 As can be seen in Figure D.5d, 

refractive index matching brings about the “cloaking” of the structure, which remains invisible 

for a few seconds. Further solvent evaporation makes the structure re-appear (Figure D.5e) and, 

soon after, become immobilized into the formed hydrogel (Figure D.5f). It can also be noticed 

that this structure is preserved to a great degree upon gelation. The 6:4 F127/DMSO solution was 

found to offer greater stabilization than an equivalent F127 sample in terms of replicability and 

minimal structural relaxation. The rising solvent refractive index as water evaporates and the 

DMSO content rises results in a near refractive index match between solvent and particles. The 

suppression of van der Waals forces causing changes in the dispersion stability (aggregation) are 

the likely causes for these improvements by limiting particle attachments and defects from 

forming/growing. 
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Figure D.5: Step-by-step presentation of the assembly and stabilization process. At near-
refractive index matching conditions the arrangement of particle chains at various heights 

becomes visible: (a) bottom layer; (b): layer close to the center; (c) top layer; (d) “Cloaking” and 
(e) decloaking of the particle structure; (f) Encapsulation in the hydrogel. Scale bar: 35 µm. 

After gelation, Pluronic could be removed with UV-ozone (4 to 5 hour treatment) without 

effect on the assembled structure (as assessed by optical microscopy). The best results were 

obtained when the gels were allowed to dry for a few hours prior to UV/ozone exposure. SEM 

images of representative assemblies of 2.0 μm silica after gel removal are shown in Figure D.6. 

As can be seen from the displayed figures, a number of interesting overall assembly geometries 

is possible at a single operating frequency (1 MHz) just by changing the potential difference 

(2.5-20 Vpp range). Colloidal formations similar to those seen earlier (Figure D.2) can now be 

obtained as free-standing structures. Optical microscopy images of those structures before and 

after gelation were fairly indistinguishable, proving that Pluronic is very effective in its role as 
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immobilizing agent for 3-D colloidal structures. The freestanding structures could only have 

their packing density be evaluated based on their top layer, which displayed poor packing quality 

similar to other structures assembled with electric fields which had ordered packing in the 

bottom layers but disorder in the upper layers.23 Given the limited structural relaxation, it is very 

possible that the well ordered layers seen prior to gelation at near refractive index conditions still 

exist within the structures. 

 

Figure D.6: Resulting structures after medium gelation and removal under UV/ozone: (a) Inverse 
template; (b) Rectangle; (c) circle; (d) diamond. Particle concentration: 0.1 wt% (0.05 v%). 

Initial mixture composition: DMSO (4 wt%) / Water /(6 wt%)F 127. Scale bar: 100 µm. 

D.4.9 Effect of Particle Concentration.   

As can be seen in Figure D.7, the initial solids content has an impact on the height of the 

formed colloidal assemblies. All structures shown in the figure were made under the same 

electric field conditions of 20 Vpp and 100 kHz. High solids content allowed relatively tall 

structures to form as, for example, the diamond-shaped (inset) structure seen in Figure D.7a. This 

structure has a base of 110 µm and height of approximately 36 µm (approximately 3:1 aspect 

ratio) and it was formed from initial solids content of 1 wt%. This structure shows evidence of 
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being composed of particle chains which have combined under the influence of induced dipole-

induced dipole forces (mutual DEP) and been shaped by induced dipole-electric field forces 

(DEP). Figure D.7b shows the diamond-shaped structure that resulted at the same conditions 

from a suspension with initial solids content of 0.1 wt%. The height of that structure was 

estimated to be approximately 12 µm, resulting in a base-to-height aspect ratio close to 5:1. 

When the initial particle concentration is further reduced to 0.02 wt%, a diamond with height of 

only 2-3 particle layers (12:1 aspect ratio) was made, as seen in Figure 7c (note: this structure 

was disturbed during SEM handling, causing the slight discrepancy seen between top and side 

views). The initial solids content was found to have an effect on the threshold potential 

difference value that produced diamond shaped objects. At about 15 Vpp, all concentrations form 

a diamond shape; lower solids content (shorter structures) required lower potential differences 

(weaker DEP) to have a well-defined wall, a fact that can be attributed to the additional 

dielectrophoretic force needed to balance a taller structure with particles futher away from the 

electrodes and a heavier bed of particles.     
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Figure D.7: Effect of particle concentration on structure size: (a) 1 wt% (0.5 %v); (b) 0.1 wt%; 
(c) 0.02 wt%. Conditions: 20 Vpp, 1 MHz. Initial medium composition: DMSO (4 wt%) /Water 

/F 127(6 wt%). Second column of images taken with samples tilted 750 relative to normal 
incidence of electron beam. Scale bar: 50 µm. 

One final observation to be made is that the base of the particle structure in Figure D.7a 

extends over the microelectrode tips, which is not fully consistent with negative DEP. However, 

this final structure is the result of the observed “structure relaxation”, i.e., a partial collapse of the 

original colloidal assembly that occurs every time the height of the structure exceeded the 

thickness of the hydrogel. While the whole structure was immersed in the medium, the tips of the 

diamond were lying inwards and by approximately 10 µm from the microelectrode edges, 

forming a much taller diamond. When the contact of the meniscus with the top particle layers 

occurs prior to medium gelation, the exposed structure weighs down on the immersed particle 
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bed causing its partial collapse. This phenomenon can be prevented with the use of particle 

dispersions with higher Pluronic content resulting in a thicker hydrogel film. 

D.4.10 Colloidal Assembly in Asymmetric Electric Fields 

The colloidal templating options available with a single microelectrode array can be further 

enhanced with the implementation of asymmetric electric fields. Such fields can be created by 

employing an additional power source that operates at a different AC frequency or applied 

potential difference (or both) and it is connected to only some of the electrodes. The result is the 

generation of a variety of partially symmetric and intricate structures, some examples of which 

are provided Figure D.8. In this case, two adjacent electrodes are connected to one power source 

whereas the other two to a second one so that the drain and source electrodes are always on 

opposite sides. Figure D.8a-c present some of the shapes of the colloidal particle assembly as the 

potential difference applied across one microelectrode set increases from 5 to 13 and 17 Vpp (1 

MHz) while the other is kept at 4 Vpp (1 MHz). Once formed, these structures can be stabilized 

and isolated with ease. Figure D.8d is an SEM image of a “heart” shaped structure obtained 

under the same conditions as Figure D.8b. Additionally, a whole new set of shapes can be 

generated when the microelectrodes are energized by two sources operating at different 

frequency. Figure D.8e is an example of a structure that is formed when a pair of microelectrodes 

is operated by a signal of 100 kHz (10 Vpp) and another at 1 MHz (10 Vpp). The result is a 

“football” shaped colloidal structure. Figure D.8f presents the SEM image of such a structure 

obtained under the same conditions. Simulations of the force fields that shape these structures 

were found to be challenging from a computation standpoint, especially in the dual AC 

frequencies case.   
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Figure D.8: Examples of structures formed using asymmetric electric fields. The electrical 
connections and power settings are noted on the pictures. Images (d) and (f) are SEM images of 

objects obtained under the experimental conditions indicated in (b) and (e), respectively. 

Next to the multiple advantages of using Pluronic for colloidal structure immobilization, one 

major disadvantage also becomes apparent. As evidenced from all the SEM images presented 

above, the use of such a large surfactant concentration in the medium inhibits the disorder-order 

transition of the colloidal sphere, i.e., no crystalline lattices were formed in any of the performed 

experiments. Lowering the concentration of Pluronic would also mean that the size of structure 

which could be protected during the evaporation would be decreased and based on zeta potential 

measurements, there is a strong indication that even extremely low Pluronic concentrations will 
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have a very large effect on the colloidal forces involved in the crystallization process. In a 

Pluronic solution (0.1 wt%), the zeta potential of the silica particles decreased by a factor of 4 

when compared to a sample in pure water (−62.3 mV in Pluronic free solution).  To remedy the 

surfactant adsorption on the surface of silica particles and its possible inhibition of forming 

structures possessing a larger degree of colloidal ordering, the use of sodium hydroxide in 

aqueous solutions of Pluronic was considered.51 However, it produced no beneficial effects in 

our case. Similar structures are seen in both Pluronic and Pluronic free solutions suggesting the 

electric field induced forces dominate over other colloidal forces. 

Overall, Pluronic is an exceptionally effective means of gelling/freezing an assembled 

structure in place while having minimal disruption compared with the case of assembly in 

Pluronic-free liquid. The ability to retain structures can be tuned by changing the initial Pluronic 

concentration, or through temperature control or direct control of evaporation rate. Removing 

Pluronic films to obtain an assembly can be easily accomplished using UV-ozone treatment, 

although for the case of polymeric colloids this may not be a viable option due to potential UV-

ozone degradation of particles. However, based on our cleaning studies attempting to remove PS 

and PMMA spheres from the surface of chips, the degradation time of polymer colloids is much 

greater than that of Pluronic F 127. Therefore this method is still potentially effective even when 

considering the case of polymeric colloidal spheres, although this has not been tested 

experimentally as of yet.  

The challenges of medium stabilization go beyond the need for SEM analysis. For photonic 

materials it is desirable to have air as the alternative medium in a periodic structure for larger 

permittivity contrast. To produce inverse colloidal crystals, polymeric colloids will have to be 

stabilized, impregnated with some filler material and then removed (solvent or heat treatment). 
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These types of crystals can then be used for surface enhanced raman spectroscopy, as scaffolds 

for tissue engineering platforms amongst other applications.52–54 Solving the stabilization 

problem for colloidal assemblies on this scale is not a trivial problem and can be quite system 

specific currently, so developing a general tool set for maintaining assemblies after medium 

evaporation and manipulating them is of great importance. 

Although the focus of this work was to provide a proof of concept that the electric field 

templated colloidal assemblies could withstand the evaporation process with the aid of gelation, 

some preliminary testing of the structures’ rigidity were also performed. Specifically, the 

assembled structures were found to be completely stable, without any visible shape distortion, 

over many weeks of storage in air. Additionally, no structure disruption would occur upon 

contact with micron- sized objects, such as the tungsten tip of a micropositioner. Structure 

distortion or breakage happened only when a constant force was applied at the tip. The structures 

were found to be stable when placed in an aqueous environment for several hours. Given the 

poor penetrating power of UV, Pluronic that has not been completely removed from the 

structure’s interior may be responsible for holding the structure together. Assessing the rigidity 

of the structures and under- standing the cohesion forces that maintain the structures’ integrity is 

one of the main goals of future work. 

D.5  Conclusions 

The use of nonuniform electric fields as contact-free templates for the assembly of colloidal 

particles into 3-D structures of regular, well-defined shapes was demonstrated. It was shown that 

a plethora of assemblies of various shapes and sizes can be generated with a single 

microelectrode geometry by tuning the potential difference, frequency, medium/particle 

permittivity contrast, particle concentration and electric field asymmetry. The templating 



 244 

repertoire is further enhanced with the simultaneous application of a second, individually 

controlled AC electric field, which enables a variety of asymmetric colloidal structures to be 

produced. Dielectrophoretic (field-induced dipole) and electro- osmotic (field-double layer) 

forces acted to transport particles toward the electrode center, while mutual dielectrophoretic 

(induced dipole−induced dipole) forces led to colloids forming chains and these chains 

interacting with each other to form larger structures. 

For silica in water and silica in water-Pluronic, large symmetric structures over 100 μm in 

cross section were easily assembled using moderate potential differences (5 to 20 V) and 

relatively low initial solids content (1.0 wt% /0.5 vol % solids). Refractive index matched 

assemblies showed clearly the presence of particle chains aligning together to form larger 

structures. These chains and groups of aligned chains are clear from optical microscopy images, 

particularly when examining the edges of assembled structures. The overall order of the formed 

objects could not be determined from optical microscopy images available, although at near 

refractive index matching conditions the particle order was found to decrease from bottom to top.  

The electric-field templated colloidal structures thus formed were successfully preserved and 

isolated by means of encapsulation in a Pluronic F127 hydrogel film. Optical and SEM imaging 

of the structures confirmed that no significant shape distortion occurred during medium gelation. 

Pluronic films could be removed via UV-ozone treatment or heat treatment, with the latter being 

more disruptive to assembly structure than the former at the (arbitrarily) chosen heating rate 

parameters. 
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Appendix E Supplementary Information to Appendix D 
 

In this section, we present details of how simulations were performed along with results from 

numerical simulations to the article provided in Appendix D. 

E.1  Properties for Simulations 

For numerical simulations, properties for water, DMSO and silica particles were selected based 

on available literature and are summarized in Table E.1.1,2 In the case of conductivity for water 

and DMSO, both solvents had their conductivity measured after being mixed with silica particles 

(particles allowed to settle before taking measurement) for a better estimation of solvent 

conductivity.  

Table E.1: Properties of solvent and particles used for experiments 

Property Water DMSO Silica particle 
Viscosity (mPa*s) 0.89 1.99 N/A 
Refractive Index 1.34 1.48 1.43-1.46 

Dielectric Constant 80 46.7 2.8 
Conductivity (mS/m) 3.85 0.3 10-5 

Density (kg/m3) 1000 1100 2000 
 
E.2  Numerical Simulations 

The coefficient form of the partial differential equation was used to solve for the potential and 

electric field in the control volume. The electric double layer (EDL) is assumed to be in a quasi-

equilibrium state with the EDL acting as a capacitor while the bulk fluid solution is represented 

as a resistor3,4. The electric potential in the bulk is described by the Laplace equation. 

∇*𝑉 = 0  (E.1) 
 

Given the small thickness of the EDL relative to the bulk solution, it is treated as a surface 

rather than a domain. Lateral electrical currents were considered negligible compared to normal 

currents along the EDL. The charge conservation equation is used as the boundary condition on 
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the electrode surface to account for the charging of the EDL. Assuming a small voltage drops 

across the double layer (∆𝜙a <
m;i
R
= 0.025𝑉) allows for a linear relationship between charge 

and voltage3. Thus the charge conservation equation with complex amplitudes becomes3,5   

𝑛 ∙ ∇𝑉 = _KC<%
Q!

(𝑉 − 𝑉:;;)  (E.2) 
 

where CDL is the capacitance per unit are for the EDL and 𝑛 a normal unit vector from the 

surface. The capacitance per unit area was estimated using the ratio of the fluid permittivity to 

the Debye length (𝐶qF ≈
7
t<

)3. The Debye length, 𝜆q was calculated using equation E.3 

𝜆q =	�
7m;i

*u2R2H=v(
  (E.3) 

 
where co is the bulk concentration of ions, q is elemental charge, z is the valency of the ions in 

solution, kB is the Boltzmann constant, T is temperature and Na is Avogadro’s number. The outer 

walls and silicon dioxide substrate were treated as an insulating surface (𝑛 ∙ ∇𝑉 = 0). 

 
The ACEO flow was simulated using the creeping flow module. The creeping flow module 

solved both the continuity equation and the Navier-Stokes equation with inertial terms neglected 

(𝑅𝑒 < 0.01) for an incompressible fluid 

η𝛻*𝒗 − 𝜵p = 0  (E.4) 
 

𝛻 ∙ 𝒗 = 0  (E.5) 
 

where 𝒗 is the velocity of the fluid flow and p is the pressure. The slip velocity, equation E.5, 

was applied directly to the surface of the electrodes given the relative thinness of the EDL to the 

bulk solution. A no slip condition (𝒗 = 0) was applied to the silicon substrate and a zero normal 

velocity (𝑛 ∙ 𝒗 = 0) condition to the remaining surfaces. Three diagrams are provided below, 

illustrating the control volume simulated and conditions used to simulate both the electric field 
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and the fluid flow. The diagrams detailing the governing equations and boundary conditions are 

simplified to a two-dimensional space with adjacent electrodes shown to highlight different 

voltages were applied to neighboring electrodes. The adjacent electrodes were 1800 out of phase 

with one another, thus one set of opposing electrodes received +10 volts and the other -10 volts 

for a total potential difference of 20 V peak-peak. 

 

Figure E.1: Model of simulated control volume. Simulated area was a cylinder with a radius of 
225 𝜇𝑚	and height of 80 𝜇𝑚. 

 
Figure E.2: Schematic diagram of governing domain and boundary conditions used to simulate 

electric potential. Electric double layer modelled as a capacitor and fluid bulk as a resistor. 
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Figure E.3: Schematic diagram of governing domain equations and boundary conditions used to 

simulate fluid motion under static conditions. Slip condition applied to electrode surfaces to 
incorporate electro-osmotic fluid flow. 

 

E.3  Results from Numerical Simulations 

Particle movement and shaping of structures were analyzed using numerical simulations. The 

combination of viscous drag due to EO and DEP above the substrate (1µm) was plotted at three 

different frequencies (Figure E.4). The images in the first row detail the total force (log base 10) 

and direction of force using colour and arrows respectively. The images in the second line are of 

isodynamic contour lines which show possible geometries which can be achieved.  
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Figure E.4: Numerical simulation results of the total force (DEP and viscous drag) at xy plane (z 

= 1) at varying frequencies: (a) 10 kHz, (b) 100 kHz and (c) 1000 kHz. Magnitude of force 
indicated by color and arrows indicate direction of force. Contour of isodynamic lines highlight 

force patterns which ultimately shape structures. 

Both sets of images show little changes in the force profiles despite large changes in the 

frequency. The lack of change can be explained by the fact close to the electrode surface, DEP 

dominates EO (Figure E.5). DEP was found to be at a few orders of magnitude greater than the 

viscous drag force. Given the inherent properties of the silica particles, the Clausius-Mossotti 

factor undergoes only minor changes (-0.5 to -0.45) thereby minimizing frequency’s effect on 

DEP and resulting in a near constant DEP force.  
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Figure E.5: Numerical simulation results of logarithmic (base 10) ratio of viscous drag to DEP at 

xy plane (z = 1) at varying frequencies: (a) 10 kHz, (b) 100 kHz and (c) 1000 kHz. DEP force 
dominates at all three frequencies. 

Moving further away from the electrode surface however reveals EO does in fact play a role in 

structure assembly. Examining a vertical plane (x=0) at multiple frequencies in Figure E.6, the 

total force (gravity included) patterns remain largely the same. The largest discrepancy would be 

at lower frequencies the so-called “conveyor belt” which brings particles to the centre is larger 

and the total force is larger as well.6  
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Figure E.6: Numerical simulation results of the total force (DEP, viscous drag and gravity) at yz 
plane (x = 0) at varying frequencies: (a) 10 kHz, (b) 100 kHz and (c) 1000 kHz. Magnitude of 

net force indicated by color (log base 10) and arrows indicate direction of force. 

The increase in both the conveyor belt and net force is attributed to the increase in the drag 

force from EO. Comparing the drag force to DEP, finds that the drag force can become greater 

than the DEP at low frequencies (see Figure E.7). Thus the force patterns are no longer solely 

driven by DEP; instead DEP dominates near the electrode surface and a combination of DEP and 

drag determine the particle’s motion above the electrode surface (≥ 20 µm).  
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Figure E.7: Numerical simulation results of logarithmic (base 10) ratio of viscous drag to DEP at 
yz plane (x = 0) at varying frequencies: (a) 10 kHz, (b) 100 kHz and (c) 1000 kHz. Away from 

the electrode surface, the drag force becomes comparable to DEP. 
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