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Abstract 

 

A 3D SERS DEVICE FOR HIGHLY SENSITIVE DETECTION OF 

ORGANIC CHEMICALS IN LIQUID 

 

Sankgeeth Vennila Sigamani, M.S 

The University of Texas at Arlington, 2021 

 

Supervising Professor: Yaowu Hao 

 

Detection of organic chemicals in liquid medium have been gaining 

utmost attention in recent times. Real time detection and monitoring of a 

variety of environmental pollutants, explosive materials, chemical agents, 

and pharmaceutical drugs in liquid medium are of great need in today’s 

technological advancements. While there are several scattering, emission 

and spectroscopy techniques in use, Raman spectroscopy is attractive 

because of its molecular specificity i.e., each molecule has a Raman 

fingerprint. Raman spectroscopy utilizes the inelastic portion of the 

scattered wave for detection. But since intensity of inelastic scattering 

(Raman scattering) is very low, compared to the elastic scattering, low 

concentration analysis has been challenging. 

Surface-Enhanced Raman spectroscopy or Surface-Enhanced 

Raman Scattering (SERS) potentially overcomes this challenge, with its 
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good detection capabilities for lower concentrations in liquid solution. SERS 

enhances the Raman signal of molecules (capable of 1010-fold 

enhancement) when they are adsorbed on a metal nanostructure (termed 

as SERS substrate) surface. The design of SERS substrate plays a crucial 

part in the enhancement of the Raman signal. Conventional 2D substrates 

are not very efficient in providing binding of the analyte molecules to SERS-

sensitive hotspots and in-situ detection can be challenging, owing to the low 

volume of liquid on the surface. These challenges can be overcome by 

using three-dimensional (3D) hierarchical nanostructures as SERS 

substrates, because of its high hotspot density along all spatial directions.  

Single crystal 3D silver dendrites are desirable for such application, 

due to the presence of nanotips and nanogaps which act as hotspots 

enhancing the Raman signal. These silver nano dendrites can be generated 

by a simple Galvanic Replacement Reaction (GRR) between copper wire 

and silver nitrate solution, yielding a multi-level branched nanostructure. 

These branched surfaces in proximity, have the capability to enhance the 

Raman signal of the analyte present, due to Localized Surface Plasmon 

Resonance effect (LSPR). 

In this thesis, a reliable, reusable and low-cost SERS device, 

employing 3D silver nano dendrites, that can be used for in-situ monitoring 

of organic molecules in liquid flows is presented. This device has the 

capability to detect very low concentrations of organic chemicals, at parts 

per million range in liquid in real time, without much of an erroneous 
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measurement and sample preparation. The device was made of 3D silver 

nano-dendrites enclosed in channels in PDMS. It is reusable, with good 

reproducibility and has the potential for multichannel configurations that can 

provide parallel analysis. This device is made reliable by calibrating using 

Rhodamine-6g, as a reference molecule. It can be then used to detect 

various Raman active molecules in liquid solution with varying 

concentrations.  

We detected molecules of 4-Mercaptobenzoic Acid (4- MBA) and 

Methylene blue in liquid solutions with very low concentrations. Detection of 

Acetaminophen and Thiabendazole with good reproducibility, makes the 

device to have significant potentials at real-world applications in different 

fields. The device was successful in detecting ultra-low concentrations with 

high sensitivity, as compared to previously reported nano substrates thus 

making it a significant SERS substrate. 
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Chapter 1 

Introduction 

 

Detection of organic chemicals in liquid at PPM concentrations, within minutes and 

with few or no false-positive responses, is sought after in many different applications and 

industries. Gas Chromatography coupled Mass Spectrometry (GC/MS) [1, 2, 3, 4, 5], Ion 

Mobility Spectrometry (IMS) [6, 7], Infrared Spectroscopy (IR), Raman spectroscopy [8, 

9, 10, 11, 12, 13], etc. are some common techniques used for the analytical determination 

of organic chemicals. All the fore mentioned measurements are typically carried out by 

sampling, extraction, and separation of the chemical mixtures from the aqueous matrix. 

The liquid samples may also undergo chemical and physical transformations during this 

process, which may lead to inaccurate results. Also, these methods require complex 

equipment, extended time and laborious operations. For example, GC/MS has been used 

to detect 0.02 ppm analytes in water, but the analysis required as much as an hour to 

perform [5]. Although in efforts of solving equipment complexity, portable Infra-Red and 

Raman spectrometers have been developed, but only 100 ppm analytes in water were 

measured using Infrared spectroscopy and 5000 ppm analytes in chloroform were 

measured using Raman spectroscopy [9, 13]. 

Surface-Enhanced Raman Spectroscopy (SERS) overcomes the above limitations 

and greatly increases the sensitivity [14]. SERS is a technique which determines 

enhanced Raman signal from Raman active molecules, that are adsorbed to the surface 

of an appropriate metal nanostructure. Such massive intensification of the Raman 



2 

 

scattering from molecules rise from Localized Surface Plasmon Resonance (LSPR) 

effect, supported by metal nanostructures [15]. Scattering efficiencies increase by as 

much as 14 orders of magnitude, when the target analytes interact with the surface-

plasmon modes of metal particles, although 10 orders of magnitude are more common. 

It has become a very important tool for chemical analysis, environmental applications, 

and biological sensing due to its high levels of sensitivity and high spectroscopic precision 

[16]. Detection is accurate and obtained with or without any sample preparation, and as 

less as a single molecule can be detected [17, 18, 19, 20]. SERS techniques share the 

advantages of conventional Raman spectroscopy, such as low background signals [21], 

specific signals for particular molecules [22] and multiplexing capabilities [21]. SERS can 

also be utilized to detect and monitor certain environmental pollutants, explosive 

materials, chemical agents, and pharmaceutical drugs in flowing liquid media [23, 24, 25]. 

However, one of the important limitations of SERS application is the difficulty in 

statistical binding of analyte to the surface of SERS hot spot [26, 27, 28, 29, 30]. Hence, 

it becomes extremely tough and tricky to detect highly diluted solutions in liquid media. 

To overcome this problem, it is important to design and develop a robust SERS substrate 

with high reproducibility and high hotspot density. The synthesis process of the substrate 

should also be easy, not time consuming, of low cost and with minimal usage of 

hazardous chemicals.  

In the past few years, the ability of SERS has grown to measure organic chemicals 

in liquid, with sufficient spectral uniqueness. A silver-coated microsphere and 

electrochemically roughened gold or silver foil have been reported to be used as efficient 

SERS substrates [31, 32, 33].  They were used to analyze several organic chemicals and 
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achieved significant spectral enhancement. However, the sample solution needed to be 

dried on the substrates to obtain sensitivity at 0.05 ppm. Another SERS substrate, formed 

by templated self-assembly of gold nanoparticles has been used to detect 0.04 ppm 

cyanide in a liquid medium [34]. But it required an acid wash to get optimum sensitivity 

and the measurements were also irreversible. Silver-doped sol-gels were developed as 

SERS active medium and were coated on the inside walls of glass vials that hold the 

liquid samples [35]. However, they were not able to detect very low concentrations. 

Recently, chloroform covered by gold nanorods inside a glass cuvette, serving as a SERS 

substrate has been reported to be used in detecting pesticides [36]. But the process 

included lots of hazardous chemicals for substrate synthesis and surface treatments. 

The above-mentioned drawbacks can be overcome with three-dimensional (3D) 

metal nano dendrites as SERS substrates. It is a hierarchical nanostructure, containing 

multiple branched structures, that can increase the Raman signal by providing more 

hotspots created at the tip of these branches, as well as at the junctions [37]. Moreover, 

high surface area of the dendritic structure can also provide more interaction between the 

substrate and the analyte molecules. Considering these factors, nano dendrites made of 

noble metals like silver (Ag) are exceptional candidates for use as SERS substrates, as 

they show excellent electrical conductivity and Localized Surface Plasmon Resonance 

(LSPR) properties. 

As of today, there are numerous synthesis processes reported to develop Ag 

hierarchical nanostructures, with diverse structural features and applications. These 

include several deposition reactions, evaporation reactions, redox reactions, templated 

synthesis using reducing agents and light irradiation techniques. Most of the methods that 
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are developed to synthesis silver dendrites has one or more deficiencies including, but 

not limited to laborious processes, adulterated substrates, high cost, low-yield restrictions, 

and poor reproducibility. For example, when the dendrites are generated by templated 

synthesis, to detach them from the templates special care must be taken [38]. One simple 

method that can overcome the shortcomings stated above is using a Galvanic 

Replacement Reaction (GRR) to synthesis dendritic nano structures. GRR is driven by 

the difference between the reduction potential of the target metal and a sacrificial metal.  

In this research, we designed a simple, low cost, and reusable device that employs 

3D Ag dendrite nanostructures for enhancing Raman signal, for the detection of organic 

chemicals in liquid medium with significant reproducibility and commercial potentials. Ag 

nano dendrites were synthesized by GRR, inside the channels made of the 

polydimethylsiloxane (PDMS), which serves as a 3D SERS substrate. The dendrite is 

produced by a GRR between a copper wire and silver nitrate solution which is a simple, 

cost effective and fast method. The size and shape effect of the generated dendrites are 

studied theoretically using a Finite Difference Time Domain (FDTD) simulation. We 

demonstrated that this SERS device can be calibrated by using Rhodamine-6g as a 

reference molecule and can be employed for detection of 4-Mercaptobenzoic Acid (4- 

MBA), Methylene blue, Acetaminophen and Thiabendazole in liquid solutions with various 

concentrations. The results indicated that the 3D nanostructures can amplify Raman 

signals for extremely low concentrations of these molecules with consistent, rapid, and 

reproducible SERS results. 
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Chapter 2 

Background information 

 

2.1 Raman scattering theory 

The scattering of light can be thought of as the deviation of an electromagnetic 

(EM) wave (i.e., light ray) as it runs into a material with non-uniformity or an obstacle [39]. 

When the EM wave of frequency ʋo, interacts with the material, the electron orbits are 

disturbed periodically with the frequency same as that of the electric field of the incident 

wave, illustrated in Figure 1. A dipole moment is induced when the charges in the orbit 

are separated, and the electron cloud oscillates periodically within the molecule. Thus, 

the material gets polarized. Because of this polarization the material gets to an excited 

state and in turn scatters light [40]. When light is scattered by a material, most of it are 

elastically scattered (Rayleigh scattering), where the scattered photons have the same 

energy (frequency, wavelength, and color) as that of the incident light but travel in different 

directions. However, a small portion of light is scattered at a different frequency. This 

scattering is referred to as inelastic scattering also called Raman scattering [41]. 
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Figure 1: Interaction of Electromagnetic (EM) wave with a material [41] 

 

As stated previously, an induced dipole moment is generated when an incident EM 

light wave interacts with a material. The induced dipole moment, P, is given by 

  1 

where α is the polarizability of the material and E is the intensity of the electric field of the 

incident light source. Material properties like the molecular structure and nature of the 

bonds determine the polarizability of the material. 

For the incident EM wave, the electric field can be expressed as 

  2 

where ʋo is the frequency (Hz) of the incident EM wave. 

The time-dependent induced dipole moment can be obtained by substituting 

equation (2) in (1), 

  3 
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The polarizability is a function of the instantaneous position of constituent atoms 

since the relative position of the individual atoms determine the ability to disturb the local 

electron cloud of a molecular structure. 

For any molecular bond, the individual atoms are confined to specific vibrational 

modes, in which the vibrational energy levels are quantized in a manner like electronic 

energies. A particular mode of vibrational energy is given by 

 
 

4 

where j is the vibrational quantum number (j = 0,1,2…), ʋvib is the frequency of the 

vibrational mode, and h is the Planck’s constant. 

The physical displacement dQ of the atoms about their equilibrium position due to 

the vibrational mode may be expressed as 

  5 

where Qo is the highest limit displacement about the equilibrium position. 

For small displacements, the polarizability may be approximated by Taylor 

expansion as, 

 

 

6 

where αo is the polarizability of the material when its molecular vibrational mode is at 

equilibrium position. 

Based on the vibrational displacement of Equation (5), the polarizability may be 

given as 

 

 

7 

Finally, Equation (7) may be substituted in Equation (3), which yields 
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The above relation may be recast as 

 

 

9 

This equation indicates that induced dipole moments are created at three different 

frequencies, 𝑣0, (𝑣0−𝑣𝑣𝑖𝑏), and (𝑣0+𝑣𝑣𝑖𝑏), which in return produce scattered radiation at 

these same three frequencies. The first scattered frequency, 𝑣0, represents elastic 

scattering as it has the same frequency as that of the incident light. However, the latter 

two frequencies, (𝑣0−𝑣𝑣𝑖𝑏), and (𝑣0+𝑣𝑣𝑖𝑏), are inelastic because of their shifts and are 

considered as Raman scattering. The down-shifted frequency is known as Stokes 

scattering, where the molecule does not relax back to the original ground state and some 

vibrational energy is transferred to the molecule, resulting in emission of a longer 

wavelength. The up-shifted frequency known as anti-Stokes scattering, where the 

molecule originally in the excited vibrational state comes back to a lower energy state, 

resulting in emission of a shorter wavelength. 

From the equation (9) the necessary condition for Raman scattering is that the 

term  must be non-zero. Polarizability changes when the vibrational displacement of 

atoms corresponds to particular vibrational modes. For example, consider a diatomic 

molecule A-B, with maximum vibrational displacement Qo. 

 



9 

 

 

Figure 2: Vibrational displacement of A-B about the equilibrium position [42] 

 

As depicted in Figure 2, when A-B are in maximum compression, their electrons 

will have attraction from nucleus of the other atom, and hence it will be very difficult to 

perturb electrons in this situation. So, the polarizability will be minimum. On the contrary, 

when atoms A-B are at maximum displacement, electrons can be easily perturbed. Hence 

polarizability will be the highest in this situation. However, it should be noted that 

polarizability is continuously changing with respect to the displacement of the atoms. 

 

Figure 3: Polarizability of A-B as a function of vibrational displacement about equilibrium [42] 
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In Figure 3 𝜕𝛼/𝜕𝑄 is non-zero, throughout the range which satisfies the Raman 

condition. Hence the system will produce Raman scattering at the two frequencies 

(𝑣0−𝑣𝑣𝑖𝑏) and (𝑣0+𝑣𝑣𝑖𝑏).  

 

2.2 Raman spectroscopy 

Raman microscope is a commonly used materials characterization instrument. 

Raman microscopy is not primarily used for imaging purposes and thus, it can also be 

referred to as Raman micro-spectroscopy. This instrument often called micro-Raman, is 

of the dispersive type, which means it collects spectrum at each wave number separately. 

This microscope can observe tiny areas of materials by focusing the laser beam down to 

the micrometer level without much sample preparation, if a surface of the sample is free 

from contamination. 

 

 

Figure 4: Schematic diagram of Raman spectrometer 

(adopted from Raman Filters - Optical Filters for Raman Spectroscopy. (n.d.)., from this website) 

https://www.opticsbalzers.com/en/products/filters/raman-filters.html
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The optical arrangement of a Raman microscopic system is schematically 

illustrated in Figure 4. A single-wavelength beam is generated by passing a laser beam 

through a cleaning filter. This beam is then focused on the sample surface by the 

microscope. The Raman scattered light, reflected from a small area of the sample is 

collected by the microscope and sent to the detector. A holographic filter is used to block 

the laser light from entering the detector system along with the inelastically scattered light. 

Before being recorded by a detector, the wavelength of Raman scattering light is chosen 

by a diffraction grating system. 

Typical Raman microscope includes the following elements 

• Laser source. 

• Sample illumination and collection system. 

• Spectral analyzer. 

• Detection and computer control and processing system 

In 1960s the field of Raman spectroscopy was revolutionized due to the 

development of lasers. It is easy to create a high-fluence and narrow-excitation region 

within a small volume of sample by focusing the laser beam. This smaller region could be 

easily coupled optically onto the entrance slit of a spectrometer. Raman spectroscopy 

uses laser as an excitation source, providing highly monochromatic light. The excitation 

laser source generates laser beams with wavelengths in the visible light range or closer 

to it. A commercially available and regularly used Raman excitation laser is the He-Ne 

laser (638.2nm) [43]. Other commonly used laser sources are gas continuous-wave 

lasers such as Ar+, Kr+, etc. These laser sources are often capable of generating beams 

of multiple wavelengths. For example, Ar+ generates a range of wavelengths with different 
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intensities of 515.4 nm, 488.0nm, and 350.7nm. If we are using Ar+ laser with a specific 

wavelength, it is necessary to filter out all the other wavelengths.  

The major difference between the microscope used in the Raman system and the 

conventional ones used for observation of microstructure is that Raman microscope only 

needs to illuminate a target area and not the entire field. The high numerical aperture 

microscope is used to collect the Raman-scattered light over a large solid angle 

effectively. The schematic layout in Figure 5 illustrates the optical features of the Raman 

microscope. A single monochromatic wavelength is obtained by allowing the laser beam 

to pass through a laser cleaning filter. The appearance of diffraction rings and speckle 

noise from around the focused spot is removed by a slit. This ensures a defined laser 

beam for illumination. This laser beam is then reflected by a beam splitter and goes 

through an objective lens to illuminate the sample. After illumination, the Raman-scattered 

light from the sample is collected by a wide-aperture objective lens and focused on 

another adjustable slit placed in the image plane of the microscope. Both the slits are 

called confocal diaphragms, because they are in exact optical conjugation positions with 

respect to the point source on the sample surface, like the confocal aperture in a confocal 

microscope. The purpose of this confocal arrangement is to make sure that the light 

transmitted to the spectral analyzer and detector is originated only from the focused small 

area of the sample. These two slits are important for both illuminating the sample and 

collection of Raman-scattered light. They increase the spatial resolution by eliminating 

stray light coming from the region of the sample that is not in focus. As low as 1μm of 

spatial resolution can be reached for the sample by adjusting the slit diaphragm, when 

using a 100× objective lens. 
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Figure 5: Optical diagram of a Raman microscope [43] 

 

The inelastically scattered Raman light has intensity lower than that of the 

elastically scattered light. So, it requires a special filter to block the elastically scattered 

light. Hence, before the scattered light from the sample reaches the spectral analyzer, a 

special filter is used to remove elastically scattered light. This filter possesses a ‘‘notch’’ 

like feature, which is the zero-transmission range for a specific wave number, aligned to 

be the exciting laser wave number and thus eliminating it. The filtered inelastically 

scattered light then reaches the diffraction grating, which is the key component of the 

spectral analyzer in the Raman microscope. The objective of diffraction grating is to 

disperse the Raman-scattered light according to its wave numbers. The surface of 

diffraction grating consists of equally spaced fine parallel grooves. Based on Bragg’s Law 

of diffraction, Raman scattered light incident on the diffraction grating, is dispersed by 

diffracting in distinct directions depending upon the incident wavelength. The role of 

diffraction grating in Raman spectroscopy is exactly same as that of equally spaced 
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atomic planes in crystals, which diffracts different wavelengths in different angles. 

Usually, a range of 1000 wave numbers can be covered by one diffraction grating. In 

recently developed Raman microscopes, the diffraction grating can continuously rotate 

and change its angle with respect to the incident Raman scattered light. This ensures 

recording Raman spectrum with a range of 400–4000cm−1 and separates different wave 

numbers smoothly. A spectral resolution of 1cm−1 can be obtained by the diffraction 

grating. 

The Raman scattered light which is separated according to the wavelength is 

recorded by a detector, that is made of photoelectric materials. This detector converts 

photon signals to electric signals. The detector used in Raman spectroscopy is mostly a 

multichannel and solid-state device. The Charge-Coupled Device (CCD) is the most used 

Raman detector. It is a silicon-based semiconductor arranged as an array of 

photosensitive elements. A simple one-dimensional array of CCD can detect and record 

light intensity of distinct wavelengths, separated by the diffraction grating. The Stokes 

scattered Raman shift is calculated and plotted versus the wave number in the Raman 

spectrum by computer processing. 

Fluorescence can be seen in impure samples. This is because the impurities in the 

sample may absorb laser radiation and re-emit it as fluorescence. This fluorescence has 

an intensity that can be as much as 106 times higher than that of Raman scattered light. 

Thus, a Raman spectrum can be completely covered by the fluorescence. This causes a 

major drawback of using Raman spectroscopy. To minimize fluorescence issues in the 

sample, the following three methods are commonly used [43]: 

• The sample is irradiated with high-power laser beams for a prolonged time. 
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• Near infrared (longer wavelength) excitation laser source is used as it has less 

excitation energy of the laser beam, thus reducing the chance of fluorescence. 

• Pulsed laser source like electron gate can be used to measure Raman signal and 

to reduce fluorescence because the lifetime of Raman scattering (1012 s to 1010 s) 

is much shorter than that of fluorescence (10−9 s to 10−7 s). 

 

2.3 Surface-Enhanced Raman Scattering 

Raman scattering has low intensity than elastic scattering, making it hard to detect 

the Raman light for low concentration of molecules. It has been found that, if analyte 

molecules that are to be detected, are adsorbed on a plasmonic metal nanoparticle 

surface, the weak Raman scattering signal can be drastically enhanced. This effect of 

enhancement is known as Surface-Enhanced Raman Scattering (SERS). SERS was first 

observed by Fleischman et al. in 1974 [44]. It was then confirmed by Van Duyne, 

Jeanmarie [45] and Albrecht, Creighton [46] independently that, when molecules were 

adsorbed on a roughed silver substrate, the Raman signals were enhanced about a 

million times. Shortly afterward, Martin Moskovits in 1978 first explained that the unusual 

increase in Raman cross section was because of the presence of excited surface 

plasmons [47, 48]. Nowadays, SERS has advanced a lot. It has become a powerful tool 

to detect trace amounts of molecules in the order of 10-14 to 10-15 M concentrations. More 

importantly, it has also triggered the development of near-field optics [49] and other novel 

devices based on plasmon [50]. 
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The effect of SERS enhancement is related to and can be explained by both 

electromagnetic [51, 52, 53, 54, 55, 56, 57] and electronic mechanisms [58, 59, 60, 61, 

62, 63, 64].  But electromagnetic enhancement is the major mechanism. The 

electromagnetic theorem states that the field enhancement occurs due to the resonant 

effect, between the optical fields and the surface plasmon in the metal. This leads to the 

redistribution of electric field intensities around the metal surface. Therefore, the Raman 

signals can be massively enhanced when the molecules are near or on the metal surface. 

This enhancement depends on the type, size, shape, and arrangement of the metal 

particles and the frequency of the incident light [65]. When both the incident and scattering 

fields are resonated with the plasmon frequency, the enhancement becomes 

exceptionally strong.  

 

2.3.1 Localized Surface Plasmon Resonance 

SERS enhancement occurs due to the electromagnetic enhancement 

mechanisms which can be explained by Localized Surface Plasmon Resonance (LSPR) 

phenomenon. An applied external electric field i.e., light, when shined on the surface of 

the metal, causes the free electrons on the surface to move back and forth collectively. 

This gives rise to surface plasmon due to the polarization of electrons. These negatively 

charged free electrons on vibration, produces an electric field. Coherent vibration of the 

electric field from the oscillation of free electrons and the applied external electric field 

(e.g., electromagnetic waves), results in the phenomenon referred to as Surface Plasmon 

Resonance (SPR) which occurs at the surface of the metal [66]. Also, the resonance 



17 

 

frequency would shift from the plasma frequency to the SPR frequency. For most metals, 

the plasma frequency is seen in the ultraviolet (UV) region. Normally, the frequency shift 

between the incident light and Raman scattering is very small compared to the width of 

plasmon resonance. However, for some metals like Au, Ag, and Cu, the plasma shift 

frequency is near to the visible light zone. 

 

Figure 6: LSPR effect on the spherical nanoparticle [66] 

 

When the electromagnetic field impinges on metal nanostructures with dimension 

much smaller than the wavelength of incident light, the collective oscillation of plasma 

would be localized near the surface. The absorption and scattering of the visible and near 

infrared (NIR) lights can be strongly enhanced by these nanoparticles at the Surface 

plasmon resonance frequency. This effect is termed as LSPR effect. In brief, LSPR is 

nothing but SPR in nanometer-sized structures. The interaction between the conduction 

electrons on the surface of the metal nanoparticle and the incident light results in the 

occurrence of this phenomenon [66]. Figure 6 illustrates the collective oscillations of 
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electrons in a spherical nanoparticle under the action of an external electric field. The 

term ‘localized’ indicates that the propagation of the oscillation of the electrons is limited. 

This is because of the size of the nanoparticles that are much smaller than the wavelength 

of light, making these oscillations spatially localized in three dimensions. Thus, when light 

wave is trapped inside the conductive metal nanoparticles (MNPs) with sizes smaller than 

wavelength of light, LSPR effect is observed. Since, LSPR is the resonation of the electric 

field from the localized oscillation of free electrons and the applied external electric field, 

the plasmon absorption intensity and position can be greatly affected by the surface 

property of the metal. Thus, by changing the size and structure of the material we can 

obtain different types of plasmonic modes [67]. Recently, plasmonic nanostructures are 

used with great potential in optical devices, bio-sensing, and SERS. It is well known that 

the size, shape, morphology, and crystallinity can affect the properties of plasmonic 

nanostructures [68]. 

The Raman signal of a molecule can be hugely enhanced when it resides near the 

metal surface, where both the particle’s polarization frequency and the illuminating light 

frequency resonates. The particle features like morphology and arrangement, and the 

frequency of the incident electromagnetic field determines the enhancement factor. 

 

2.3.2 Electromagnetic enhancement 

It has been found that SERS can have an enhancement factor that can reach up 

to 1015 – 1016 [69, 70, 71], although estimates of 105 – 1010 are more common. The largest 

observed SERS signal is mainly due to the plasmon resonance enhancement which is an 
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electromagnetic enhancement mechanism. Electromagnetic enhancement mechanism 

has two contributions namely, local field (or near field) enhancement and re-radiation 

enhancement [51, 52, 53, 54, 55, 56, 57]. In local field enhancement, the contribution of 

the local electric fields around metal-particle surfaces are enhanced by plasmon 

excitation. This induces a strong spatial localization called “Hotspot”. Re-radiation 

enhancement is the second contribution to electromagnetic enhancement, where the 

efficiency of the molecule to radiate Raman signal is increased when it is near a metallic 

substrate. Oscillation of the molecule depends on the environment in which it is 

embedded. Particle size, shape, arrangement, and dielectric environment also have a 

strong sensitivity to SERS signal intensification in this electromagnetic enhancement 

mechanism. For the enhancement of the Raman signal to be effective, the molecule 

should be near the metal particle surface within 1-50nm distance [65,66]. 

In conventional Raman scattering, when the excitation laser radiation oscillating at 

angular frequency ωL and electric field E(ωL), irradiates a molecule, it is characterized by 

a Raman polarizability tensor αR (ωR, ωL). The oscillating dipole at the Raman frequency 

is induced by the excitation light source. The radiated Raman intensity is proportional to 

the square modulus of the dipole. Whereas, in SERS electromagnetic enhancement, the 

molecule experiences the electric field of ELoc(ωL) when it is placed near a plasmonic 

metal substrate. This electric field experienced by the molecule is much stronger than the 

input excitation light source E(ωL). The emitted Raman scattering intensity is also 

enhanced by the presence of the plasmonic metal nano substrate. Thus, both the input 

laser source and the output Raman signal are enhanced when the molecule is near the 
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plasmonic metal nano structure. Then the total electromagnetic enhancement is 

approximated to |E|4. 

Based on this phenomenon, the enhancement factor in a molecule is given by 

   E(ωR) = |E0(ωL)|2 |E(ω’)|2 1 

where E0(ωL) is the local electric-field at the incident angular frequency ωL and E(ω’) is 

the corresponding factor at the Stokes-shifted frequency ω’. 

Equation (1) is the most used expression that is employed to get the numerical 

values of the enhancements. In conventional SERS, E(ωR) can be averaged and is often 

approximated by assuming that E0(ωL) and E(ω’) are the same at the surface area of the 

metal nano particles, where molecules can adsorb to generate the observed 

enhancement factor <E(ωR)>, and therefore equation (1) becomes 

 E(ωR) = |E0(ωL)|4 2 

The plasmon width is large compared to the Stokes shift, which this approximation 

takes as an advantage. 

The easiest way to figure out and quantify the local field enhancement is to utilize 

the classical view of Raman scattering. 

The external electric field (E0 (ωL)) produced by the laser oscillating at ωL, induces 

an oscillating dipole (p(ωR)) in the molecule at the Raman angular frequency ωR. 

 Pm(ωR) = αR, m (ωR, ωL) E0(ωL) 3 

Where αR m (ωR, ωL) is the Raman polarizability tensor of the molecule. 

Similarly for the particle, 

 Pp(ωR) = αR, p (ωR, ωL) E0(ωL) 4 

Where αR, p (ωR, ωL) is the Raman polarizability tensor of the particle. 
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The molecule near the metallic substrate experiences a huge local electric field 

(ELoc (ωL)) that is stronger than the input field (E0 (ωL)), due to the polarization of the 

particle. This leads to the increment of the incident field (𝐸0 + 𝐸𝑙𝑜𝑐). The incident light 

intensity is proportional to (𝐸0+𝐸0, 𝑙𝑜𝑐)2. Equation 2  indicates that the electric field is 

proportional to the enhancement. The increased incident field then excites the analyte 

molecule which can emit Raman scattered light. 

The emitted field from a molecule, 𝐸𝑚𝑜𝑙, is also enhanced by polarization of metal 

particles giving rise to a total field of 𝐸𝑚𝑜𝑙 + 𝐸𝑚𝑜𝑙,𝑙𝑜𝑐. The Raman intensity is now 

approximately (𝐸𝑚𝑜𝑙+𝐸𝑚𝑜𝑙,𝑙𝑜𝑐)2. Therefore, the Raman signal is enhanced by E2 at every 

stage. 

 

Figure 7: Schematic representation of SERS electromagnetic enhancement 

(Surface-Enhanced Raman Scattering. (n.d.)., from this website) 

 

As the analyte molecule is very close to nanoparticle surface, the induced dipole 

field of the particle (𝐸𝑝=𝐶Pp) can be added to the incident field for the calculation of the 

http://www.silmeco.com/knowledge-base/surface-enhanced-raman-scattering/


22 

 

dipole moment of the molecule (𝐶 is a constant). Similarly, the induced dipole field from 

the molecule (𝐸𝑚=𝐶P𝑚) can be added to the incident field when identifying the dipole 

moment for the particle. Thus, the coupled dipole system becomes: 

 P𝑝= 𝛼𝑝(𝐸0+𝐶P𝑚) 5 

 P𝑚=𝛼𝑚(𝐸0+𝐶P𝑝)  6 

Upon solving this system, we get 

 P𝑝 = 𝛼𝑝 (1+𝐶𝛼𝑚 / 1−𝐶2𝛼𝑝𝛼𝑚) 𝐸0 = 𝛼𝑝𝑜𝐸0 7 

 P𝑚 = 𝛼𝑚 (1+𝐶𝛼𝑝 / 1−𝐶2𝛼𝑝𝛼𝑚) 𝐸0 = 𝛼𝑚𝑜𝐸0  8 

Where, 𝛼𝑝𝑜 and 𝛼𝑚𝑜 are the effective polarizability of the particle and the molecule, 

respectively. Since LSPR at the particle surface shows that 𝛼𝑝 >> 𝛼𝑚, near the particle 

surface the effective polarizability of the particle (𝛼𝑝𝑜) dominates the system. 

The local field enhancement can be defined as:  

  

 

Therefore, the 4th power of the ratio between the field near the nanoparticle and 

the incident field can be achieved [66,72]. 

The metal nanostructures for SERS should have the dimensions that cannot be 

smaller than analyte molecules and the wavelength of the excitation light to achieve the 

surface enhancement [47]. If the nanostructures become too small to gain lower 

dimensional limit, conductivity of the MNPs reduce drastically due to electronic scattering 

9 

10 
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at the particle’s surface [73, 74, 75]. In response, reradiated field will be reduced in 

strength and the quality of dipolar resonance will also be compromised. The upper 

dimensional limit of the particles is determined by the wavelength. Larger size cannot 

generate dipolar plasmon which is responsible for SERS enhancement. Generally, the 

size ranges from 5nm to 100nm. 

Nowadays, there are more theoretical enhancement estimates by using 

computational electrodynamics methods such as Discrete Dipole Approximation (DDA) 

[76] and Finite Difference Time Domain (FDTD) [77] calculation. These methods can be 

used for non-resonant molecules on the surface of the nanoparticles, by solving Maxwell’s 

equations to determine the local fields E(ω). Any size and shape of the particle can be 

used in these methods, as they represent the nano structures using finite elements. For 

nanoparticles, the enhancement can be calculated for a large number of particles but are 

limited to the total number of elements needed to converge the calculation as finite 

elements. However, coupled multipole expansions can be used to pair many particles 

together. 

 

2.3.3 Hotspots 

For a SERS-active system to be effective it must contain nanostructures or 

nanofeatures. These characteristics have an advantage of providing high field 

enhancement. The distribution of the local field enhancement at the surface of a 

plasmonic metal substrate is highly nonuniform. It is mainly localized in very small spatial 

regions called “hot spots”. Sharp tips and nanogaps are often considered as hot spots in 
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a structural point of view. Nanogaps are nothing but the very small gap between the 

nanoparticles or between a nanoparticle and a surface [78, 79]. When the molecules are 

contained within the confined volume of nano features, an approximate increase of 1010 

times in Raman signal can be achieved. 

 

 

Figure 8: Effect of orientation of vector-E with respect to hotspots [19] 

 

The illustration in Figure 8 explains that if two MNPs placed within the range of 1-

50nm is excited by using an appropriate light source, strength of the hotspot is greatly 

increased. This high level of increase is seen only if the external electric field is aligned 

with the axis connecting the two MNPs. This is due to the polarization of the nanoparticles; 

an excess of positive and negative charges is generated on the opposite sides of the 

metal nanoparticles by the applied external electric field. The strength of hotspot will be 
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reduced if the distance between these MNPs increase. It is also noted that there will be 

no significant enhancement effect on molecules, if the excitation light source is having an 

electric field aligned perpendicular to the axis of the nanoparticles. In this situation no 

hotspots can be observed even if the distance between nanoparticles is reduced. This is 

because, the induced dipoles are oriented in a way that allows no mutual reinforcement.  

Thus, the polarization of both the nanoparticles is increased as a result of 

reciprocal interaction between them. Hence there exists a combined effect of both the 

external field and the polarization of the charges induced by the nearby nanoparticle, 

acting on each of the two nanoparticles. In other words, the polarization of one 

nanoparticle is contributed not only by the external electric field, but also by the induced 

dipole from the next nanoparticle. The individual polarization of each nanoparticles also 

influences the molecule placed in between them. Thus, decreasing the distance between 

the two nanoparticles drastically increases the capacitive field on the molecule placed 

between them. 

The enhancement can be strongly increased by reducing the gap size (g). 

Approximately 105 times enhancement has been achieved at g = 10nm and 109 times at 

g = 2nm for two gold nanoparticles of radius 25nm [72]. The enhancement is 

approximately given by 1/g2 and is termed as the power law dependence [80]. But for a 

single gold sphere the enhancement factor is approximately only 103 which explains the 

reason that SERS is mostly observed on aggregated nanoparticles and hardly on isolated 

nanoparticles. The nanogaps are more efficient than the sharp tips in amplifying the 

Raman signals because of this reason. For few cases like hollow nanoparticles, the field 

enhancement generated between the nanoparticles may be neutralized by a cutback of 



26 

 

the field inside the nanoparticles, thus even the aggregation of this structure weakly 

enhances the Raman scattering [81]. And for gap sizes less than 1nm the SERS 

enhancement is limited due to quantum mechanical phenomena like electron tunneling 

[82]. 

 

2.4 SERS substrate 

The very crucial topic in SERS research is the fabrication of SERS active 

substrate. The main features like arrangement and morphology of the nano particles and 

the frequency of the incident excitation light source affects the enhancement of the 

Raman signal. The MNPs made of silver, gold, and copper with different sizes and shapes 

can be used for this purpose. Producing SERS substrates with competent characteristics 

like high uniformity, reproducibility, and sensitivity is of high importance to efficiently 

obtain SERS enhancement. There are lots of hot research to discover different synthesis 

methods of MNPs in different nanostructures, by controlling the size and shape of the 

metal nanostructures in 1, 2 and even in 3 dimensions. 

We know that the Raman enhancement phenomenon occurs when the analyte 

molecules adsorb to the hotspots in the SERS substrate. Thus, one of the important 

principles in the design of the SERS substrate is to create as greater number of hotspots 

as possible. The overall efficiency of the Raman enhancement is critically dependent 

upon the dimensions of metal nanostructures. They should neither be large and nor too 

small to generate significant Raman enhancement. For quantitative measurements, these 

features are important [66]. 
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A robust SERS substrate should not only possess the above discussed abilities, 

but it should have high stability, ease of fabrication, low cost of production etc. It is found 

that the 3D metal nanostructures with well-regulated hierarchical morphologies are good 

candidates as highly effective SERS substrates. Compared with conventional SERS 

substrates, it is possible that the hotspots can be expanded along the third dimension in 

the 3D metal nanostructure. In addition, large number of analyte molecules to be 

detected, can be adsorbed on the substrate due to the large surface area. 

Generally, 3D SERS substrates are fabricated by two principal strategies. One is 

3D self-assembly method and the other is template method. In 3D self-assembly method, 

the assembly of the nanostructures are done by two techniques, the top-down technique 

and bottom-up technique. In the top-down approach, lateral patterning of bulk materials 

is formed into nano-sized structures either by subtractive or additive methods. Most of the 

lithography techniques, laser machining, nanocontact printing, deposition, ion 

implantation and diffusion used to fabricate nanostructures are using the top-down 

approach. In the bottom-up approach, desired nanostructures are assembled by 

controlled segregation of atoms or molecules. Plasma arcing, solgel method, metal 

organic decomposition, chemical vapor deposition processes, molecular beam epitaxy, 

wet syntheses, laser pyrolysis and self-assembly processes utilize the bottom-up 

approach. But this technique suffers from poor control, poor reproducibility, imperfection 

in the processed material, high cost and longer processing times. In the template method, 

3D nano scaffolds are used as a template to make nanostructures with noble MNPs. 

Currently, by using template method many 3D SERS substrates have been widely 

developed. For example, the gold or silver nanoparticles decorated Anodic Aluminum 
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Oxide (AAO) channels [83], carbon nanotubes (CNTs) [84], titanium dioxide (TiO2) 

nanoarrays [85], zinc oxide (ZnO) nanorod arrays [86] are some of the most notable 3D 

SERS substrates generated by templated synthesis. Figure 9 shows an illustration of a 

3D SERS substrate [87]. 

 

 

Figure 9: Fractal Silver Dendrites as 3D SERS Substrate [87] 

 

2.4.1 Silver nanoparticles for SERS substrate 

 MNPs with different sizes and shapes, made from noble metals like silver (Ag), 

gold (Au), copper (Cu) are widely used as SERS substrates. Ag nanoparticles are 

explored to be one of the most advantageous among various MNPs. A crucial property of 

Ag in terms of SERS is that it has a robust surface plasmonic effect. Also, among all other 

precious metals, silver is the cheapest. Because of these unique qualities of silver and 

the fact, it can be easily made into desired nanostructures, it has been extensively studied 
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[88]. By changing the size and shape of the Ag nanostructures we can easily alter its 

SERS properties. This led to the synthesis of various shape-controlled silver 

nanostructures like 0D-nano clusters, 1D-nanowires [89], 2D-nanoprisms [90], 3D-flower-

like particles [91], 3D-nanosheet-assembled micro-hemispheres [92], 3D-nanorod arrays 

[93], to name a few.  

 

2.5 Silver dendrites and its synthesis process 

 

 

Figure 10: A simple dendritic structure with a base trunk containing primary and secondary branches [94] 

 

Various nano shapes such as cubes, rods, wires, disks, triangles, prisms, and 

dendrites can be synthesized with Ag nanoparticles [95]. Among these many shapes, 

dendritic structures are important because of their unique features like high complex 

interfacial structure and large specific surface area. The dendrites are made of many 

multilevel hierarchical branches as illustrated in Figure 10. Owning to the complex 
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interfacial structure the target analyte molecules can easily be adsorbed to the surface. 

More importantly, the coupling of SPR of two adjacent branches of the dendrites creates 

a strong electromagnetic field when irradiated with excitation light source, creating 

hotspots with high enhancement. Therefore, silver dendrite conforms a substantial ability 

to be used as a SERS substrate [96, 97, 98, 99, 100, 101, 102].  

Hierarchical silver nanostructures can be fabricated by various methods like 

electrochemical deposition [103, 104, 105, 106], electroless redox reaction [107, 108, 

109], wet chemical synthesis using reducing agents in aqueous solution [110, 111, 112, 

113], photocatalytic reduction [114, 115], decomposition by visible light irradiation [116], 

ultraviolet irradiation of surfactant micelles [117], ultrasonically assisted templated 

synthesis, iodination treatment to evaporated Ag foil surface [118], sono-electrochemical 

deposition [119, 120, 121], and photoreduction by ultraviolet irradiation [122]. But these 

synthesis methods have some limitations. Several of these methods are time consuming 

(which may take up to 1-30 days), a few needs special instruments, some uses extremely 

hazardous materials (e.g., HF); certain methods make use of seed particles and 

templates; quite a few require multiple capping agents and even multiple synthesis steps; 

also in more than a few methods, it is difficult to remove the templates from the surface 

of the products causing damage to the substrates; some have high-cost and low-yield 

restrictions. 
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2.5.1 Galvanic Replacement Reaction 

Galvanic replacement techniques are also widely used to synthesize Ag nano 

dendrites, which avoid introduction of complex templates and chemicals into the reaction 

process. This simple, low-cost method can efficiently produce Ag nano dendrites in large 

scale with well-defined structures. 

Galvanic Replacement Reaction (GRR) is a simple and attractive technique used 

to produce various noble metal (such as Au, Ag, Pd, and Pt) nanostructures and even 

their alloys. GRR is an electrochemical process in which, the ions of metal having higher 

reduction potential is used oxidize another sacrificial metal. This method has a partial 

ability to tune the shape, size, morphology, and composition of the resulting metal 

nanostructures [123]. In all the cases it is not easy to control the structure and morphology 

of the metal nanostructure to be fabricated. This is because it is very sensitive to the 

synthesis condition, temperature, comprising ion concentrations, and the original state of 

the sacrificial material. Several studies show that Ag nano dendrites can be formed by 

using a metal that is more reactive than silver as substrate (e.g., Cu [124, 125, 126, 127, 

128], Mg [129], Al [130], Zn [131], Ni [132], Sn [133]). In most of these studies, the direct 

electron transfer, between the sacrificial substrate and Ag+ ions, is attributed to galvanic 

replacement (redox reaction). This causes the formation and growth of hierarchical silver 

nano dendrites on the surface of the metal substrate or onto the template containing the 

sacrificial material. 

The formation of silver dendrites is explained by a galvanic reaction between 

copper and silver nitrate as follows. 
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 Oxidation reaction:   Cu(s) → Cu2+
(aq) + 2e- (0.34 V vs. SHE) 

 Reduction reaction:   2 Ag+ (aq)+ 2e- → 2Ag(s) (0.80 V vs. SHE) 

Electrons are generated in the oxidation reaction, which takes place at the copper 

surface, where both Cu2+ ions and the electrons are released into the solution. Ag+ in the 

solution will get reduced to Ag on copper surface by accepting the electrons from the 

oxidation reaction. Therefore, each copper ion is replaced by two silver ions at the surface 

of copper. Figure 11, shows the schematic of galvanic replacement reaction between 

copper wire and silver nitrate for the silver dendrite formation process. 

 Overall reaction:  2AgNO3(aq) + Cu(s) → Cu (NO3)2(aq) + 2Ag(s) 

  Cu(s) + 2Ag+ (aq) → Cu2+ (aq) + 2Ag(s) 

 

  (a) (b) 

 

Figure 11: Schematics of Galvanic Replacement Reaction between surface of copper and silver 

nitrate solution for silver dendrite formation. (a) Replacement at the start of GRR process. (b) replacement 

after 1min of GRR process. 
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The growth of Ag dendrites can be explained by the anisotropic crystal growth and 

the Diffusion-Limited Aggregation (DLA) model. The thermodynamic factors and the 

inherent crystal structure of the material are responsible for the growth of the dendrite 

nanostructure by the GRR process. The rough surfaces like defects, stacking faults or 

steps are the spots where GRR is initiated. These spots are mostly high surface energy 

areas where the bulk energy of the total system tends to decrease. This makes the silver 

nanoparticles to accumulate dendritic rather than a hexagonal structure which is 

thermodynamically stable. Even though byproducts like small silver nanoparticles are also 

formed and mixed with the silver dendrites, it does not affect the properties of the dendritic 

structure.  

Initially, the reduced silver atoms aggregate to form a nucleus. A stable nanocrystal 

can be formed by rapid growth of this nucleus. The facet of the nanocrystals is determined 

by the facet that minimizes the total surface energy. It has been observed and calculated 

that the lowest surface energy is found on multiply twinned decahedron with (111) facets 

[109]. There are lots of stable multiply twinned decahedron nanoparticles in the solution 

during nucleation stage. Thus, the dendrite embryo is generated when these 

nanoparticles can pile up together by oriented connection. This forms an elongated 

structure with (111) facets at the end and with protrusions on the sides. Several 

mechanisms like diffusion-limited aggregation, oriented attachment, and Ostwald ripening 

describes the subsequent growth of the branched aggregates of nanoparticles (dendrite 

embryo). Therefore, as the reaction progresses, Ostwald ripening gets some of the small 

nanoparticles to fade away, and some of them form single crystal silver dendrites as they 

might have enough time to relax and fuse to minimum energy positions. From the surface 
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of the copper, the electrons can reach above the deposited silver and also to the tip of 

the dendrites. The silver ions in the solution could obtain these electrons to grow silver 

atoms from the tip position. This mechanism is shown in Figure 12. As silver crystal 

growth prefers (111) direction, they can form single crystal silver dendrites. 

 

 

Figure 12: The mechanism of growth of silver dendrites on the surface of copper 

 

The above-mentioned mechanism is for formation of dendrites on the surface of 

the copper, but not all dendrites are attached to the copper surface and some are free-

standing without any connection with the copper. For GRR to take place, electrons must 

be transferred which requires metallic contact. But for the free-standing dendrites there is 

no contact between the metals. Since electrons cannot be transferred through the 

solution, this free-standing dendritic growth formation has to be attributed to the ions in 

the solution [38]. 

 Cu(aq) + NO3
-
(aq) + 2 H+

(aq) → Cu2+
(aq) NO2

-
(aq)+ H2O 1 

 Ag+
(aq) + 2NO2

-
(aq) + 2H2O → Ag(s) + 2NO3

-
(aq) + 4H+ 2 
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The only stable and possible intermediate ion in the aqueous solution is NO2
- 

(nitrite) ion. It is also found that copper can reduce nitrate ion to nitrite ion by reaction 

following the equation 1. This nitrite ion in turn reduces Ag+ ion to Ag by following the 

reaction equation 2. This results in the formation of free-standing silver dendrites. 
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Chapter 3 

Experiments and results 

3.1 Materials and reagents 

Sylgard 184 PDMS Base and Slygard 184 PDMS curing agent were purchased 

from Dow corning, Midland, MI. Two square geometry capillary tube with diameter 200μm 

and 500μm made of borosilicate glass were purchased from Vitrocom. AgNO3 powder 

and Thiabendazole were purchased from Alfa Aesar (Ward Hill, MA, USA). Rhodamine-

6g, 4-Mercaptobenzoic Acid (4-MBA), Methylene blue, and Acetaminophen were bought 

from Sigma Aldrich.  Latex free syringe of 3 ml from BD medical and copper bus bar wire 

of 80μm was purchased from MSC industrial supply Co. Glass slides and small paper 

clips were purchased as stationary. Millipore system is used to purify the water that is 

used throughout all these experiments. All chemicals were used as received. 

 

3.2 Synthesis of silver dendrites inside a capillary tube 

 

 

Figure 13: Concentric capillary design 

 

Capillary tube made of borosilicate glass with an inner diameter of 500μm that is 

referred as thick glass tube, and 200μm inner diameter tube, that can be called as thin 
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glass tube was used in this process. First, the copper bus bar wire, 20mm in length and 

80μm in diameter is cleaned with acetone and deionized water to get rid of any 

contaminants or dust. This cleaned copper wire is inserted into the thick capillary glass 

tube followed by inserting the thin capillary, halfway into the thick glass capillary from both 

sides. This creates a tapered structure, which is illustrated in Figure 13. This concentric 

capillary design was made to hold the silver dendrites in a wedge, preventing them from 

getting washed away. This setup is connected to a syringe through a connector at one 

end leaving the other end undisturbed. All the connections between the capillaries and 

interface between the capillary and the connector are sealed with UV cured epoxy to 

prevent any leakage of solutions. This setup is then used to create silver dendrites inside 

the tube. Figure 14 shows the entire setup for the silver dendrites synthesis. 

 

Figure 14: The complete experimental setup for synthesis of silver dendrites 

 

An aqueous AgNO3 solution of 0.1M concentration is prepared. 3ml of this solution 

is slowly injected through the capillary tube for 10 minutes using the syringe. Flowrate of 

0.30ml/min in maintained. Silver nitrate reacts with the copper wire to form silver dendrites 
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due to galvanic replacement reaction. After the development of silver dendrites, 10ml of 

deionized water is slowly injected into the capillary tube for washing. Deionized water is 

passed very slowly and carefully to wash the capillary thoroughly without affecting the 

formed dendrites. This washing process is to remove excess solution and reaction 

byproducts such as AgCl inside the tube. Figure 15 shows the formed dendrites inside 

the thick glass capillary tube. 

 

Figure 15: Silver dendrites formed inside the capillary glass tube 

 

3.2.1 Characterization of silver dendrites inside the capillary glass tube 

 

Figure 16: SEM images of silver dendrites formed inside capillary tube 
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Silver dendrites inside the capillary tube is characterized using Field Emission-

Scanning Electron Microscope (SEM). From the SEM images in Figure 16, we can clearly 

see the well-defined dendritic structures. 

 

3.2.2 SERS measurements 

 

 

Figure 17: Schematic representation of the SERS measurements using capillary substrate 

 

This capillary substrate with 3D silver dendrite can be used to enhance the Raman 

signal of the organic chemicals in liquid medium. The solution that is to be detected is 

injected into the capillary substrate using a syringe, till it reaches the other side. Careful 

consideration is made as to not overflow the solution beyond the other side of the 

capillary, as this can increase the concentration of the solution inside the capillary more 

than intended. The laser is focused on the dendrite as show in Figure 17 to detect the 

analyte molecules in liquid solution. 
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Figure 18: Enhancement effect of Ag dendrites in capillary glass tube 

 

To prove SERS effect with the capillary substrate, we conducted analysis with and 

without the substrate using Rhodamine 6g (R6g), which is a common dye extensively 

used in the field of SERS. Raman spectra of 10-3 M R6g with and without the capillary 

substrate is represented in Figure 18. While detecting R6g in liquid without the substrate, 

the Raman signal obtained was weak with very low intensity. Using silver dendrite 

capillary substrate, significant enhancement was achieved. The characteristic Raman 

peaks for R6g are at 610, 767, 1184, 1360, 1510, 1570 and 1651cm-1. These correspond 

to the C-C-C ring in-plane vibrations, C-H out of plane bending, C-H in-plane bending 

vibrations, C-O-C stretching and C-C stretching of ring respectively [134]. At 610cm-1 the 
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SERS intensity enhancement is approximately 1000 times, compared to Raman peaks 

without SERS substrate in liquid medium. Thus, it is deduced that silver dendrite in 

capillary as SERS substrate has the ability to significantly enhance Raman signal. 

 

 

Figure 19: Raman spectrum for R6g solutions with concentrations in the range of 10-4 to 10-14 M using 

capillary substrate 

 

Various low concentration solutions of R6g were made by diluting the stock 

solution, generating 10-4 to 10-14 M concentration solutions. R6g concentrations as low as 

10-14 M were detected using the capillary substrates. Clearly defined peaks were 

observed, which are shown in Figure 19. 
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Figure 20: Raman spectrum for Acetaminophen in aqueous solution at 3 different concentration using 

capillary substrate 

 

In view of potential practical applications, we tested the device for detection of 

acetaminophen which is commonly known as Tylenol used for fever relief. It is not a 

harmful drug, but overdose may lead to severe liver damage. Using this capillary 

substrate, concentrations as low as 1 ppm of acetaminophen in liquid solution was 

detected. The measurements were conducted using, 633nm of laser excitation source 

and 30 seconds of integration time on a DXR Raman Microscope. The Raman spectrum 

of acetaminophen shown in Figure 20, is dominated by peaks at 797, 855, 1136, 1323, 

1561, 1605, and 1648cm−1, which are attributed to CNC ring stretching, ring breathing, 

C–C ring stretching, amide III, amide II, ring stretching, and amide I modes, respectively. 
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These results are consistent with the reports in literature [135]. The acetaminophen 

detection proved that this capillary substrate does not only detect common Raman dye 

like R6g but can also detect other Raman active molecules.  

 

3.3 PDMS device 

The capillary SERS substrate has large hotspot density and high surface area, 

making it useful in detection of organic chemicals in liquid medium. But from a commercial 

point of view, the capabilities of this substrate need to be expanded. The formation of 

dendrites in the substrate is a random process, and so we do not know where the hotspots 

will be generated and how these dendrites are formed inside the capillary. With the 

capillary substrate characterization using SEM cannot be done without breaking the 

capillary tube. To surmount this limitation, we fabricated a device with channel in 

polydimethylsiloxane (PDMS) covered by a removable glass cover slip. Using this 

substrate, we can characterize dendrites using SEM without breaking the device. This 

PDMS device carries over all the advantages of the capillary substrate, as it has the same 

3D silver dendrite nanostructure with high surface area and high hotspot density. 

 

3.3.1 PDMS device fabrication 

Polydimethylsiloxane (PDMS), also known as dimethylpolysiloxane or dimethicone 

is one of the common elastomers used in the market for a wide range of applications. 

PDMS belongs to a group of polymeric organosilicon compounds that are commonly 

referred to as silicones. PDMS has several useful material properties leading to its 
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application as molds for various purposes. It is chemically inert and provides a low 

interfacial free energy surface. It can be molded into any shape and is also optically 

transparent, nontoxic, with good gas permeability and thermal stability. Flexible 

microchannel devices in nanoscale engineering are mostly made with PDMS. 

Rapid prototyping is a widely used method to develop molds for PDMS 

applications. 3D printing, which is a simple lithography technique can be used to make a 

master mold for the PDMS device. A mold of inner dimensions (40x10x5mm) with a small 

projection of 0.5mm at the center is fabricated in a 3D printer using Teflon as shown in 

Figure 21 (a). The PDMS used in this study is supplied in two components, a base, and 

a curing agent from the manufacturer. The reaction between vinyl groups in the base and 

silicon hydride groups in the curing agent causes the formation of a cross-linked 

elastomeric solid. The base and curing agent are mixed well in the ratio of 10:1 

respectively, following manufacturer’s instructions. This liquid pre-polymer is poured into 

the master mold and allowed to cure in air for a day, without disturbing. This is illustrated 

in Figure 21 (b). The setup can be placed in a vacuum chamber at an increased 

temperature to speed up the curing process and to remove air bubbles present inside the 

pre-polymer. The liquid PDMS pre-polymer conforms to the shape of the master mold and 

replicates the features of the mold with high compliance. The PDMS device with 

microchannel as shown in Figure 21 (c) can be released from the mold without damaging 

the mold or itself, because of the low surface free energy and the inherent elasticity 

properties of PDMS. 

The surface of PDMS can be modified to reduce Raman signal interference by 

depositing thin films of various materials. The fabricated PDMS elastomeric device with a 
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micro channel at the center is coated with silver by a simple sputtering process. Around 

100-150nm silver was deposited on the PDMS as shown in Figure 21 (d).  

 

 

Figure 21: (a) 3D printed mold for PDMS. (b) Liquid pre-polymer PDMS is poured into the mold. 

(c) Elastomeric solid PDMS with one channel. (d) PDMS coated with silver. (e) Silver coated 

PDMS device with copper wire inside the channel 

 

After depositing the PDMS with silver, copper wire of 20mm in length and diameter 

of 80μm is placed inside the channel. The copper wire is cleaned with acetone and 
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distilled water to remove any contaminants and dust, before placing it inside the PDMS 

channel shown in Figure 21 (e). Then the PDMS with the copper wire is placed in between 

two glass slides which are then pressed firmly using paper clips. This is done to avoid 

any leakage while injecting the solution into the PDMS channel. Now a small needle is 

used to pierce through the PDMS longitudinally from one side of the device, till it reaches 

the channel to provide an outlet for drainage. 

 

3.3.2 Synthesis of dendrites inside PDMS microchannel 

3ml of 0.1M AgNO3 solution is made to flow into the PDMS setup containing the 

copper wire, for 10 minutes at a flowrate of 0.30ml/minute. The silver nitrate reacts with 

copper wire to form silver dendrite by the GRR process. The reduced silver grows in a 

preferential manner which leads to the formation of dendrites shown in Figure 22. The 

used solution containing reaction products (Cu (NO3)2) and byproducts is drained through 

the needle at the other side of the channel. After the dendrite formation, the channel is 

washed for several minutes with deionized water and air dried to remove any excess 

solution and reaction byproducts. Washing is done very carefully to prevent any damage 

to the formed silver dendrites. 
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Figure 22: Silver dendrites formed inside PDMS channel 

 

Depending upon our needs and requirement, multichannel SERS devices can also 

be fabricated. SERS device with two channels is shown in Figure 23. The channel length 

in the device can also be increased or decreased to convenience based on application. 

But at the same time, volume of the silver nitrate solution and its flowrate must be adjusted 

according to the length and diameter of the copper wire used. 

 

 

Figure 23: Two channel PDMS SERS device with silver dendrites 
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3.3.3 Characterization of silver dendrites in PDMS device 

Field Emission Scanning Electron Microscope (FE-SEM, ZEISS Supra 55 VP) at 

10 kV was used to study the dendritic structure of the silver. The SEM image from Figure 

24 shows that the dendrites are very thick, such that the diameter of the main trunk is 

4μm and the branch is 2μm approximately. This thick dendritic structure is obtained 

because of the reaction of copper wire with a large concentration of silver nitrate. The 

angle between the branch and the main trunk is measured to be 54.3 degrees. It is close 

to the theoretically calculated angle between (111) and (200) planes, which is 54.7 

degrees.  

 

 

Figure 24: SEM image and XRD pattern of silver dendrites 

 

X-ray powder diffraction is used to characterize the crystalline structure of the silver 

dendrite. X-ray diffraction is done with a Cu Kα source (Siemens D500). Scanning is done 

at the rate of 2° per minute at an angle from 20° to 90°. XRD pattern from Figure 24 shows 

that the diffraction peaks are seen at (111), (200), (220), (311) and (222) planes. This 
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diffraction planes belongs to the FCC crystal structure of silver dendrites. The crystallinity 

of silver dendrites can be noticed from the sharpness of the peaks.  

 

Figure 25: SEM images of silver dendrites in PDMS device at different magnifications 

 

Figure 25 shows the SEM image of silver dendrite with different magnifications at 

x 10k, x 35k, x 90k and x 251k. The branch and trunk of the dendrites are approximately 

50-200nm in diameter. The gaps between the dendrite branches are almost 1-30nm. 

When analyte molecules that are to be detected is near the tip of the dendrite or in the 

gap between these dendrite branches, the Raman signal of that molecule is enhanced.  
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3.3.4 SERS measurements for Rhodamine-6g using PDMS device 

 

 

Figure 26: Schematic diagram of the device used for SERS measurement 

 

Rhodamine-6g (R6g) is first used as an analyte molecule to test Raman 

enhancement in the PDMS device. R6g is diluted into an aqueous solution with 

concentrations ranging from 10-4 to 10-14 M. Each solution is detected independently. The 

prepared solution is injected into the PDMS channel using a syringe, till it reaches the 

other side of the channel. Raman Spectroscopy is conducted using DXR Thermo Fisher 

Raman microscope, with a 633nm He–Ne laser source with a power of 7W, a diffraction 

grating of 633 lines/mm, 10× objective lens and slit width of 50 cm−1. The laser is focused 

on the dendrite as show in Figure 26 with an exposure time of 32s. Detection limit of the 

device while analyzing R6g was found to be 10-14 M. The characteristic Raman peaks for 

R6g molecules are 610, 767, 1184, 1360, 1510, 1570 and 1651cm-1. These peaks 

correspond to the C-C-C ring in-plane vibrations, C-H out of plane bending, C-H in-plane 

bending vibrations, C-O-C stretching and C-C stretching of ring respectively [134]. 
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Figure 27: Raman spectrum for R6g in aqueous solution at lower concentrations using the PDMS device 

 

3.4 FDTD simulation  

As observed from Figure 27, concentrations as low as 10-14 M of R6g can be 

detected using the PDMS SERS device. To explain such low concentration detection, 

Finite Difference Time Domain (FDTD) simulation is performed using Lumerical FDTD 

software. FDTD simulation act as a Maxwell equation solver. It calculates the electric field 

around the dendritic structure from the incident electromagnetic wave. This simulation 

quantizes time and space into discrete steps. From the electric field obtained for different 

configurations of dendritic structure, enhancement factor is calculated. 
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Figure 28: SEM images of the dendrites with diameter of their branches 

 

 Figure 28 shows the SEM images of the dendrites from the PDMS device that were 

used to obtain results for 10-14 M concentration of R6g. From Figure 25 and Figure 28 it 

is clear that the low concentration detection can be achieved if the dendritic branches are 

almost around 30 - 200nm in diameter and the gap between these branches are almost 

1 - 50nm in distance. To make the 3D structure of the dendrites for using it in FDTD 

simulation, the diameter of the branch and the distance between the gap is averaged to 

be 100nm and 50nm, respectively. Upon simulating this structure, the maximum 

enhancement factor of this dendrite is calculated to be 106, which is observed in Figure 

29 (a). The maximum enhancement is observed between the branches of the dendrites 



53 

 

rather than on the tips. Based on this observation, more simulations were conducted by 

maintaining the diameter of the branches to be a constant 100nm and varying only the 

gap between these branches. Simulations were performed with gap distances of 30nm 

and 10nm which are shown in Figure 29 (b) and (c) respectively. The results indicated 

that a maximum enhancement factor of 107 is obtained when the gap between the 

branches is reduced to 10nm. In light of these results, we conclude that a higher signal 

enhancement can be achieved if the gap distance between the dendrite branches is 

reduced. 

 

  

 

Figure 29: FDTD simulation of dendrite with a branch diameter of 100nm and gap between the branches 

at a distance of (a) 50nm, (b) 30nm, (c) 10nm 
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Figure 30: FDTD simulation of two dendrites with 100nm branch diameter and the gap between the tips of 

the branches at a distance of (a) 50nm, (b) 30nm, (c) 10nm 

 

As the dendrite formation inside the PDMS channel is random, tips of multiple 

dendrites which themselves are hotspots, can be formed closer to one another and 

thereby interacting with each other creating stronger hotspots. In accordance with this 

assumption, simulations were conducted with two dendritic tips in close proximity. Three 

different distances of 50, 30 and 10nm between the dendrite tips were designed and the 
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results were analyzed. Figure 30 shows the simulation results under these conditions. 

Similar to the effect seen in the hotspots formed between dendrite branches, distance is 

inversely proportional to the enhancement factor between the dendrite tips. It was found 

that a maximum enhancement factor of 106 is obtained when the tips interact with each 

other at a 10nm distance. The overall enhancement in the structure is in the range of 106 

- 107. 

The ability to detect low concentrations could be due to the deposited silver on the 

PDMS surface. So R6g was detected using the device without any dendrites inside the 

channel. The resulting Raman spectrum showed no significant peaks even for 10-4 M 

concentration of R6g. This confirmed that the silver coating does not increase or affect 

the enhancement factor. Then we hypothesized that the hotspots could also be 

concentration point for the analyte molecules due to a filtering effect; when the analyte 

solution is passed into the channel the 3D silver dendrites act as a filter and trap the 

molecules in the hotspot. This increases the concentration of the molecule in the hotspot 

regions. This inherent ability of the device to trap the analytes greatly aids in the detection 

of low concentration molecules. We suspect that even lower concentrations can be 

detected if the solution is overflowed into the device for more than 30 seconds. 

 

3.5 Calibrating the device using Rhodamine-6g 

To detect any Raman active molecule in liquid solutions using the PDMS device, 

it must be made sure that the dendritic structure formed inside the channel of the PDMS 

device is intact and capable of enhancing Raman signal. To confirm the integrity of the 
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dendrites, a method to calibrate this device using a reference molecule is established. 

R6g is chosen to be used as the reference molecule. Based on the observations from 

Figure 27, as low as 10-14 M R6g solution concentration could be accurately detected. 

Hence, 10-12 M R6g concentration is chosen as a reference, to calibrate the device by 

obtaining a Raman spectrum. After a clear Raman spectrum with well-defined peaks is 

obtained from this solution, the integrity of the dendritic structure and the hotspot locations 

inside the device are confirmed. Thus, it can be established that the device is accurate 

and sensitive enough to detect any Raman active molecule in solution. After calibrating 

the device, the channel is thoroughly washed using deionized water carefully, to remove 

any and all R6g present. Water is passed into the device channel slowly without disturbing 

the dendrites, for approximately 10 minutes and then air dried. This washing process is 

essential to avoid any Raman signal interference from R6g molecules. Now, the device 

is calibrated and ready to be used to detect Raman active molecules in liquid solution. 

 

3.5.1 SERS measurements using the R6g-calibrated PDMS devices 

Methylene blue: 

Using the calibrated device, as low as 10-10 M Methylene blue in aqueous solution 

is detected, in Figure 31 shows characteristic Raman peaks at 889, 1033, 1149 cm−1, all 

of which correspond to in-plane bending of C–H and 1301, 1394, 1498 and 1623cm−1, 

which correspond to in-plane ring deformation of C–H, symmetrical stretching of C–N, 

asymmetrical stretching of C–N, ring stretching of C–C, respectively [136]. 
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Figure 31: Raman spectrum of 10-10 M concentration of Methylene blue 

 

4-Mercaptobenzoic acid (4MBA): 

The calibrated device is also used to detect another Raman active molecule 4MBA 

in aqueous solution. Concentration as low as 10-5 M is detected. Figure 32 shows major 

vibrational modes at 1014, 1075, 1139, 1186, 1386, 1587 cm-1, which correspond to 

stretching of C-C ring-breathing modes (∼1070 and 1575 cm-1), other less intense modes 

including bending of C-H (1132 and 1173 cm-1) and νs (COO-) (1375 cm-1) [137]. 
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Figure 32: Raman spectrum of 10-5 M concentration of 4-Mercapitobenzoic acid 

 

 

Thiabendazole (TBZ): 

In view of practical applications, using the PDMS SERS device we detected 

Thiabendazole (TBZ) molecules in liquid solution. TBZ is a commonly used pesticide in 

apple and orange farming that prevents diseases like Downey mildew, Black rot, etc. This 

chemical can pose a serious hazard to human health upon ingestion. TBZ is insoluble in 

water, so methanol is used to make a liquid solution of TBZ. Using the calibrated device, 

as low as 0.0005 g/L (0.5 ppm) TBZ dissolved in methanol is detected. The spectrum 



59 

 

depicted in Figure 33 is obtained after removing the major Raman peaks for methanol (at 

1030 and 1460cm-1). The major peaks of TBZ are seen at 643, 779, 1011, 1276, 1454, 

1577cm−1. These are assigned to the stretching and bending of C-S-C and C-H in ring 1 

and C-C in ring 3; S-C and in-plane bending of C=N in ring 1; stretching of C-N in ring 2 

and stretching of C-C in ring 2 and 3; stretching of C-C in ring 1 and stretching of C-N in 

ring 2; bending of C-H in ring 1; and  C-C stretching and N=C stretching in ring 2; C=C 

and C-C stretching in ring 3; C-H and C-N-H bending in ring 2 respectively [138]. 

 

 

Figure 33: Raman spectrum of 0.5 ppm of Thiabendazole 
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Chapter 4 

Conclusion 

 

An innovative design was made to develop hierarchical Ag nano dendrites inside 

the channels of a PDMS device. A simple synthesis process was employed to create 

these nanostructures. Such device can be used as SERS substrate to detect organic 

chemicals in liquid solutions without much of sample preparation. The Ag nano dendrites 

provide large surface area with high density hotspots along all three dimensions, which 

leads to a strong enhancement of Raman signal from the molecules adsorbed on to their 

surface. Detection of 10-14 M concentration of R6g in aqueous solution was achieved 

using this device. Low concentrations of organic chemicals such as 4- Mercaptobenzoic 

acid, Methylene blue, and Thiabendazole in liquid solutions were also detected using this 

device. 

The fabrication process of this device is very simple. 3D Ag nano dendrites were 

synthesized by a Galvanic Replacement Reaction (GRR) between copper wire inside the 

PDMS channel and 0.1M silver nitrate solution injected into the channel at a specific 

flowrate of 0.30ml/min. The dendritic structure was verified by SEM and XRD. FDTD 

simulation was conducted to study the enhancement mechanism near the surface of the 

dendrites for various branch sizes and gap distances. Aiming for real world applications, 

the device was calibrated with 10-12 M R6g to ensure a reliable detection. The calibrated 

device was tested to detect molecules of 4-MBA, Methylene blue and Thiabendazole in 
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liquid solutions, showing chemicals in flowing liquid medium can be detected and/or 

monitored with high sensitivity and reproducibility. 
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