
CHAPTER 2

REVIEW OF SERS SUBSTRATE FABRICATION

This chapter illustrates different SERS substrate fabrication methods. SERS substrates

can be classified in three categoris according to their fabrication methods. These are

SERS substrates where metallic nanoparticles in a dispersion medium, metal nanos-

tructures fabricated directly on solid substrates and metal nanoparticles immobilized

on solid substrates.

SERS substrates are basically a metal nanostructured surface that enhances Raman

signal of an adsorbed analyte molecule. An efficient SERS substrate should provide

a high order of enhancement with a good degree of uniformity and reproducibility

characteristics. There are various methods of fabrication of efficient SERS substrates,

the most widely used and popular methods have been discussed below.

2.1 Metallic nanoparticles in a dispersion medium

Chemical and physical methods have been employed to prepare metallic nanoparti-

cles for SERS-based sensing method. Through wet chemical synthesis of SERS-active

metal nanoparticles, gold and silver salts in a solvent are reduced using the reducing

agents like sodium borohydride, citrate, hydroxylamine hydrochloride, or hydrazine

[1, 2]. Chemical reduction techniques further include capping agents that attach to

the nanoparticle’s surface and prevent it from aggregating due to steric or repulsive

forces [3, 4]. Sodium citrate, cetrimonium bromide, polyethylene glycol, dodecanethiol,

hydroxylamine hydrochloride, and polyvinylpyrrolidone are commonly used capping

agents. In the synthesis procedure, the concentration and strength of the reducing

agent can regulate the dimension of the nanoparticles. Metal atoms combine to form

clusters and eventually crystal nuclei during the nucleation process. In growth step,

nanoparticles are formed from these crystal nuclei or seeds. The shape of the metal
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nanopartices are controlled by adding surfactants during synthesis. A broad spectrum

of nanoparticle morphologies, including nanospheres, nanorods, nanocubes, nanotri-

angles, nanowires, nanoplates, and nanostars have been produced using wet chemical

method by changing the surfactant, nanoparticle material, and other experimental pa-

rameters [5, 6]. Pulsed laser ablation is one of the physical technique where highly

stable plasmonic nanoparticles are prepared in organic solvent or water [7]. Here,

the laser pulse is focused on a target material which absorbs the wave and produces

plasma plume. In a fraction of second, this hot material cools down and disintegrates

in the surrounding medium near the target. After that, the removed atomized material

undergo nucleation, growth, and formation of the nanoparticles.

2.2 Lithographic SERS substrates

Most common way to fabricate SERS substrates is by fabricating noble metal nanos-

tructures on a planar substrate. Patterned nanostructures on SERS substrates have the

ability to deliver reproducible Raman scattered signals. Sophisticated techniques like

electron-beam lithography (EBL), nanosphere lithography (NSL), focused ion beam

lithography (FIB), and nanoimprint lithography (NIL) provide patterned nanostuc-

tures. These methods are extensively used to fabricate sensitive and highly repro-

ducible SERS substrates. In the EBL technique, desired patterns are printed on the

resist by exposing it with electron beam [8]. The FIB technique enables direct writing

and generation of patterned nanostructures. After that, thin metal layer is deposited

using sputtering methods [9]. Both the FIB and EBL techniques are costly process and

time consuming with the requirement of sophisticated laboratory instrumentation. In

the NSL technique, a monolayer of polymer nanospheres are first allowed to assemble

on a plane substrate. Using physical vapor deposition, a thin metal film is deposited

over the nanosphesres. Triangular shaped metal nanostructure array is formed after

etching out the nanospheres [10]. In NIL procedure, desired nanopattern is first de-

veloped on a rigid mask. The pattern is then transfered to polymer coated substrate.

After that, deposition of metal film and etching are performed to fabricate cost-effective

and reproducible SERS substrates. The two primary drawbacks of this technology are

the difficulty in transferring the metal film onto a given substrate, and the development

of structures with a high aspect ratio [11].
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2.3 Metal nanoparticles immobilized on solid sub-

strates

Aggregation is required for spherical particles in order to maximize the SERS effect.

Several strategies have been utilized to immobilize the plasmonic nanoparticles on solid

substrates which offers a method for bringing them closer together. Silver nanoparticles

(AgNPs) and gold nanoparticles (AuNPs) have been deposited on the naturally and

commercially available, and bio-inspired patterned nanostructured surfaces. These

substrates provide high SERS intensity and good degree reproducibility in a very low

fabrication cost, and simple fabrication process. Lotus leaf [12], printing-grade papers,

filter papers, polymer nanofibers [13], bio-polymers [14], compact discs (CDs) [15], and

Blu-ray digital versatile disc (BR-DVD) [16] substrates have been widely used for the

fabrication of SERS substrates [17–19].

2.3.1 Using plant-based components

Yao et al. have developed a sensitive and reproducible SERS sensor using natural lotus

leaf. [12] Utilizing the hydrophobicity-induced concentrating effect, AgNPs have been

assembled in closely packed arrays on the surface which generates large number of hot-

spot regions. Qauntitative detection of Paraquat has been performed using the SERS

sensor for a wide range of concentraion from 5 µgL−1 to 50 mgL−1, and a detection

limit of as low a s 1.2 µgL−1. Sarma et al. have developed a sensitive SERS substrate

by depositing AuNPs on microscopically roughned SERS substrate of aegle marmelos

leaf [20]. Limit of detection was found to be 0.88 nM for rhodamine 6G, and the

substrates have been employed to detect two antibiotics samples in cow milk samples.

2.3.2 Paper-based SERS substrates

Paper-based SERS substrates have been fabricated following three techniques:(a) drop-

casting cooloidal nanoparticles on paper surfaces, (b) dip-coating paper into metal

colloids and (c) spray-coating colloids into paper surfaces.

Chamuah et al. have explored different printing grade papers to fabricate cost-

effective and reliable SERS substrates by drop-casting AgNPs. The AgNPs have been

adsorbed into the micropores on the paper surface. The performance of the SERS

substrates have been evaluated using malachite green (MG), rhodamine6G (R6G) and

1,2-bis(4-pyridyl)ethylene (BPE) [21]. Siebe et al. have developed a unique way to

increase the uniformity of the plasmonic nannoparticles and prevent from air-oxidation

[23]. Martins et al. have developed a hydrophobic SERS substrate by inkjet printing

of aqueous emulsions containing polystyrene (PS) and Ag colloidal nanoparticles. The
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substrates have been used to detect the pesticide thiram in mineral water sample and

apple juice with a LoD of 0.024 ppm [22].

2.3.3 Flexible SERS substrates

The rigid supports for the nanoparticle assembly generally do not contribute to SERS

enhancement. Flexible SERS substrtaes have a great potential for the in-situ and rapid

SERS sensing applications. Zheng et al. have fabricated AgNP assembly method based

on vortex evaporation method to batch assemble multiple silver ring SERS substrate

array on a parafilm [24].

Graphene-mediated SERS substrates have been fabricated by directly decorating

AgNPs on CVD graphene/copper foil under ultrasonic condition [25]. Ultrasensitive

detection of rhodamine 6G with a LOD of 1 × 10−14 and and a high EF of 8.85 ×108

have been obeserved with these substrates.

2.4 Semiconductor-based SERS substrates

Most of the SERS-based substrates have been developed using silver and gold noble

metals that provide very high signal enhancement and enables the detection of analyte

upto single molecule level. In the year 1982, Yamada et al. first reported a significant

enhancement of the Raman signal of pyridine upon adsorption on NiO, a semiconduct-

ing material [26]. After that discovery, many semiconductor-based SERS substrates

have been developed which provide high enhancement factor, signal reproducibility

and stability.

2.4.1 Inorganic semiconductor-based SERS substrates

Metal oxides have been known for their robust nature and diverse electronic properties

and have emerged as promising inorganic semiconductor materials for SERS applica-

tions. Among inorganic semiconductor-based SERS-active substrates, TiO2 has been

used widely due to it’s nontoxicity, chemically stability, and controlled band gap en-

ergy [27]. ZnO-based substrates have been fabricated for the sensitive detection and

analysis of chemicals [28].

2.4.2 Metal-semiconductor composite SERS substrates

Noble metals have been compounded with traditional semiconductor materials and

have become a hotspot in SERS research due to their relatively simple recovery and

excellent performance. Silver-coated flower-like ZnO nanorod arrays have been fab-

ricated for sensitive detection of analyte molecules. These substrates have enabled
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ultra-low concentration detection of R6G and exhibited a long-term optical stability

with a shelf life longer than two years [29].

2.4.3 Organic semiconductor-based SERS substrates

The most prominent example of a pure organic semiconductor is graphene. In 2010,

Ling et al. discovered Raman enhancement on graphene by using pure graphene as a

SERS-active substrate and adsorbing common probe molecules on the graphene sub-

strate via vacuum evaporation and solution immersion [30]. The SERS enhancement

of organic semiconductors mainly comes from the molecular resonance of organic semi-

conductors and the CT between organic semiconductors and probe molecules. Due the

unique SERS enhancement mechanism of organic semiconductors, they are also widely

used in the fields of biological detection, device performance, medical research, and

sensing.
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