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ABSTRACT

Surface-enhanced Raman scattering (SERS) is one of the useful techniques for
identifying a specific fingerprint of molecules. Conventional SERS consists of colloid
based and thin film-based types. The colloid-based SERS uses a nanoparticle metal
colloid to enhance the Raman signal of the target molecules while the thin film SERS
uses coating technique to make a cluster of metal nanoparticles on the substrate to
enhance the Raman signal. The challenge in developing the thin film-based SERS
technique besides the sensitivity is the improvement of the reproducibility and stability
of the SERS substrate. In this work, a graphene/Ag-nanoparticle/polymer
(G/AgNP/polymer) SERS substrate was successfully fabricated using chemical vapor
deposition (CVD), electrodeposition, transferring, and etching techniques. CVD was
used for growing a graphene layer on a copper foil substrate. Graphene functions as a
protective layer of the SERS substrate and help enhance Raman signal via chemical
enhancement. Silver nanoparticles as an enhancement material were coated on graphene
by electrodeposition technique. The structure of the silver nanoparticles growth on the
graphene/copper substrate can be tuned by varying the electrodeposition condition to
obtain proper ‘hot spot’ for Raman amplification. The electrodeposition condition at
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the current density of 10 uA cm for 3 min generates a rattan ball-like structure of the
Ag nanoparticles with the gaps between metal nanoparticles between 30-100 nm. The
as-prepared layers were then transferred onto two types of polymer substrates which are
polyimide (PI) tape and polydimethylsiloxane (PDMS) substate. The copper layer was
etched out using a ferric chloride solution (FeCls). The developed SERS substrate could

detect methyl parathion with the enhancement factor (EF) of the primary peak at 1344
cm? of 1.5x10% and 4.7x10* for the PMDS and Pl SERS substrates, respectively.

Compare between two types of substrates, PDMS SERS substrate shows better
enhancement factor, while the uniformity of the prepared PI SERS substrate was better
than that of the PDMS SERS substrate. The shelf life of both SERS substrates were
longer than 48 days at room temperature, thanks to the protective graphene layer,

making the developed SERS substrate practical for field use. The developed technique

offers a facile fabrication with low cost and ease of SERS storage without additional

packaging process. This polymer-based SERS substrate is a promising platform with

potential for use as a screening technique in field tests.

Keywords: SERS, Flexible substrate, Graphene, Silver nanostructure, Polyimide tape,

Electrodeposition, Methyl parathion
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CHAPTER 1
INTRODUCTION

1.1 Background

Raman spectroscopy or Raman scattering is a technique that observes the
scattering of the light interacting with the molecules due to the vibration of those
molecules. This scattering is unique and can be used as a tool to define a fingerprint of
each molecule. However, the limitation of this technique for an identified material is
that the Raman signal is typically weak and thus difficult to collect the signal. Surface-
enhanced Raman spectroscopy or surface-enhanced Raman scattering is a surface
sensitive technique that enhances the Raman signal by using adsorption of molecules
on a rough metal surface. The metal used for Raman enhancement is Ag, Au, Cu. SERS
can be divided into two groups; colloidal based and film based. Although colloidal-
based SERS is a sensitive technique with high specificity, the limitations found in this
technique are the aggregation of the colloid, complication of preparing the colloid and
storing samples make it inconvenient for field tests. Film-based SERS are now widely
used to overcome those problems. The film-based SERS uses a rough metal surface
pattern on the substrate to avoid an aggregate problem. The various substrates for film-
based SERS have been reported for example glass slide, paper, silicon wafer, filter
paper, etc.(Li et al., 2010; Li et al., 2013). However, the problem with film-based SERS
is oxidation on the metal surface, thus special films, or treatments with chemically inert
materials to cover the metal surface are needed. To protect the metal surface of SERS,
there are several materials have been used as a protection layer such as TiO2 (Ma et al.,
2015), SiOz (Zhao et al., 2016), and polymers (Wang et al., 2021). Those methods are
difficult to fabricate, and some coverings will drop the Raman signal as well. Graphene
is a 2D material with unique electrical and mechanical properties, high specific surface
area, chemical inertness, and transparency. Graphene has been reported to be used for
enhancing Raman signal via a chemical enhancement mechanism though the promotion
of charge transfer ability (Ling et al., 2012). The composite of graphene and silver
nanoparticle aim to improve the enhancement of Raman signal and durability of SERS

substrate which can be stored at room temperature without additional packaging.
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1.2 Statement of the problems

As mentioned above, the durability of film-based SERS substrates is a major
concern. We would like to prepare a durable SERS substrate that provides a high
enhancement ability that can be kept in normal atmosphere without additional
packaging processes. The SERS substrate in this work consists of metal nanoparticles
sandwiched between polymer and graphene. The polymer functions as a supporting
material and graphene as a protective layer to protect against degradation on the metal

surface.

1.3 Objectives of the research

The objective of the thesis is to study the preparation and characterization of the
layered materials of graphene/Ag/polymer as a surface-enhanced Raman substrate
(SERS) for pesticide detection. The SERS substrate was prepared by chemical vapor
deposition, electrodeposition and transferring method. Two types of polymers were
used in this work: polydimethylsiloxane (PDMS) and polyimide tape (PI). The optimal
preparation conditions for silver nanoparticles to achieve a good Raman enhancement
was investigated. The sensitivity and enhancement factor of our SERS substrate for
methyl parathion detection was examined. Then the other SERS properties including
stability and uniformity of SERS substrate were systematically explored and optimized.

Additionally, SERS the substrate was tested with the methyl parathion residue on an
apple.

1.4 Outline of the thesis

There are five chapters in this thesis. In chapter 2, the principle and literature
review of Raman spectroscopy and SERS are explained. The synthesis method, device
preparation and characterization method and instruments are presented in chapter 3.
The properties of the SERS substrate and the study of SERS performance including
sensitivity, uniformity and stability are shown in chapter 4. Finally, chapter 5 presents

the conclusion of this thesis.
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Raman spectroscopy

Raman spectroscopy is a non-destructive technique used to determine the
vibrational mode of molecules. The Raman signal obtained when an incident light from
a high intensity laser reacts with molecule then light scattered is detected. There are
two type of scattered light, elastic scatter at the same wavelength as the laser source
which is called Rayleigh Scattering, and a small amount of light approximately 1
photon in 10 million will scatter at a different frequency with an incident photon
(inelastic scattering), called Raman Scattering. If light scatters at a lower frequency
than a light source, it will be called stoke Raman scattering while scattering at higher
energy and frequency than that of light source is anti-stoke scattering. The schematic
of each scattering type is shown in Figure 2.1. The scattering energy and frequency
depend on each molecular bond vibration, for example individual bonds like C-C, C-
H, C=C, group bond, and polymer vibration. Thus, Raman spectroscopy can determine
the fingerprint of a molecule and it can be applied in many applications which includes

biosensors, forensic science, and pharmaceutics, and agriculture etc.

Virtual yy
energy

states
Al 1

Vibrational
energy states

f v v Y

Infrared Rayleigh Stokes Anti-Stokes
absorption scattering Raman Raman
scattering scattering

S =~ N WP

Figure 2.1 The schematic diagram of photon scattering with elastic and inelastic
scattering.
(https://commons.wikimedia.org/w/index.php?curid=7845122)
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A Raman spectroscopy instrument system consists of several basic components
as shown in Figure 2.2. It comprises of a laser that serves as the excitation source to
induce the Raman scattering. Typically, solid state lasers are used in modern Raman
instruments with popular wavelengths of 532 nm, 785 nm, 830 nm and 1064 nm. The
laser energy is transmitted to and collected from the sample by fiber optic cables
through lens and sent to the monochromator. When the irradiation passes through the
filter, the scattered light will be purified to collect only the Raman scattering and block
Rayleigh scattering. A diffraction grating bends the Raman shifted light according to
wavelength, and the signal is collected by CCD a detector.

CCD detector

Laser and Spectrograph
line filter grating

- | ¢

Macro beam mirror

Beam

I O splitter | / Mirrors

Microscope Notch

leth filter Adjustable entrance slit

Sample

Figure 2.2 Scheme of Raman spectroscopy
(https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html)

2.2 Surface-enhanced Raman spectroscopy (SERS)

According to the low Raman scattering signal from many types of molecules,
the molecular analysis by this technique is limited. Surface-enhanced Raman
spectroscopy or Surface-enhanced Raman scattering (SERS) was first reported by M.
Fleischmann et al. in 19741 (Fleischmann et al., 1974). They observed the unusual
Raman spectra of pyridine on roughened silver substrate. However, the real explanation

of that phenomena as surface enhanced Raman spectroscopy (SERS) was reported by
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two research groups; David L. Jeanmaire et al. (Jeanmaire & Van Duyne, 1977), and
M. Grant Albrecht and J. Alan Creighton in 1977 (Albrecht & Creighton, 1977). Since
then, research interest in SERS has grown exponentially. SERS is a surface-sensitive
technique that enhances Raman scattering by adsorbing molecules on rough metal
surfaces. The most common metals used for SERS enhancement include silver, gold,
and copper. The amplification of Raman signal due to the capability of metal surface to
concentrate electromagnetic energy via optical modes called surface plasmons (SPs) to
enhance both the excitation and the vibration signals of molecules. The regions with
intense local field enhancement are called “hot spots”, which is the area that highly
amplifies the usually weak Raman scattering signals. The enhancement factor for SERS
can be as much as 10'° to 10'® which means that this technique may be used for single
molecule detection. There are two mechanisms for explaining the enhancement
behavior for SERS; electromagnetic and chemical enhancement mechanisms, which
will be described later. SERS can be colloidal based where the metal nanoparticles float
in three-dimensions in liquid or a film based where the metal nanoparticles align in a
two-dimensional plane on a solid substrate. The enhancement in colloidal SERS is the
average effect of millions of hot spots in the three-dimensional detection volume, so it
usually shows a better reproducibility than that on the solid substrate which is the
measurement on a small two-dimensional surface. Nevertheless, aggregation of metal
colloid, limitation of hot spot and a complex preparation technique is limit usage for
field testing. The film-based SERS is the patterned metal nanostructure on the surface
of silicon, glass slide or another surface. The strength of the enhancement is affected
by shape and size of the metal nanoparticles. The enhancement factor increases as the
gap size decreases as long as the gap size is larger than the limit for the quantum effects.
The enhancement efficiency of the Raman signal is defined by an enhancement factor
(EF)

EF — lsers/Nsers (2.1)

INRs/NNRs
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Where Iszrs and Nygs are the scattering intensities of SERS and normal Raman
scattering, respectively. Ngzrs and Nygs are the number of SERS and normal Raman

probe, respectively.

2.2.1 SERS enhancement mechanism
2.2.1.1 Chemical enhancement

The chemical enhancement is due to the improvement of charge transfer
between substate and analyze molecules. The enhancement factor of the chemical
mechanism is around 10-10%. The chemical enhancement mechanism can describe
only chemisorption, the physisorption or physical adsorption is not involved in the
process. The several kinds of charge transfers can be the charge transfer transition
between highest occupied molecular orbital (HOMO) of analyte molecules and the
fermi level of metal in case of a metal substrate as shown in Figure 2.3 (a). For
dielectric substrates, charge transfer transitions can be between the HOMO of
molecules and the conduction band (CB) edge of substrate material or valence band
(VB) of substrate material and lowest unoccupied molecular orbital (LUMO) of
molecules. Moreover, electronic transition from HOMO to LUMO or transition
between VB and CB of substrate material can also contribute to the enhancement of
Raman signal by resonance processes. The energy diagram of the charge transfer
transition shown in Figure 2.3(b) is an example of charge transfer between R6G and

tungsten oxide (WS2) substrate.
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Figure 2.3 Energy diagram showing the possible charge transfer in case of metal
surface and analyte molecule (a) (Chen et al., 2019) and dielectric surface and analyte
molecule (b) (Kim et al., 2019)

2.2.1.2 Electromagnetic enhancement

Electromagnetic enhancement (EM) is the contribution of a localized surface
plasmon resonance (LSPR) of the surface’s substrate caused by the radiation light. EM
does not need specific bonds between adsorbates and substrates like the case of
chemical enhancement. It happens when the energy of laser source is in resonance with
the surface plasmon energy on the surface, then the Raman response will be strongly
enhanced. When surface plasmon occur, only the plasmons oscillate perpendicular to
the surface contribute to the scattering. Thus, the roughened surfaces or arrangements
of nanoparticles are typically designed for the SERS substrate to obtain the localized
collective oscillations. The nanoparticle LSPR is generally a function of the particle
size, shape, and surrounding medium. If there are other nanoparticles nearby, inter-
particle coupling effects tremendously influence the LSPR position “hot spots”. Raman
scattering occurs with the excitation in the visible and near-infrared radiation (NIR),
thus the metal material for SERS substrate needs to have plasmon resonance frequency

in those wavelength ranges to maximize Raman enhancement. Silver and gold are
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typical metals for SERS experiments because their plasmon resonance frequencies fall
within these wavelength ranges. Other material like copper, platinum, and palladium
also has an absorption spectrum falls within the acceptable range for SERS
experiments. The enhancement factor from the electromagnetic enhancement can be up
to 103,

2.3 Film-based SERS fabrication

Fabrication of metallic nanostructure film-based SERS has attracted much
attention from researchers recently because it is more stable and repeatable than the
colloidal SERS. The localized surface plasmon resonance (LSPR) on the surface
generates a hot spot where its high electromagnetism promotes Raman signal
amplification. The fabrication method for film-based SERS substrates must promote
SERS performance, good reproducibility, cost effectiveness, and scalability. Available
method to fabricate novel metallic nanostructure films include the deposition of
nanostructure by physical or chemical process, and create a rough metal surface by

milling or etching etc.

2.3.1 Etching/patterning method

Because the idea for a good SERS substrate is to generate the hot spot at its
intense electromagnetic field, etching the metal substrate by chemical or physical
means to generate a rough metal surface was used for preparing the SERS substrate.
There are two ways to do so including etching the metal surface to make a rough surface
or making a rough surface before coating it with metal. For example, Chaoxiong Ma et
al. (Kim et al., 2019) used oxygen plasma to etch Ag film to make a rough surface
AgNF as a SERS substrate. This SERS performance testing with 4MBA gives an
enhancement factor of 6x10° which is 30-fold better than the Ag substrate. Another
report from Fangjia Chu group (Chu et al., 2018) reported another way of making a
rough surface on teflon by laser ablation then dropping an Ag colloid on the substrate
to generate a SERS substrate. Another similar example is the report from Changwon
Lee research group (C. Lee etal., 2015) that fabricated a rough surface on PDMS using
latex beads, after that they removed the beads and sputtered Ag on the rough PDMS

surface.
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2.3.2 Physical deposition

The physical method for film coating is based on the formation of the vaporized
material to be deposited on the substrate surface. Usually, the process must be
performed in a vacuum or controlled atmosphere to avoid interaction between the vapor
and air. It is a process that the material goes from a condensed phase to a vapor phase
and then back to a thin film condensed phase. Physical deposition consists of sputter
deposition, pulse laser deposition, electron-beam deposition, evaporative deposition,
cathodic arc deposition, etc. The advantage of physical deposition is a film with a high
hardness, durability, and good corrosion-resistance. It is also environmentally friendly
and can be used to deposit the composite or alloy film. However, the disadvantage of
this technique is the requirement of a high vacuum system, water cooling system and
sometimes high operating temperature. Many physical deposition techniques were
reported as a preparation of a SERS substrate with Au, Ag and alloy materials.
Examples of physical deposition for SERS substrates are shown below.

2.3.2.1 Sputtering

Sputtering is a common technique for preparing nano structures for SERS
applications because it can control the size and shape of the nanostructure. It is a
technique that uses a bombardment of high energy particles on the target and lets the
target atoms deposit on a substrate. The sputtering process is shown in Figure 2.4. First,
an inert gas is introduced into a vacuum chamber, then a constant DC voltage is applied
between target material and substrate which will ionize Ar gas and generate plasma.
The ionized Ar ions are then accelerated to bombard the target molecules at the cathode.
Target atoms are ejected and travel to the anode substrate and start to condense into a
film. The normal sputtering system sometimes has a strong magnet at the cathode to
generate a magnetic field near the cathode to allow electron-only travel along the
magnetic flux near the cathode instead of moving toward an anode substrate. This
phenomenon helps prevent electrons from damaging a deposited film and confines Ar
plasma only near the target. For SERS application, Jie Li et al. reported his work of
fabricating a high efficiency silver decorated silver SERS substrate by sputtering
technique that could enhance the Raman signal of adenine better than a silver substrate
(Li & Fang, 2007). Changwon Lee et al. studied the effect of Ag sputtered film
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thickness on SERS activity and found that besides roughness, the thickness of the
metallic layer plays a significant role in the SERS activity (C. Lee et al., 2015).

4 )

Magnet Array ——
Target —

High Density |
Plasma

Target Material ——

Figure 2.4 DC magnetron sputtering system

(Figure from http://www.semicore.com/what-is-sputtering)

2.3.2.2 Pulse laser deposition

Pulse laser deposition is a type of physical vapor deposition that uses a high-
power laser as a source to vaporize the target material. When the laser pulse strikes the
target, energy will cause an evaporation, ablation, and plasma formation. The energized

species are expanded into the surrounding vacuum in the form of a plasma plume
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containing many energetic species including atoms, molecules, electrons, ions, and
particulates before depositing on the typically hot substrate as shown in Figure 2.5. The
film formation could be controlled by varying laser wavelength, laser power, substrate
temperature, pulse length, and target-sample distance. One example of preparing a
SERS substrate by this technique was reported by Budner team (Budner et al., 2019)
that used a pulse laser deposition method for preparing silver nano island films on Si
substrate as a SERS substrate for detecting para-mercaptoaniline (pMA) molecules with

an enhancement factor of 10°.

Vacuum

Laser Chambe

/

Substrate

Figure 2.5 Pulse laser deposition system (Cozzens & Fox, 1978)

2.3.2.3 Evaporation

Evaporation is another technique that has been reported for preparing SERS
substrates. It is a deposition technique where a source material is heated and then
allowed to evaporate and condense on the substrate. An evaporation system includes a
vacuum pump, crucible for the target material, heat source and substrate holder as

shown in Figure 2.6. The energy source for heating the target material can be an electric
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filament, electron beam, hot ceramic, or metallic bar etc. Perumal research group
(Perumal et al., 2014) reported the preparation of Ag SERS substrates by E-beam
evaporation that has the ability to enhance the Raman signal of 2-naphthalenethiol (NT)
with the enhancement factor of 10”. Qiang Zou et al. (Zou et al., 2018) also report E-

beam evaporation of Au on a PET substrate to construct a flexible SERS substrate.

| mm"dder | Deposited
Substrate 4 —¥ Thin FIm

s

5
°© o A Vaporized

Material

Target
Material . | Evaporator

Figure 2.6 Evaporation system (Park et al., 2016)

2.3.3 Chemical deposition

Chemical deposition is the fabrication method where the material undergoes a
chemical reaction resulting in a specific reaction to take place and coating on a suitable
substrate. This technique can produce high-quality thin films with lower economical
cost than that of physical deposition. Chemical deposition is strongly dependent on the
chemistry of the solutions, pH value, viscosity, and so on. There are many chemical
deposition methods that have been reported for SERS substrate fabrication including
electroplating (Martynova et al., 2018), Electroless deposition (Coluccio et al., 2009;
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Song et al., 2014; Tzeng et al., 2020), sol-gel technique (Lucht et al., 2000; Soto-Nieto
et al., 2020), Electrophoretic deposition (Fioravanti et al., 2020; Hwang & Yang, 2018;
Lopez et al., 2013; Sarkar et al.,, 2014), and chemical vapor deposition (CVD)
(Nakabayashi et al., 2019; Tzeng et al., 2020) etc. This section will focus on the
chemical vapor deposition (CVD) and Electrophoretic deposition because they are
frequently used for nanostructure fabrication.

2.3.3.1 Chemical vapor deposition

Chemical Vapor Deposition (CVD) is a deposition technique that uses heat to
activate a chemical reaction of a precursor gas and allows the product to be coated on
the substrate. Figure 2.7 is a schematic showing the CVD process. First, one or more
precursor gases are introduced into a vacuum chamber. Applying heat or reducing
pressure to vaporize those gases allows the chemical reaction to occur and deposit on a
substrate. Although this technique generates a vapor to deposit on a substrate like the
PVD process, CVD differs from PVD in that it is done under a chemical reaction while
the PVD only sprays a vaporized material on the substrate. One great advantage of
CVD processing is that it can create coatings of uniform thickness even over complex
shapes. For example, CVD can be used to uniformly coat carbon nanotubes with
uniform rod size or even modify the CNT property. However, the limitation of this
technique is the need of high temperature to activate chemical reaction, difficulty to

mask surface, and the area of coating is limited by a reaction chamber.

I O O O O O Ol

Quartz tube

|_ Substrate

Mass flow Pump
controller|] [O O O O O O O]
LU
+ 4+ 4

Carbon source (gas, liquid, & solid) + carrier gas

Figure 2.7 Chemical Vapor Deposition (CVD) system (Son & Ham, 2017)

Ref. code: 256559223000990UH



14

For SERS application, CVD has been reported as a method for preparing 2D
graphene for enhancing the Raman signal and to be utilized as a protective layer.

Federico et al.[ref] reported his work on preparing graphene by CVD and use it
as a cover layer for AUNPs/ITO SERS substrate. They found that graphene helps
promote the SERS signal and the AuNPs coverage are 6 folds better when there is
graphene than without graphene.

Seiya Suzuki et al. (Nakabayashi et al., 2019) fabricated and tested the chemical
stability of CVD graphene/AgNPs/SiO2> SERS substate. They found that their SERS
substrate can be used for enhancing the Raman signal of R6G even in concentrated
hydrochloric acid or at temperatures up to 400 C. Thus, this chemical stability of SERS
substate provides a new application such as molecular detections at high temperatures
or in extreme acidic conditions.

M. EmreAyhan (Ayhan, 2020) also reported SERS activity of AgNPs@G
nanocomposite SERS substrate prepared by AgNPs decorated on a CVD graphene
surface. The value of the enhancement factor (EF) up to 7.2 x 10* suggests that the

AgNPs@G nanostructure substrates have perfect SERS properties.

2.3.3.2 Electrophoretic deposition

Electrophoretic deposition (EPD) is a chemical coating process that uses an
electric field to force a colloidal particle to migrate and deposit on a conductive
substrate. Both alternating current (AC) and direct current (DC) electrical fields have
been applied in the EPD process although DC fields are more common. The advantage
of this deposition technique is the cost effectiveness, facile modification, high quality
of nano/microstructure, and the controllable of shape, size, and thickness of particle.
EPD could be anodic or cathodic electrophoretic deposition, depending on which
electrode the deposition occurs. The electrophoretic setup is shown in Figure 2.8. The
mechanisms of EPD are still not completely understood. It can be considered as a two-
step process, first the particle migrates to the substrate due to an applied electric field.
Particles will lose their charge at the electrode surface then they will aggregate and form

a rigid solid layer on the substrate.
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Figure 2.8 Electrophoretic deposition setup

Electrophoretic deposition is widely used for preparing metal nanoparticles for
SERS substrates because it can produce a high quantity nanoparticle. Shape and size of
nanoparticle fabricated by this technique can be tuned to adjust the hot spot for
enhancing the Raman signal. The metal material prepared by this method for SERS
application include Ag (Rivera-Rangel et al., 2020; Wang et al., 2019), Au (Choi et al.,
2010; Zhu et al., 2021), Pt (Choi et al., 2010).

According to the variation of electrodeposition condition, several shapes of
nanoparticle have been reported for SERS application, for example a ball like, flower
like, and a leaf like shape. Those shapes, gaps, and different sizes strongly affect SERS
performance (Jeon et al.,, 2013; Lal et al., 2008; Zhang et al., 2018). Thus, this
fabrication method is a promising way to prepare SERS substrates that match our

application.

2.4 Graphene for SERS application

Graphene is an allotrope of carbon in the form of a single layer of carbon atoms
arranged in a hexagonal two-dimensional honeycomb lattice. Graphite is when
graphene layers stack together with a van der Waal force. One way to produce graphene
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is to exfoliate each graphene layer out of graphite, which is a top-down process.
Another way to prepare graphene is a bottom-up process, for instance CVD. Graphene
has unique physical, electrical, and mechanical properties that has attracted attention to
be used in many applications. Graphene possesses many excellent properties that make
it a promising material for SERS application. Its large surface area makes it good for
molecular adsorption. Excellent charge transfer ability of graphene makes it to be a
chemical enhancement material for SERS. Its photoluminescent quenching helps
eliminate fluorescence background from the Raman signal. Moreover, graphene can be
used as a protective layer for metal from oxidation which will improve the durability
and stability of the SERS substrate. The examples of using graphene in SERS
applications are shown below.

Jaehong Lee et al. (J. Lee et al., 2015) used graphene as an encapsulated layer
on AgNps for oxidative resistance for SERS substrates. The AgNps was formed on a
SiO2 substrate then coated with PMMA which is used as a carbon source. The as
prepared surface was thermally annealed resulting in a graphene layer coated on
AgNPs. SERS performance was studied with R6G molecules, they found that their

SERS substrate has a high stability while the performance still remains.

Lu Liu et al. (Liu et al., 2020) prepared multilayer silver nanoparticle hybrid
graphene (AgNps/graphene) as a SERS substrate aiming to use the combination of
chemical enhancement effect from graphene and electromagnetic enhancement from
silver nanoparticles to enhance Raman signal. They found that their SERS substrate
could be used to detect Raman signal on rhodamine 6G (R6G) and crystal violet at low

concentration as 104 and 10712 M, respectively.

Similar work reported by Xianwu Xiu et al. (Guo et al., 2018) using GO as a
protective layer for SERS substrate. They fabricated a multilayer AgNP/graphene SERs
substrate attempt to make a 3D SERs substrate with increasing hot spots. Studying the
R6G Raman signal, they found that their SERs substrate can detect R6G at LOD of 10
12 M.
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Another report of using GO as a protective layer for SERs substrate was
reported by Kseniya et al. (Girel et al., 2018) They use GO coating on AgNPs layer and

found that the intensity decayed due to the oxidized metal layer after 2 times.

Xiaodong Li (Li, 2018)reported the other role of graphene as a
photoluminescent quenching. They studied the effect of graphene oxide (GO) deposit
on AgNps layers to the SERS performance and found that GO helped reduce fluorescent
background while measuring Raman signal of R6G. Moreover, he also reports that the
oxygen group plays an important role in promoting SERS effects which he suggests
that by understanding of the effect of oxygen number to SERS process, the SERS

performance could be controlled.

2.5 Flexible SERS

Most of the commonly used SERS substrates rely on a rigid glass slide or silicon
which limits their usage in the real-world applications. Thus, developing a flexible
SERS substrate has been of interest to many researchers. When preparing a flexible
SERS substrate, several requirements should be satisfied including ease of fabrication,
low cost, high sensitivity, and reproducibility. Several materials were proposed to be
used as the flexible SERS substrate, for example PDMS (Novara et al., 2016), PMMA
(Zhong et al., 2014), and adhesive tape (Guo et al., 2019). Hengwei Qiu et al. (Qiu et
al., 2017) proposed the flexible SERS based Ag-nanoflowers’/PMMA as a high-
performance SERS substrate using the chemical reduction and spin coating process.
Their sensor could detect rhodamine 6G at concentrations as low as 104 M. Pawan
Kumar et al. (Kumar et al., 2017) have demonstrated another type of a SERS substrate
prepared by evaporating Ag on a patterned PDMS surface and could be used as a high
sensitivity sensor. Jiaolai jiang et al. (Jiang et al., 2018) reported on the tape-wrapped
SERS technique that used adhesive tape to transfer the target molecule of the sample
before measuring the Raman signal on the silver nanorod fabricated by the atomic layer
deposition (ALD) method. Nevertheless, those indirect detection techniques are either

short storage life or difficult to fabricate. Accordingly, in this work, we propose the
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facile fabrication of a long shelf-life polymer-based SERS substrate based on
graphene/Ag/polymer (G/Ag/Polymer).

2.6 Summary

Film-based SERS substrates have greatly attracted attention recently due to its
stability and repeatability and convenience to be used for a field test. However, due to
oxidation of noble metals on the surface, a coating or special packaging step is required
to overcome those problems. Thus, increase the price of the SERS fabrication and
sometime lower SERS performance. Graphene is a 2D material that has excellent
optical, chemical, and electrical properties that could be used for SERS applications. In
this work, a hybrid material of G/Ag/Polymer is proposed to be used as a SERS
substrate for chemical detection. Silver nanoparticle as an enhancement material was
prepare by electrophoretic deposition. The effect of current density and deposition time
on the silver nanostructure and Raman signal enhancement was also investigated.
Graphene was prepared by Chemical vapor deposition technique. Graphene functions
as a protective layer of the SERS substrate and assist enhance Raman signal via
chemical enhancement. Graphene decorated silver nanoparticle was transfer on a
polymer for using as a supporting material for SERs substrate. The performance of the
SERS substrate including the homogeneity, sensitivity, and stability were
systematically examined. Due to the transparency and flexibility of the tape-based
sensor, it could be attached directly on the sample, and the SERS signal could be
collected without taking the sensor off the sample. Thus, this propose SERS substrate

could be a great promise to use for field testing.
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CHAPTER 3
METHODOLOGY

3.1 Preparation of flexible SERS substrate

The preparation of a flexible SERS substrate consists of four steps as shown in
Figure 3.1. First, graphene was prepared on copper foil by chemical vapor deposition
(CVD), then silver nanoparticles were electrodeposited on graphene/copper. Next, that
prepared substrate was transferred onto a polymer layer, and the copper was then
removed by chemical etching. The final flexible SERS substrate structure consists of
the silver nanoparticle layer sandwiched between the protective graphene and the
polymer layers (G/Ag/polymer).

The ideal polymer for SERS substrates should be transparent to allow excited
laser light to pass through, less fluorescence to avoid high background signal and no
Raman signal at the same wave number with an analyte. Silver nanoparticles used as
the metal for enhancing the Raman signal should have a uniform size, gap and
distribution on the substrate to provide high SERS performance, uniformity,
repeatability, and reproducibility for the SERS sensor. Graphene should cover all of the
substrate evenly to help prevent oxidation of silver nanoparticles and assist Raman
signal amplification through a chemical enhancement.

Ag nanoparicle
graphene

Transparent and flexible
I AL Cu foil etching

Cu foil

Figure 3.1 Schematic illustration of the process for the fabrication of the

G/AgNPs/Polymer substrate and the potential use of the developed substrate.
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3.1.1 Preparation of graphene on a copper foil substrate

The graphene sheet was grown by the chemical vapor deposition (CVD)

technique onto a copper foil substrate. Copper foil was cut into 11 x 20 cm? sheets and

ultrasonically cleaned in ethanol for 10 min and dried under flow nitrogen. Copper foil
was then loaded into the quartz tube of the CVD machine (Planar TECH, planarGlow-
6E) and graphene was grown with methane as a carbon source and hydrogen as a gas
carrier. The growth condition was performed at the pressure of 5 Torr with 60 sccm
methane and 200 sccm hydrogen at 1000 °C for 30 minutes.

The copper helps
Pass heated ) carbon and hydrogen
methane gas (CH,) separate from the methane
Over a copper ’) . »
. A )
(Cu) surface J J . ).)) 23 P 2%
J )
)
J J’
v
S
Remove the copper to leave Carbon builds up on the copper
the graphene sheet as a hexagonal graphene layer

Figure 3.2 Mechanism of growing graphene on the copper substrate (top) and the
CVD system used for growing graphene in this work (bottom)
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Figure 3.2 depicts the mechanism of growing graphene on copper foil and the
CVD system used in this work. The copper acts as catalyst to catalyze the
dehydrogenation of the methane adsorbed on the copper surface, leaving carbon to form
graphene on the copper foil surface. The presence of graphene was confirmed using

Raman spectroscopy.

3.1.2 Electrodeposition of silver nanoparticles on graphene

The prepared graphene was subsequently used as a substrate for
electrodeposition of silver nanoparticles (Ag). The electrodeposition was performed in
the mixture of 10 mM silver nitrate (sigma Aldrich, 99%) and 60 mM citric acid (sigma

Aldrich, 99.5%) electrolyte using potentiostat (Metrohm, Autolab PGSTAT302N) in

a three-electrode system. Silver nitrate acts as a silver source while the citrate ions play

multiple roles in the synthesis process, including as a reducing agent, a stabilizer, and

a particle shape-control.

Reference electrod

Cathode
CuGraphene

__Graphene _

WO 7

2 cm.

Figure 3.3 Electrodeposition of silver nanoparticles onto graphene/Cu substrate.
Image on the left is the graphene/Cu before electrodeposition. Image on the right is
after electrodeposition showing the deposited the silver layer deposited on the surface
of the graphene/Cu substrate.
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The current density and deposition time was optimized to find a suitable
morphology of silver nanoparticles for Raman enhancement. The setup for
electrodeposition is shown in Figure 3.3. Graphene on a copper substrate was used as a
working electrode. Platinum rod and the Ag/AgCl electrode were used as a counter and
a reference electrode, respectively. Current density and time for electrodeposition was
varied to get the best Raman enhancement.

3.1.3 Preparation of polymer protective layer onto the Ag-decorated graphene
There are two types of protective polymers used in this research:
polydimethylsiloxane (PDMS) and polyimide tape (PI). Figure 3.4 shows the picture of

PDMS that consists of an elastomer base and a curing agent (left) and polyimide tape
(right).

Figure 3.4 The PDMS precursor together with its curing agent (left) and the
polyimide tape used in this work (right)

3.1.3.1 PDMS coating

PDMS is a polymer that is widely used for fabricating micro and nano-devices.
It is chemically inert, has high thermal stability, and is optically transparent. These
properties are excellent for use as a SERS substrate because it can withstand the etching
solution in the SERS fabricating process. Additionally, its optical transparent properties
will allow the excitation and scattering light to pass through the SERS substrate to the

optical system of the Raman machine.
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In order to prepare the PDMS layer, spin coating was used because it’s suitable
for liquid coating to provide a uniform and adjustable thickness of the PDMS layer.
The ideal thickness of PDMS must possess the low absorption of the laser source, be
robust and easy to handle. Once silver nanoparticles were decorated onto the
graphene/Cu, the sample was then immediately coated with PDMS premixed with
curing agent. PDMS was prepared by mixing the polymer base and curing agent at the
ratio of 10:1 and degassing to remove all the bubbles. Then the prepared
Ag/graphene/Cu was coated with PDMS using a spin coater (Polos, Spin200i) at 300
rpm for 60 s and left to cure at 80 °C for 1 h. The PDMS/Ag/graphene/Cu, or
PDMS/Ag/Cu substrate was then placed in 40 mgml of FeClsz for 2 h to remove the

copper and obtain the G/Ag/PDMS SERS substrate.

3.1.3.2 Polyimide tape

Polyimide tape is flexible, transparent, biocompatible, and has high tensile
strength. It has a thermal stability, good chemical resistance, and excellent mechanical
properties. Therefore, it is one of the good choices for a SERS substrate. Polyimide
tape was mechanically pressed on the Ag/graphene/Cu then it was heated at 80 °C for

15 min before removing the copper layer in 40 mg/ml of FeCls for 1.5 h to get the tape-
based SERS substrate which consists of a G/Ag/PI structure.

The sucessfuly fabricaed of PDMS and P1 SERS substrate are shown in Figure
3.5 (left) and (right), respectively.
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Figure 3.5 Picture of G/Ag/PDMS SERS substrate (left) and G/Ag/P1 SERS substrate
(right)

3.2 Characterizations

X-ray diffraction (XRD) is a nondestructive analytical technique for elemental
and phase analysis of material. It also provides other structural parameters such as
average grain size, crystallinity, and crystal defects. XRD consist of three basic
elements: an X-ray tube, a sample holder, and an X-ray detector. X-rays generated by
a cathode ray tube is direct through the optical system toward the sample. At the
conditions that satisfy Bragg’s law (nA=2d sin 0) the diffracted X-rays can be detected,
processed, and counted. In this work, an X-ray diffractometer (XRD: PANalytical) was
used for characterizing the molecular structure of the prepared SERS substrate. The Ag
decorated graphene on copper substrate was used for XRD characterization. The data
were recorded using a Cu Ka X-ray source over a 10-90° 26 range with a counting time
0.5 step s at step size of 0.02°.

A Universal Testing Machine (UTM) (AGXV, SHIMADZU) was used for
examining the mechanical properties of the SERS substrate. The effect of preparing PI-
SERS substrate to the mechanical properties including tensile strength and elongation
at break was investigated and compared with a bare PI substrate. Unfortunately testing
with the PDMS SERS substrate cannot be performed due to the limitation of the device
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fabrication. These tests were performed with a 10 KN load cell and a stroke length of
500 mm/min at room temperature and with a humidity of 50%.

SEM is a surface analysis technique that used a focused beam of electrons to
scan over the sample surface. The electrons interact with atoms in the sample and will
produce various signals that contain information about the surface topography and
composition of the sample. In this work, FE-SEM and EDX (Hitachi, SU8030) analysis
of SERS substrate was performed with the accelerating voltage at 10 kV and 8.0 mm
working distance.

Raman spectroscopy is a vibrational sensitive technique for detecting inelastic
scattering that causes a frequency shift from the incident light. The frequency shift
relates to molecular vibration that can be used to identify the molecules. In this work,
the Raman spectroscopy technique was used for determining graphene quality and
detecting methyl parathion on the SERS substrate. Raman spectrometer (Renishaw,
InVia Qontor) with the excitation energy and spot of laser were 0.48 mW and 1 um,
respectively was used throughout the experiment. The diffraction grid was set as 600
gr/mm and the integration time was set as 8 s. The laser light was coupled through an
objective lens of 50%. A laser source at 785 nm was used for graphene analysis. While
for the SERS measurement, a suitable laser source will be selected to obtain a high

Raman signal and low interference signal from the substrate.

3.3 Study of the SERS performance

In order to determine the sensitivity of the SERS sensor, methyl parathion in
ethanol was prepared in the concentration range from 2.5x10° M to 1x10° M. The
molecular structure of methyl parathion is shown in Figure 3.6. The SERS substrate
was cut into a dimension of 2x2 cm?, then the primary peak at 1344 cm™ was used for

examining the Raman intensity.
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Figure 3.6 molecular structure of methyl parathion

(https://commons.wikimedia.org/w/index.php?curid=4291405)

3.4 Data pre-processing and analysis of Raman spectrum

The SERS enhancement factor (EF) is one of the most important parameters for
characterizing the ability of a given substrate to enhance the Raman signal for SERS
applications. It is calculated as follows:

ISERS /N SERS (31)

Ibulk /'N bulk

ERS

where Isers is @ SERS intensity and and Iguk is @ Raman intensity of sample. Nsgrs and
Nouik are the number of probed molecules on the SERS substrate and in the aqueous

sample, respectively.

Npuik Was calculated based on the known volume and concentration of probed molecules
dried on the substrate with known area compared those in the area under the excitation

laser. The number of molecules drop on substrate is calculated as follows:
N, =vXc XNy (3.2)

Where N, is a number of molecules drop on area a, v is a volume of analyte, and N,

is the Avogadro number.

Since only the molecule under excitation laser is contribute to Raman signal. The laser

spot area is calculated by
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A=mr? (3.3)

Where r is a radius of laser which was estimated by:

- %( 1.224 ) (34)

Numerical Aperture

Then the Nbui is calculate by compared the number of molecules drop on area a in

equation (2) to the number of molecules in laser spot area.

To calculate the number of SERS probe Nggrs, only the molecules that involve
in SERS process will be considered. It was estimated by assuming that only molecule
locates within the gap between metal nanoparticle involve the SERS process. Thus, it

can be estimated by dividing the whole laser spot area by the size of analyte molecule.

Area of laser spot

Nsgrs = size of molecule (3'5)

The detailed calculations based on this formula is shown in the appendix.

The Raman spectra of hybrid material generally have high complexity because
they contain numerous numbers of peaks with different intensities and forms. In order
to compare a large set of spectra, data pre-processing is necessary to reduce the
irrelevant systematic variation in the spectra to improve the accuracy for data analysis.
The basic data pre-processing includes background correction, smoothing, and
normalization etc. In this work, all the collected data was pre-processed by background
removal to eliminate the fluorescence signal. To compare the intensity between data
set, the data was normalized by its mean and extended multiplicative signal correction

(EMSC) was used to eliminate the scattering effects from the sample.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Characterizations of graphene/copper foil substrate

Quality graphene prepared by CVD on copper foil was verified by Raman
spectroscopy. Raman spectra of graphene showing the D, G and 2D peak is shown in
Figure 4.1, The D band appeared at ~1332 cm™?, the G band appeared at 1573 cm ™2,
and 2D peak at 2700 cm ™. The G peak corresponds to the E2g phonon at the Brillouin
zone center. The D peak is attributed to the amount of disorders or defects. The second
order of the zone boundary phonons gives rise to the 2D peak and it appears as a strong
single peak in monolayer graphene. The 2D band appearance can be used to distinguish
the graphene from graphite. It is known that the l.p/lc ratio depends on the number of
graphene layers (Reina et al., 2009). The ratio l.p/lc ~ 2-3 is for monolayer graphene,
2> l2p/lg > 1 for bilayer graphene and I2o/lg < 1 for multilayer graphene. The intensity
ratio of the 2D to the G band (loo/lg) of our prepared graphene is 2.2 which indicates a
few layers of graphene.
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Figure 4.1 Raman spectra of graphene on copper foil
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The XRD patterns of silver decorated on graphene/Cu is shown in Figure 4.2.

It exhibits sharp peaks of silver at 38.1°, 44.3°, 64.4° and 77.5° and characteristic peaks

from copper at 43.1° 50.5° and 74.1°. The sharp diffraction peaks indicate the

crystalline characteristic of both Cu and Ag. There are no evident graphene peaks

shown in XRD due to the lack of crystalline order in the graphene structure. Therefore,

it could be confirmed that a high crystallinity silver can be obtained by electrophoretic

deposition.
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Figure 4.2 XRD pattern of silver prepared by electrodeposition technique.
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Figure 4.3 The wide scan of XPS spectra (a) and the detailed scan of Ag 3d and O 1s
component of Ag/G/Cu (b), G/Ag/PDMS(c), Ag/PDMS (d), G/Ag/Pl(e) and Ag/PI

(f)

X-ray photoelectron spectroscopy (XPS) analysis was used to investigate the
quality of silver and the effect of graphene coverage on a SERS substrate. The ability
of graphene for protecting silver from oxidation was determined by surveying the
chemical state of metallic silver and its oxides. Figure 4.3(a) shows the wide scan XPS
spectra of AgNPs/G/Cu, G/AgNPs/P1 and AgNPs/PI. All the XPS spectra show the
presence of silver, oxygen, and carbon, while a little CI appears in the Pl SERS
substrates which could be due to contamination from the etching process. Detailed
scans of the Ag 3d and O 1s region were recorded to define the chemical state of silver
and oxygen in each sample and are shown in Figure 4.3 (b-f). The O 1s spectrum from
all samples show multi chemical states of oxygen due to AgO, ether carbon (C-O) and
carbonyl carbon (C=0). For the silver deposited on Cu/G, we found the combination
of Ag 3d(Ag:Ag20) spectra peak at 368.2 eV and satellite peak which is attributed to
the metallic silver (Firet et al., 2019). While the samples that were transferred on Pl
tape show the additional Ag 3d (AgO) spectra and the disappearance of the satellite
peak infers the oxidation of the sample. The formation of AgO was compared by
considering the Ag 3d (AgO)/ Ag 3d (Ag:Ag20) ratio for each sample and is shown in
table 4.1. It shows that the Ag/G/Cu have the highest Ag:Ag.0 content and no evidence
of AgO component. While other samples that undergo the etching process show less
Ag/Ag20 content and a high AgO content. However, comparing between the samples
with and without graphene coverage, it shows that the one with a graphene protected
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layer provides lower AgO formation on the surface. Thus, the prepared sample was
oxidized during the etching process and graphene could help protect against oxidation
from occurring.

Table 4.1 Comparison of atomic concentration of silver phase of each SERS substrate

Quantification Atomic conc. [%]* Only consider Ag and O
AgNPs/G/Cu G/AgNPs/PI AgNPs/PI

Ag 3ds2 (Ag:Ag20) 27.36 0.40 0.13
Ag 3d32 (Ag:Ag20) 18.52 0.27 0.09
Ag 3ds2 (AgO) - 2.82 1.10
Ag 3d32 (AgO) - 1.91 0.74
Ratio Ag using 3dsp - 7.05 8.50
(AgO)/(Ag:Ag20)

Ratio Ag using 3dsp : 7.07 8.22
(AgO)/(Ag:Ag20)

Graphene coverage on a sample is another crucial thing of concern because it is
a protective layer for metals which help extend the shelf life of SERS substrates. The
existence of graphene on PDMS and Pl SERS substrates was investigated by
performing the Raman mapping measurement on 9 areas of the 1x1 cm? SERS
substrate. The 785 nm excitation laser source was scanned over the area of 600 x 500
pm? with 10 um steps size. The intensity plot of the G band of graphene (1582 cm™) on
each map was measured as shown in Figure 4.4 (a) and (b) for PDMS and SERS
substrate, respectively. The various colors of the map indicate the Raman intensity of
the G band. The results show that, a similar mapping profile was found from every area
on the substrate which indicate that graphene was transferred and covered the entire
area of the PDMS and PI substrate. Comparing between the two types of SERS
substrates, it appears that Pl SERS substrate provides more variation of color on each
map than that in the PDMS SERS substrate. This implies that transferring graphene

onto PDMS covers more evenly on the substrate than that on the PI substrate.

Ref. code: 256559223000990UH



34

(b)
Figure 4.4 The intensity mapping plot of the G band (1582 cm) of graphene
performed on PDMS (a) and PI (b) SERS substrate
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4.2 Effect of current density and deposition time to silver nanoparticle
morphology.
SEM was used for examining the morphology and mechanism of silver

nanoparticle growth on the graphene/Cu surface. Figure 4.5 shows the image of the
silver nanoparticles from electrodeposition at different current densities. The rattan ball-

shaped silver nanoparticles were found uniformly dispersed over the surface of

substrate area. The sizes of the silver nanoparticles are about 1.2-1.6 pum for the applied
current density 1, 5, and 10 pAcm? and in the range 1.8-2.0 um for the applied current
density of 20, 50, and 100 pAcm?. The rattan ball-shape of the silver nanoparticles at

different current densities are quite similar, the gap between the strands within the rattan

ball is found to be in the range 30-100 nm and is not affected by the current density.

However, the gap between silver nanoparticles is quite different at different
current densities. At low current density of 1 pAcm?, the distance between silver

nanoparticles is in the range 0.6-1.6 um. This is because there is less potential to start the
reaction so fewer seed particles for generating silver nanoparticle clusters. At the current
density at 5-20 pAcm?, there are more forces to push the reaction so there are more Ag

seeds to nucleate the silver nanoparticles. Consequently, the gaps between the silver

nanoparticles are in the range 0.5-1 um. However, at a high current density from 50-100
HAcm? the gap between them becomes large again @bout 1.2-1.8 pum) which might be

the results of hydrogen evolution at high current density (Lee et al., 2018). Those effect

leading to the decreasing of an effective area for growing silver nanoparticle.
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Figure 4.5 FE-SEM images of silver nanoparticle prepared by the electrodeposition
method at current densities of 1, 5, 10, 20, 50, 100 pAcm?for 180 s on a graphene/Cu

substrate.

Next, the morphology of the silver nanoparticles generated at a fixed current

density of 10 pA.cm? with various deposition times is shown in Figure 4.6. It can be

observed that the distribution of silver particles is similar throughout, but the particles
grew larger with longer deposition time. Hence, it may be assumed that the current
density affects the initial distribution of the nanoparticles, while the deposition time

affects the size of the nanoparticle cluster.
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50 pm

Figure 4.6 FE-SEM images of silver nanoparticle preparing by electrodeposition

method at current density of 10 pAcm?for 30's, 120's, 180 s, and 300 s.

The mechanical properties of the SERS substrate is important for practical field
uses. Due to the limitation of preparing PDMS for this test, only the mechanical
properties of the PI-SERS substrate were examined. The test investigated if the process
of transferring the AgNPs/G/Cu onto PI followed by etching and baking deteriorates
the mechanical property of the Pl backing tape. The stress—strain plot of G/AgNPs/PI
substrate compared to that of pristine Pl tape is displayed in Figure 4.7. It was found
that the elastic moduli from both samples were similar while the tensile strength and
the elongation at break of the G/AgNPs/PI substrate was significantly higher than that
of the pristine PI as shown in Table 4.2. This indicated that the process of transferring,
etching, and annealing of the resulting SERS substrate did not deteriorate the property
of the PI tape and in fact slightly enhanced it probably due to the property of the
graphene layer, or the thermal annealing of the P substrate after the transfering process.

Ref. code: 256559223000990UH



39

40 — -:g-:_.t«ﬁ:,-i:.n. ;

Stress (MPa)

Pristine PI tape
—— G/AgNPs/PI substrate

20 30 40 | 50
Strain (%)
Figure 4.7 The stress—strain plot of G/AgNPs/PI substrate compared to that of
pristine Pl SERS substrate.

Table 4.2 Comparison of the mechanical properties of bare Pl and PI SERS substrate

Sample Tensile strength Elastic modulus Elongation at break
(Mpa) (Gpa) (%)
Pl 33.5+1.6 0.55 +0.02 148 +2.4
PI-SERS 36.7+5.7 0.54 + 0.03 28.7+13.3

4.3 Effect of excitation light source to Raman measurement

In Raman measurement, the excitation source must provide a high Raman signal
for the analyte and low signal appearance from the substrate. The absorbance of PDMS
and PI in the range of 400-800 nm were investigated in order to choose the proper laser
source for Raman measurement. The absorbance of PDMS and PI substrate displayed
in Figure 4.8 shows that PDMS does not absorb the spectra in the range 400-800 nm.
While the PI absorbs light from 400-550 nm. Thus, the laser light source for PDMS
should be in the range of 400-800 nm while the laser source for P1 should be one larger
than 550 nm. Thus, in this work the lasers source for Pl is at 785 nm and PDMS can be
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both 532 nm and 785 nm. The Raman spectra of PDMS SERS substrate with the
excitation wavelength of 532 and 785 nm was compared and shown in Figure 4.9. It
showed that with the 785 nm excitation laser source, the huge peak at 1300 cm™ hinders
the methyl parathion signal. This peak is the D peak of graphene which indicates defects
of graphene that could be formed due to the high energy of 785 nm laser destroying the
graphene layer. Therefore, the laser source chosen for the PDMS SERS substrate in this

work is 532 nm

0.6
—— PDMS
— Pl
S5 04
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Figure 4.8 Absorbance of PDMS and Pl substrate
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Figure 4.9 Raman spectra of methyl parathion on G/Ag/PDMS obtaining from 785

nm (top) and 532 nm (bottom) excitation laser source.

The Raman spectra of methyl parathion powder, Pl and PDMS substrate, methyl
parathion on substrate and methyl parathion on PDMS and Pl SERS substrate are shown
in Figure 4.10 and 4.11, respectively. The Raman spectra of methyl parathion powder
show the primary vibration at 860, 1107, 1214, 1344 and 1591 cm™ corresponding P-
O, C-N, C-0, NO2 and benzene ring, respectively. While the Raman signal of methyl
parathion on G/Ag/PDMS SERS substrate shows the primary vibrations of MP at 860,
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1135, 1344, and 1590 cm™ corresponding to P-O, CC-H, NO and benzene ring,
respectively. However, Raman spectra at 1135 cm™ are very low and the signal at 860
cm™ and 1586 cm™ is interfered by the PDMS and graphene. Therefore, only the peak
at around 1344 cm™ was used for analysis in this work. Similarly, the Raman signal of
methyl parathion on G/Ag/PI shows interference of signal at the wave number 860 and
1108 by the PI substrate, and the signal at 1135 is quite low. Thus, only the peak at

around 1344 cm™ was used for analysis.

860 1107 1214 1344 1586
[ MP powder

1

[ PDMS/AQ/GINIP |

-PDMSl/MP

Intensity (a.u.)

1250 1500

500 750 1000

Wave number (cm™)

Figure 4.10 Raman spectra of PDMS substrate, methyl parathion on PDMS substrate,
methyl parathion on G/Ag/PDMS SERS substrate and methyl parathion powder
obtained by the 532 nm excitation source.
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Figure 4.11 Raman spectra of the PI substrate, methyl parathion on PI substrate,
methyl parathion on G/Ag/PI SERS substrate and methyl parathion powder obtained

by the 785 nm excitation source.

4.4 Effect of current density, and deposition time to SERS performance

In order to investigate SERS performance, the SERS substrate was cut to 2 x 2
cm? and 4 pl of Methyl parathion was dropped on the SERS substrate for investigating
the optimized condition of silver deposition for the best enhancement in Raman signal.
Raman signal form ten random positions on the SERS substrate was collected and the

average intensity at 1344 cm™ was compared. The intensity of Raman signal from the

Ref. code: 256559223000990UH



44

SERS substrate at different electrodeposition current densities and deposition times are
shown in Figure 4.12.

To investigate the effect of current density, the various current densities at 1, 5,
10, 20, 50, 100 pAcm? were applied for 3 min. The results show that the SERS substrate

prepared with current density at 10 pAcm? possesses the highest Raman intensity. Then
silver nanoparticles were prepared at a fix current density of 10 pAcm?, and the

deposition time was varied at 2, 3, 4, 5 minutes.
We found that the SERS substrate prepared with silver deposition at the current

density of 10 pAcm? for 3 minutes yielded the best Raman signal. This condition is

then selected and used for preparing subsequent SERS substrates for further
investigation. These results could be explained by comparing them with the SEM
results. Silver particles prepared by this condition provided gaps between particles in
the range 50-100 nm and a gap between strands 30-100 nm which are a suitable size to
function as a hot spot for SERS enhancement. Because the gaps between strands of the
rattan ball like structure does not change with the current density, it provides a hot spot
for all conditions. However, the different gap sizes between particles affect the number
of hot spots for SERS. Thus, preparing silver nanoparticle at the current density 10

HAcm? for 3 minutes provides a good number of hot spots.
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Figure 4.12 Intensity of Raman signal from SERS substrate at different

electrodeposition current densities (a) and deposition times (b)
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4.5 Effect of graphene and the enhancement mechanisms

The enhancement for Raman signal could be by two mechanisms:
electromagnetic and chemical enhancement. In this work, the Raman enhancement was
mainly generated from the electromagnetic enhancement which is due to methyl
parathion molecules being adsorbed onto the hot spots of silver nanoparticles on the
SERS substrate. Without the silver nanoparticles, the bare MP signal was barely
observed. As shown in Figure 4.10 and 4.11, the Raman enhancement of MP appear in
the G/Ag/PDMS and G/Ag/PI substrates. In both substrates, four dominant vibration
modes of MP molecules that were strongly enhanced were at frequencies 860, 1135,
1344 and 1590 cm™* corresponding to the P-O, CC-N, N-O and the phenyl stretching
vibrations, respectively. In addition, Figure 4.13 shows the effect of the graphene
coverage on the silver nanoparticles, which could enhance the Raman signal slightly
further. The graphene layer probably promoted the chemical enhancement by
improving the charge transfer between the MP and the silver nanoparticles, and thus

enhancing the electromagnetic enhancement slightly further.

L [ With graphene
B Without graphene

Intensity (a.u.)

PDMS PI

Figure 4.13 The intensity of the Raman signal at wave number 1344 cm™ obtained by

PDMS and Pl SERS substrate with and without graphene coverage.
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4.6 Sensitivity of SERS substrate
In order to determine the sensitivity of the SERS sensor, methyl parathion (MP)

in ethanol was prepared at the concentration range from 25x10° M to 1x10° M. The

SERs substrate was cut into a dimension of 2x3 mm?, four microliters of methyl
parathion solution were dropped onto the SERS substrate and allowed to air dry for 30

min before performing Raman measurement. The primary peak at 1344 cm? was used
for examining the Raman signal. The data was pre-processed by normalizing with the

spectral mean and using extended multiplicative scatter (EMSC) correction.
The relationship between Raman signal intensity and methyl parathion
concentration was investigated. The results in Figure 4.14 show alinear response of the

Raman signal to the methyl parathion concentration with R?-0.84 and 0.93 for PDMS
and Pl SERS substrate, respectively. The limit of detection (LOD) of methyl parathion
estimated by 3.3SD/slope is about 8x10* and 5x10% M for PDMS and Pl SERS

substrate, respectively. The enhancement factor was estimated from equation 1 by using
the SERS signal and comparing it with the Raman signal. Due to the low Raman signal

from MP on bare P substrate, only the high concentration at 102 M of methyl parathion

can be measured. Thus, the calculated enhancement factor was obtained from the signal

of 1x10® M methyl parathion on SERS substrate compared to the Raman signal of 10
M methyl parathion on a bare substrate. The calculated enhancement factor for PDMS

SERS substrate is 1.48 x10* while it is about 4.7 x 10* for Pl SERS substrate.
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Figure 4.14 Linear relationship between methyl parathion concentration and the

normalized intensity of the Raman signal at wave number 1344 cm*

4.7 Uniformity of SERS substrate
The uniformity of the SERS substrate was examined by measuring the Raman

spectra at several random positions on the SERS substrate. The SERS substrate was cut

into 2 x 2 cm? sheets, the 1 mM methyl parathion was dropped in the center and at the
4 corners of the SERS substrate, and then Raman signals from 20 spots on the sensor

were collected. The data was preprocessed by normalized with spectral mean after

correction with the extended multiplicative scatter (EMSC) correction (Liland et al.,
2016). The Raman spectra together with the intensity of the peak at the wave number
1344 cm from each spot on the PMDS (PI) SERS substrate are shown in Figure 4.15
(Figure 4.16).

The results demonstrate the similar Raman profile without the significant shift
of the signals. The intensity at 1344 cm™* from these spots were also compared and the

relative standard deviation (RSD) was calculated to be about 25% and 11% for the
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PDMS and PI substrate, respectively. Compared with the other research group that
report the RSD in the range of 5-20% (Liu et al., 2014; Sun et al., 2017; Wang et al.,
2014; Yu et al., 2018), %RSD of our PDMS SERS substrate is quite high, while the
obtained RSD for PI is acceptable. The non-uniformity in the substrate might be from
the silver electrodeposition process as well as the transferring process. During the silver
decoration process, electrodeposition was done in a stirred electrolyte. The micro-
stream of electrolytes might cause a non-uniform distribution of silver particles in each
area of the substrate. While in the transferring process, the curing of the PDMS might
cause some non-uniformity which creates the non-uniform structure on PDMS SERS

substrate.
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Figure 4.15 Plot of Raman spectra (top) and Raman intensity at 1,344 cm™* (bottom)
of each spot for the PMDS SERS substrate. At 1,344 cm™, the %RSD relative to the

mean intensity was calculated to be 25%.
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Figure 4.16 Plot of Raman spectra (top) and Raman intensity at 1,344 cm™ (bottom)

of each spot for the PI SERS substrate. At 1,344 cm™, the %RSD relative to the mean

intensity was calculated to be 11%.
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4.8 Stability of SERS substrate
The stability of our SERS substrate was investigated by comparing the SERS
signal from the sensor with and without graphene coverage as a function of storage

times. SERS substrates were prepared and kept in two conditions: the normal

atmosphere and room temperature of about 27-32 °C (RT/ambient air) and in the
desiccator with controlled temperature and relative humidity (RH) at 25 °C and
40%RH, respectively. The 2x2 cm? SERS substrate was prepared and cut into 2x3 mm?

sheets for each Raman measurement. An average of 5 SERS signals at 1,344 cm* were

collected over time.

The results in Figure 4.17 show the relationship of storage time and relative
intensity of Raman signal 1/lo, while | and lo are the intensity of the PDMS SERS
substrate at the measured date and at the freshly prepared date, respectively.

A similar trend was found in a SERS substrate kept in normal room temperature
and in a desiccator that the intensity decreases over time, but the decreasing rate of
intensity is faster in case of SERS stored in ambient air.

After 48 days, the Raman intensity percentage of PDMS SERS substrate left in
ambient air condition without graphene protected layer decreases sharply to the value

of only 3.6%. While samples with graphene protected layer was still working with the

intensity percentage of 57.6%. PDMS SERS substrates kept in a desiccator show better
results, the intensity percentage of the SERS substrate is at about 87.1% and 36.8% for
substrate with and without a graphene layer.

The relationship of storage time and the relative intensity of Raman signal /1o
of PI SERS substates are shown in Figure 4.18. The top figure is the result of the SERS
substate stored at ambient air for 48 days, it was found that SERS substrates without a
graphene protected layer were not in working condition while the ones with a graphene
protected layer still showed a Raman signal with the intensity percentage of 12.6%
compared to the freshly prepared sample. SERS substrates stored in a desiccator show
that after 48 days the Raman signal measured from SERS substrate with and without a

graphene protected layer was 42.1% and 22.8%, respectively.
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Figure 4.17 The Raman intensity at wave number 1344 cm™ of the PDMS SERS
substrate as a function of storage time under ambient air (top) and under a desiccator
at 25 °C and 40%RH (bottom).
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Figure 4.18 The Raman intensity at wave number 1344 cm™ of the PI SERS substrate
as a function of storage time under ambient air (top) and under a desiccator at 25 °C
and 40%RH (bottom)

This can be explained in terms of the decent coverage of graphene on top of

silver nanoparticles isolating the silver from the ambient oxygen and other potentially

contaminating gases in the environment. It indicates that that graphene is efficiently
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protecting the silver from getting oxidized. Moreover, from observation, the intensity
of the substrate with graphene is higher than that of one without graphene. Therefore,

graphene plays a role in enhancing the Raman signal and as a protection layer for the

SERS substrate. Thus, graphene helps extend the shelf life for SERS substrate and keeps

it in proper condition.

4.9 Testing SERS substrate with real sample

The SERS substrate was tested in real conditions by dropping a 1mM methyl
parathion (MP) on an apple, waiting until it dried, then attaching the SERS pad on top
of that area and finally measuring from the back side of sensor. The Raman signal of
an apple, the apple/SERS, the MP coated on the apple, and the MP/SERS substrate on
the apple were collected. Figure 4.19 and Figure 4.20 show the Raman signal of MP on
the apple using the PDMS and Pl SERS substrate, respectively. It can be seen that
without the use of SERS, MP Raman signal on the apple could not be detected, while
the MP Raman signal can be easily detected with the use of SERS substrate both Pl and
PDMS.
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Figure 4.19 Raman spectra of methyl parathion residue on apple detected by PDMS
SERS substrate.
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Figure 4.20 Raman spectra of methyl parathion residue on apple detected by PI SERS

substrate.
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The detection limit for detecting MP on a real sample of apple fruit was
investigated by preparing methyl parathion (MP) in ethanol at the concentration range

from 5-75 M. The primary peak at 1344 cm™ was used for examining the Raman signal.

The data was pre-processed by normalizing with the spectral mean and using extended
multiplicative scatter (EMSC) correction. The relationship between Raman signal
intensity and methyl parathion concentration was investigated. The results in Figure
4.21 show a linear response of the Raman signal to the methyl parathion concentration
with R?-0.91 and 0.98 for PDMS and Pl SERS substrate, respectively. The limit of

detection (LOD) of methyl parathion, estimated by 3.3SD/slope is about 35 mM and 16
mM for PDMS and Pl SERS substrate, respectively.

= PDMS
e PI

Intensity at wave # 1344

1 1 1 1 1

0.0  2.0x10° 4.0x10° 6.0x10° 8.0x107
Concentration (M)

Figure 4.21 Linear relationship between methyl parathion concentration and the
normalized intensity of the Raman signal at wave number 1344 cm™ of Raman signal
on apple

The recovery tests were performed by measuring the three levels of spike
methyl parathion (20, 25 and 50 mM) on apple compared with the known concentration
as shown in the table 4.3. The recovery is in the range 91-142% and 82-98% for PDMS
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and P1 SERS substrate, respectively. The results confirm that our SERS substrate could
be used for methyl parathion residue detection for real sample.
Table 4.3 Recovery test of methyl parathion on apple

) PDMS Pl
Spiked
] Detected Detected
concentration ) Recovery (%) ) Recovery (%)
concentration concentration
(mM) (n=20) (n=20)
(mM) (mM)
20 18.3 91.7 19.6 98
25 354 142 22.5 90.3
50 59.9 120.0 41.1 82.3

The LOD of these polymer substrates for detection of residue pesticide on real
sample is not superior due to the measurement on the back side of the polymer lead to
the difficulty to focus the laser light. However, this result demonstrates the high

potential of the developed SERS for its flexible applications in field usage.

4.10 Suggestions for Future Research
4.10.1 Additional polymer-based SERS

Alternative materials could be used for fabricating a flexible SERS substrate by
the techniques propose in this report. We prepared a SERS substrate using other types
of commercial tape and natural rubber. Figure 4.22 shows the Raman signal of 1 mM
Methyl parathion measuring by SERS substrate with commercial tape including clear
tape, net tape, and very high bond tape (VHB tape). It was found that those commercial
tapes can be used as a SERS substrate. However, preparing a natural rubber-based
SERS was not successful because it could not withstand the etching chemical.
Therefore, the fabrication technique propose in this thesis could be applied to another
type of polymer if it is transparent, does not absorbed the excitation laser and the Raman
peak does not coincide with the tested sample. The promising material could be Teflon,
PE tape, or PVDA etc.
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Figure 4.22 Raman signal of 1 mM methyl parathion measuring by SERS substrate
preparing with clear tape, net tape, and very high bond tape (VHB tape)

Ref. code: 256559223000990UH



60

4.10.2 Preparation of Ag nanoparticle by sputtering technique

Sputtering is commonly used for thin film preparation. The metal target was
knocked by a plasma of inert gas to allow the material ions to coat the substrate. In this
work, we used sputtering to prepare the SERS substrate to see if it shows similar results
with the electrodeposition technique. Ag nanoparticles were coated on a graphene/Cu
by DC sputtering at 0.2 A under argon gas. The SEM image in Figure 4.23 (a) shows
the graphene wrinkle with small silver particles on top. The silver particles evenly
covered over the graphene surface and as the sputtering time increased, the particle
sizes were larger and covered all the area before it started to grow on the top layer of
the as prepared and made it thicker. As the sputtering time increased, the Ag film
thickened. While preparing a SERS substrate by transferring the Ag/graphene/Cu on
the PDMS and measured Raman signal of methyl parathion, we found that the SERS
substrate prepared by sputtering Ag for 15 s showed the best result (Figure 4.23 (b).
This is consistent with the SEM results that show that there are some gaps between the
Ag nanoparticles. However, the sensitivity of this SERS substrate for methyl parathion
detection is still not high, which could be the result of oxidation of the silver film after

the FeCls etching process.

—25s
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400 600 800 1000 1200 1400 1600 1800
500 im ' Wave number (cm’)

(b)
Figure 4.23 FE-SEM images of silver nanoparticle preparing by sputtering

method at an applied current of 0.2 Afor5s, 15, 30 s, and 60 s (a) and the Raman
signal of methyl parathion on the SERS substrate preparing by various sputtering

time.
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4.10.3 AgO elimination

As shown in the previous section, the oxidation of the Ag nanoparticles (AgO)
was the result of the etching process. Thus, the AgO elimination may be able to enhance
the SERS performance further. Hydrogen plasma is well-known as a strong reducing
agent and could be used to remove oxide from the metal surface. In this work, hydrogen
plasma treatment was tested for removal of the oxidation on the SERS substrate.
Hydrogen plasma was generated by an inductively coupled plasma (ICP) with a power
of 100 Watt for 10 min. The SEM images of the SERS substrate before and after
hydrogen treatment is shown in Fig 4.24. Treating with hydrogen plasma polished the
Ag nanoparticles, so the sharp edges were gone. Those lowered the hot spot number of
the SERS substrate which caused a lower Raman enhancement. Therefore, to improve
the SERS substrate fabricated by this technique, another method for removing AgO
should be further studied. One possibility could be to use a non-oxidized Cu etchant
solution such as a HCI, ammonium persulfate or using a chemical reduction process

after Cu etching.

L " Voo N
2.00um 9.8mm x20.0k SE(UL) 2.00um

(a) (b)
Figure 4.24 FE-SEM images of silver nanoparticle on graphene/Cu substrate (a), and

after hydrogen treatment (b)

4.11 Summary
A flexible SERS substrate based on graphene/Ag/polymer composite layered

structure was successfully fabricated with the polymer layer being either the PDMS or

the polyimide (PI) tape. The developed SERS substrate could detect methyl parathion
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with the enhancement factors (EF) at the methyl parathion primary peak (1,344 cm™) of
1.5x10% and 4.x10* for the PMDS and Pl SERS substrate, respectively. The SERS

substrate was also used for detecting MP on a real sample of apple fruit and it could

detect the MP in the mM range concentration. The shelf life of the G/Ag/PI substrate,
kept at room temperature, was extended to be longer than 48 days. Compare between

two types of substrates, we found that PDMS is better in the enhancement factor and
extended shelf life. However, the uniformity of prepared Pl SERS substrate is better
than PDMS SERS substrate. The recovery test was performed to verify the reliability
of the method, and it was found that the recovery is in the range 91-142% and 82-98%
for PDMS and PI SERS substrate, respectively. The sensitivity of both SERS substrates
is moderate which is the result of oxidation occurring after the etching process. To
overcome these problems, hydrogen plasma was used and did not provide a good result
probably because the plasma smoothen out the hot spots of SERS substrate. Therefore,
another option such as Cu etchant and the chemical reduction process could be applied
to increase SERS performance. Although, the LOD of these polymer substrates did not
provide a superior enhancement performance, it did offer facile fabrication, low cost,

and longer shelf life. This polymer-based SERS substrate offers a promising hybrid

platform with the potential to be significantly used as a screening technique in field

tests. Moreover, other types of polymers could also be applied along with this technique

to improve this polymer-based SERS sensor.
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CHAPTER 5
CONCLUSIONS

Raman spectroscopy is a rapid chemical analysis technique which can be used
as a powerful tool to detect molecules via their Raman spectral fingerprint. However,
the limitation of this technique for an identified material is that the Raman signal is
typically weak and thus difficult to collect the signal. Surface-enhanced Raman
spectroscopy or surface-enhanced Raman scattering is a surface sensitive technique that
enhances the Raman signal by using adsorption of molecules on a rough metal surface.
In this work, a flexible film-based SERS that consists of polymer as a substrate and
protective layer, silver nanoparticles as a metal for Raman enhancement, and graphene
as a conductive protective layer (G/Ag/polymer) were fabricated.

The graphene functions as a protective layer of the SERS substrate and assists
also in the enhancement of Raman signal. It was prepared by chemical vapor deposition
(CVD) technique on a copper foil. With this technique, a few layers graphene could be
obtained which was confirmed by the intensity ratio of the 2D to the G band (l2o/lg) in
the Raman spectra. Silver nanoparticle as an enhancement material was coated on
graphene by the electrodeposition technique. Silver nitrate with citric acid solution was
used as a silver source with the citrate ions play roles of reducing agent a controlling
shape. The structure of the silver nanoparticle growth on graphene/copper can be tuned
by varying the electrodeposition conditions' The best Raman enhancement signal was
obtained by electrodeposition at the current density of 10 pA cm™ for 3 min. This
condition provides rattan ball-like silver nanoparticles with hierarchical gaps in the
silver rattan-ball structures varying between 30-100 nm and seems to best enhance
Raman signal.

The as-prepared layers were then transferred onto the polymer layer which
functions as a supporting material and also as the silver protective layer. Two types of
polymers were used in this work: PDMS and polyimide tape. PDMS was prepared by
spin coating technique to obtain a PDMS thickness of about 150 pm, robust enough for
easy handling, and thin enough for the laser light to pass though. For the polyimide tape
(P1), the tape was mechanically pressed on top of the prepared silver then it was heated
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at 80 °C for 15 min. After applying the polymer on top of the prepared substrate, copper
foil was removed by chemical etching using a ferric chloride solution (FeCls). The
ferric chloride concentration and etching time was also optimized. A high
concentration of ferric chloride allows fast etching but might destroy the transfer
pattern. A slow etching is not good for mass production. In this work, copper was
etched by a 40 mg/ml of ferric chloride for 1.5 and 2 h for PDMS and PI substrate.

The developed SERS substrates could detect methyl parathion with the
enhancement factor (EF) of the primary peak at 1344 cm™ of 1.5x10* and 4.7x10* for
the PMDS and P1 SERS substrates, respectively. The shelf life of the G/Ag/polymer
substrate, kept at room temperature, was extended to be longer than 48 days comparing
with the SERS substrate without graphene layer. Moreover, keeping the SERS
substrate in the desiccator will further extend the shelf life without an additional
packaging process.

The uniformity of SERS substrate was considered by a relative standard
deviation (RSD) of 20 Raman signals collected from a 2 x 2 cm? SERS substrate. The
RSD is calculated to be about 25% and 11% for PDMS and PI substrate, respectively.
RSD of our PDMS SERS substrate is quite high, while the obtained RSD for PI is
acceptable. The non-uniform substrate might be from the silver decoration and
transferring process. During the silver decoration process, electrodeposition was done
in a stirred electrolyte. The micro-stream of electrolytes might cause a non-uniform
distribution of silver particles in each area of the substrate. This problem could be
solved by using a large container for electrolyte which could reduce this effect. In the
transferring process, due to the curing of PDMS, it might cause an unevenness which
creates the non-uniform structure on PDMS SERS substrate.

The detection of MP on a real sample of apple fruit was investigated by

dropping methyl parathion (MP) in ethanol on the apple and measured Raman signal.
The limit of detection (LOD) of methyl parathion, estimated by 3.3SD/slope is about 35

mM and 16 mM for PDMS and Pl SERS substrate, respectively. The recovery tests
were performed by measuring the three levels of spike methyl parathion (20, 25 and 50

mM) on apple compared with the known concentration. The results show that the
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recovery is in the range 91-142% and 82-98% for PDMS and Pl SERS substrate,
respectively.

Comparing the two types of substrates, we found that PDMS is better in the
enhancement factor and has a longer shelf life, although the Pl SERS substrate has
better uniformity than that of the PDMS SERS substrate. The graphene layer also helps
significantly extend the storage life of the substrate compared to that with the graphene
layer. The developed G/Ag/polymer SERS substrate offer facile fabrication, low cost,
and a longer shelf life. This polymer-based SERS substrate offers a promising platform
with the potential to be significantly used as a screening technique in field tests.

Elimination of the oxidation of the Ag nanoparticles (AgO) resulting from the
etching process is still the crucial challenge for this type of SERS substrate, which can
lead to an improvement of the Raman enhancement for this polymer SERS substrate.
Additionally, preparing a controllable metal morphology by other techniques such as
Anodic Aluminum Oxide (AAO) template, Glancing Angle Deposition ( GLAD

sputtering) and chemical process could provide superior Raman enhancement.
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APPENDIX A
CALCULATION OF ENHANCEMENT FACTOR OF PDMS SERS
SUBSTRATE

In order to calculate the enhancement factor, a 4 pl of 10 M methyl parathion
dropped on PDMS was used to get a normal Raman signal, while a SERS signal was
obtained from a 4 pl of 10 M methyl parathion dropped on a PDMS SERS substrate.
The area of the methyl parathion drop on PDMS which was measured after it dried is
equal to 7.07 mm?,

The enhancement factor for SERS can be calculated by

EF — lsers/Nsers (A1)

INRs/NNRs

Where Iggs IS scattering intensities of SERS
Iygrs 1S the normal Raman scattering
Nggrs IS the number of SERS probe

Nyrs normal Raman probe

The 532 nm laser light coupled through an objective lens of 50x was used as

an excitation source. The laser spot area can be calculated by
A = mr? (A.2)

Where r is a radius of laser which was estimated by:

1 1.221
r= 2 (Numerical Aperture) (A3)
1.22x532nm
T 2x05 0.65 um (A4)

Thus, the laser spot area on PDMS is 7 x (0.65 um)? = 1.32 um?
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In order to find number of probe molecule Nygs:

NNRS =X 6.02 X% 1023 XV (A5)

Where c is a concentration and V is a volume of methyl parathion drop on sample.
Therefore, the number of probe molecules of a 4 pl of 102 M methyl parathion drop on
PDMS is:

Nyrs = 1072 X 6.02 X 1023 x 4 X 107° = 2.4 x 10® molecules (A.6)

Which is the number of probe molecules in the whole drop area of 7.07 mm?. However,
only the probe molecules under the laser spot (1.32 um? ) will be considered. Thus, the

actual Nygs can be calculated by

2.4x1016x1.32x10712

— = 4.4 x 10 ° molecules (A7)
7.07x1076

Nygs =

To calculate the number of SERS probe Nggrs, only the molecules that involve in SERS
process will be considered. It was estimated by assuming that only methyl parathion
molecule laid on the gap between metal nanoparticle involve the SERS process, thus it
can be estimated by dividing the whole laser spot by the size of methyl parathion
(237.6A) [calculated by DFT with B3LYP hybrid functional].

area of laser spot
N _ A8
SERS size of MP molecule ( )
N = 1321077 _ o o6 105 molecules (A.9)
SERS ™ 237.6x10-20 ' .

The intensity obtained from the experiment of SERS and normal Raman signal on
PDMS substrates are 1408 and 754, respectively. Substituting all the parameters in

equation A.1 gives the following:

9
EF = lsers/Nsers _ 1408, 4400 _ 4 48 x 10 (A.10)
INRS/NNRs 754 5.56x105
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APPENDIX B
CALCULATION OF ENHANCEMENT FACTOR OF Pl SERS
SUBSTRATE

The enhancement factor of Pl SERS substrate was calculated by using, a 4 pl of 102 M
methyl parathion drop on PI for Raman signal and a 4 pl of 10° M methyl parathion
dropped on Pl SERS substrate for SERS signal. An area of the methyl parathion
dropping on PI substrate is 37.7 mm?The laser light at 785 nm coupled through an
objective lens of 50x was used as an excitation laser. Thus, the laser spot area on Pl

calculated by equation A.2 and A.3 is

A =1 X (0.95 um)? = 3 um? (B.1)

The number of probe molecules of a 4 pl of 102 M methyl parathion drop on Pl
substrate calculated by equation A.4 is equal to 2.4x10% molecules. Thus, the number

of probe molecule under laser spot is

2.4x1016x3x10712
37.7X1076

Nygrs = = 1.9 x 10 ° molecules (B.2)

And number of SERS probe calculated by equation A.5 is

3x10712

———— =1.26 X 10® molecules (B.3)
237.6x10720

Nsgrs =

The intensity obtained from the experiment of SERS and normal Raman signal on Pl
substrate are 2274.5 and 71989.32, respectively. Substitute all the parameter in

equation A.1 gives the following equation:

I /N 71989.32 1.9x10°
EF = SERSLSERS — X =4.7 x 10* (B.4)
INrRs/NNRs 2274.5 1.26x10°
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