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ABSTRACT

SURFACE ENHANCED RAMAN SCATTERING WITH GOLD
NANOSTAR AND QUANTUM DOT HYBRID STRUCTURES

Glimiis, Duygu
Master of Science, Chemistry
Supervisor: Prof. Dr. Emren Nalbant

February 2023, 60 pages

Noble metal nanoparticles (NMNPs) are an area of increasing interest and active
research, due to their distinctive optical and electrical properties which are related to
localized surface plasmon resonance. In particular, gold nanoparticles (AuNPSs) have
become focus of intense research due to their superior optical properties among all
noble metal nanoparticles. These properties lead them to be used in wide areas of
application like imaging, delivery carriers, chemical sensing and optoelectronic
devices. Similar to Au NPs, quantum dots (QDs), too, are attracting well deserved
attention owing to their enhanced optical and electrical properties like high
photoluminescence (PL), photostability and extinction coefficient.

Different type of nanomaterials and their combinations are used as a substrate for
surface-enhanced Raman spectroscopy (SERS) to aid identification of target analyte.
However, to the best of our knowledge, Au nanostars and QDs hybrid structure have

not used as a SERS substrate, yet.



In this study, star-shaped AuNPs have been synthesized by a seed-mediated growth
method. Cadmium Selenide/Zinc Sulfide (CdSe/ZnS) core/shell type quantum dots
(QDs) were mixed with star shaped AuNPs in various amounts to observe physical
adsorption between QDs and AuNPs. The structure and spectroscopic properties of
mixture of QDs and AuNPs were characterized by a combination of UV-Vis
spectroscopy, and focused ion beam (FIB). This research demonstrated the potential
of this technique to allow controlled signal enhancement of Raman spectroscopy

through surface enhanced Raman scattering (SERS).

Keywords: Gold nanoparticles, Surface enhanced Raman scattering, Quantum dots
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ALTIN NANOYILDIZ VE KUANTUM NOKTA HIiBRIiT YAPILARI iLE
YUZEY GELISTIRILMIS RAMAN SACILMASI

Giimiis, Duygu
Yiiksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Emren Nalbant

Subat 2023, 60 sayfa

Soy metal nanopartikiiller lokalize yiizey plazmon rezonansi ile ilgili ayirt edici optik
ve elektriksel Ozelliklerinden dolayr artan bir ilgi ve aktif arastirma alanidir.
Ozellikle altin nanopartikiiller (AuNP’ler), tiim soy metal nanopartikiiller arasinda
iistiin optik 6zelliklerinden dolay1 yogun arastirmalarin odagi haline gelmistir. Bu
ozellikleri, goriintileme, dagitim tastyicilari, kimyasal algilama ve optoelektronik
cihazlar gibi genis uygulama alanlarinda kullanilmalarina yol agar. AuNP’lere
benzer sekilde, kuantum noktalar1 da yiiksek fotoliiminesans, fotostabilite ve soniim
katsayist gibi gelismis optik ve elektriksel 6zellikleri sayesinde popiiler bir ¢alisma
konusu haline gelmistir. Farkli tiirde nanomalzemeler ve bunlarin kombinasyonlari,
hedef analitin tanimlanmasina yardimci olmak i¢in yiizeyi gelistirilmis Raman
spektroskopisi i¢in bir substrat olarak kullanilir. Ancak, bildigimiz kadartyla, altin
nanoyildiz ve kuantum noktalar hibrit yapis1 heniiz bir yiizeyi gelistirilmis Raman
spektroskopisi substrati olarak kullanilmamistir. Bu calismada, yildiz seklindeki
AuNPler, tohum aracili bir biiyime yontemiyle sentezlendi. Kadmiyum
Selenit/Cinko Siilfiir (CdSe/ZnS) c¢ekirdek/kabuk tipi kuantum noktalar1 ve
AUNP’ler arasindaki fiziksel adsorpsiyonu goézlemlemek i¢in yildiz seklindeki

AuNPlerle cesitli miktarlarda karistirildi. Kuantum noktalarin ve AuNP’lerin
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karisiminin - yapisi ve spektroskopik ozellikleri, UV-Vis spektroskopisi ve
odaklanmis iyon demeti kombinasyonu ile karakterize edildi. Bu arastirma, yiizey
gelistirilmis Raman sacilmasi yoluyla Raman spektroskopisinin kontrollii sinyal

gelistirmesine izin vermek i¢in bu teknigin potansiyelini gostermistir.

Anahtar Kelimeler: Altin nanoparcaciklar, Yiizeyde giiclendirilmis Raman
spektroskopisi, Kuantum noktalar
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CHAPTER 1

INTRODUCTION

1.1. Motivation for Study

Nanoparticles, are an ever-increasing field of study with many different application
areas due to their unique optical and chemical properties. Gold nanoparticles
(AuNPs) are one of the well-known nanoparticles due to their low toxicity, stability,
and optical properties. In particular, the tunable optical properties of AuUNPs, which
vary with the size and shape of the particle, and surface plasmon resonance (SPR)
activity that can be induced, makes AuNPs an interesting platform for a number of
application areas.® One key area of research is surface enhanced Raman scattering
(SERS) due to SPR property of AuNPs. According to electromagnetic enhancement
mechanism of SERS, additional electromagnetic fields emerge, enhancing the
Raman signals.? This makes AuNPs preferable substrates for SERS. In the existing
literature there are several threads of research about SERS with AuNPs. Substrates
of SERS may not only be simple AuNPs but also modified form of AuNPs like
coated, alloy and core-shell nanostructures.3#5

Similar to Au NPs, quantum dots (QDs) are also popular materials for applications
where special optical properties are needed. QDs are semiconductor nanostructures
which have different electronic and optical features from their bulk form. In
particular their broad absorption and narrow emission bands make QDs a material of
interest in application areas such as solar cells, light emitting diode (LED) and laser

sources.5.7:8



Pairs of AuNPs are able to produce hot spots areas where enhancement of light-
matter interaction occurs. When QDs are placed at these hot spots, they interact
strongly with the localized plasmon field. This interaction enables rising nonlinear
processes like second harmonic generation (SHG), SERS and four wave mixing
(FWM). In double plasmon mode systems, these nonlinear processes are even more
pronounced when the frequencies of the converted electromagnetic field are equal to

the frequency of the plasmon mode. %0

SERS amplification with Fano resonances (FR) in the literature relies on increasing
hot spot intensity by selecting stimulus (e.g. 593 nm) and Stokes signal (e.g. 700 nm)
wavelengths which coincide with the two Fano resonances.'2 This has the effect of
extending plasmon lifetimes which, while it does provide signal enhancement, can
damage the molecule imaged with SERS or modification of vibration modes. At the
same time, due to quantum tunneling, the field strength is ultimately limited by SERS

signal amplification.370

To overcome these barriers, this research set out to provide an experimental
demonstration of an approach to overcome current quantum tunneling limit and
eliminate the molecular vibration modes excitation/modification problem. This

proposed approach which is called as silent enhancement of SERS

would therefore allow a significant increase in the efficiency of SERS imaging in
both high-intensity field localization and quantum tunneling limits.”

In literature, different types of nanomaterials like AuNPs, silver (Ag) NPs and QDs
are used as a SERS substrate to observe the enhancement.*41> Additionally, studies
on combinations of different NPs, coating of nanomaterials and their hybrid
structures can be found in the literature.'®7 For instance, a study by Du et al 8
reported that SERS enhancement factor was up to 107 with a graphene-Au hybrid
structure for SERS detection of rhodamine-6G (R6G). Also, another study by Fang
et al ° shows that SERS enhancement factor of gold-core—palladium-shell
nanoparticles is calculated as 5x10* which is higher than pure Pd electrode in

pyridine detection. However, number of studies using combination of AuNPs and



QDs as SERS substrate is scarce. To the best of our knowledge only one study has
been reported on such hybrid material as a PhD dissertation to date. In this reported
study,?® Cadmium Selenide/Zinc Sulfide (CdSe/zZnS) core-shell type QDs and
popcorn shaped AuNPs (PS-AuNPs) were functionalized by ligand exchange
reaction and 4-mercapobenzoic acid (4-MBA) was used as a probe molecule.
Conjugated system of PS-AuNPs and QDs enhanced the electromagnetic field 10
times stronger than PS-AuNPs for 4-MBA. This study showed that QDs and AuNPs

hybrid structures have a potential to be used as a SERS substrate.

In this study, hybrid structure of CdSe/ZnS QD and Au nanostar was used as a SERS
substrate. Star shaped AuNPs were specifically selected for their superior
performance in SERS as noted in various study reported in the literature.?1:2223
CdSe/ZnS core-shell quantum dots were preferred in this study due to their size, high
extinction coefficient, high photostability and high photoluminescence quantum
yield (PLQY). The main idea behind using this hybrid structure is that neither the
Raman excitation wavelength, the QDs energy level range, nor the evolved (Stokes)
signal wavelength match the plasmon modes wavelength, thereby there will be no
change in hotspot intensity and silent enhancement of SERS will be responsible
enhancing the Raman signal of target molecule. In light of the literature presented
above a QD and AuNP hybrid structure is used in SERS to enhance the signal of

target molecule.

1.2. Nanoparticles

Nanotechnology refers to the study and application of particles at the nanoscale,
which are bigger than individual atoms but much smaller than daily objects (i.e., 1
m= 10° nm) and common macromolecules. Sizes of nanoparticles are generally
between 1 and 100 nm. When the particle size decreases to nanoscale, properties of
material changes dramatically compared to the bulk form of the material, especially
for metal nanoparticles. Metal nanoparticles have lower melting points, special

optical properties and different mechanical strengths compared to bulk metal



materials. These novel properties of metal nanoparticles have opened a new field of
scientific research with industrial applications like sensing, catalysis, drug delivery

in medicine etc. 242526

1.3. Gold Nanoparticles

AuNPs are in the limelight as a result of their unique optoelectronic properties,
biocompatibility and low toxicity.?” Compared to bulk gold, AuNPs have a higher
surface area to volume ratio which enables AuNPs to appear a variety of colors
(including purple, blue and red) compared to the simple yellow of bulk gold. These
colors are a result of the confinement of localized surface plasmon resonance (LSPR)
to a small surface. The wavelengths which interact with the nanoparticles is between
400 nm and 700 nm (within the spectrum of visible light) are much larger than the
size of the nanoparticles themselves.?® Electron clouds in the material are excited by
this external wavelength, resulting in distortion of electron clouds. Strong absorption
occurs when the oscillation of localized surface plasmon resonates with the
oscillation of light. LSRP vary with the specific size, shape, dielectric constant of
the medium and quality of the carrier liquid.?® Figure 1.1 represents formation of the
LSRP.
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Figure 1.1. Formation of surface resonance plasmon.*
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Figure 1.2. TEM image of Au (a) nanostars, (b) nanorods, (c) nanospheres, and
UV-vis absorption spectrum of (a) nanostar, (b) nanorod, and (c) nanosphere

colloids in aqueous medium. 2

Transmission Electron Microscopy (TEM) images and absorption spectrum of three
different gold particles are given in Figure 1.2. While spherical (c) and cylindrical
shapes of nanorods (b) absorb light around 550 nm and 720 nm respectively, sharp,
and blunt tips of nanostars (a) absorb a wider spectrum of wavelengths. This clearly
shows that shape of AuNPs plays an important role in optical properties.

1.4. Synthesis of gold nanoparticles

Knowing that the shape and size of the AuNPs play important roles in application,
this leads to the need to investigate distinct synthesis methods for AuUNPs. Bottom-
up and top-down are two approaches to synthesize AuNPs as well as synthesizing
noble metal nanoparticles. The top-down method aims to break bulk materials into
nano scale particles progressively using mechanical processing. This method has



some drawbacks, like broad size distribution and high cost.3! In the bottom-up
approach chemical reactions among the atoms/ions/molecules under certain
conditions combine small particles to build larger nanoparticles. 2> The bottom-up
approach is the more common technique used to synthesize AuNPs due to its

affordability, versatility, and ease of application.33

1.4.1. Electrochemical method

The electrochemical method was first investigated by Reetz and Helbig in 1994 to
synthesize metal nanoparticles. The basis of this method is on the use of the bulk
form of metal as an anode, resulting in nanoparticle formation. Metal is oxidized at
the anode and after oxidation metal cations are passed through the cathode. In the
cathode metal cations are reduced to the zero-oxidation state. Agglomeration of these
colloidal metal clusters is prevented by virtue of the supporting electrode, which is
made of a stabilizer material like tetraoctylammonium bromide (TOAB). This study

also showed that particle size can be controlled by current density.3*

Further research has elaborated on the effect of synthesis parameters like growth

temperature, current density, and amount of surfactant on AuNP particle size. 3

1.4.2. Turkevich Method

Turkevich pioneered the synthesis of AuNPs through a novel method, based on
reduction of gold ions (Au®*) to gold atoms (Au®) by reducing agents and followed
by stabilizing the present AUNPs through the addition of a capping/stabilizing agent.
In the Turkevich method citrate ions act as both reducing and stabilizing agent. The
size of the AuNPs which are synthesized by the Turkevich method is between 10

nm-20 nm.36:37

The narrow size range was a limitation of the original Turkevich method leading

researchers to attempt to expand the size range of AuNPs. In 1973, Frens



successfully synthesized AuNPs within the range of 15 nm-147 nm by altering the
ratio of reducing agent to stabilizing agent, demonstrating the broader relevance of

the Turkevich method. 38 39 40

1.4.3. Brust-Schiffrin Method

In 1994, Brust and Schiffrin discovered a new way to synthesize AuNPs via a two-
phase liquid-liquid system. By using tetraoctylammonium (TOAB) as the interfacial
carrier, gold ions are transferred to the toluene phase from the aqueous phase.
Reduction of Au®* ions is achieved with the use of sodium borohydride as a reducing
agent. The formed nanoparticles were then stabilized using a mixture of thiols. One
of the advantages of using this method is that the resulting stable AuNPs with narrow

size distribution (1-3 nm) can be synthesized in a common organic solvent. 4142

1.4.4. Seed-Mediated Growth Method

Seed-mediated growth methods are based on a two-step process of nucleation and
growth. In the nucleation step, initial nanocrystals (known as seeds) are formed. In
the second step, the growth solution is added, which triggers the production of more
nanoparticles from the seed crystals formed in the first step. During these two steps,
stabilizing, reducing, and shape directing agents are commonly used to synthesize
AuNPs. The main role of a stabilizing (capping) agent is to prevent uncontrollable
growth and aggregation. By using capping agents, particle size can be controlled and
tuned. There are two types of stabilization which are electrostatic and steric
stabilization. In steric stabilization, polymers or surfactants are adsorbed by
nanoparticles and create a physical barrier to prevent agglomeration.*® Repulsive
electrostatic double-layer forces are the underlying mechanism of electrostatic
stabilization. Metal particles give partial positive charge on the surface and are
surrounded by negatively charged particles which creates repulsive forces between

two metal nanoparticles.*44°



One of the well-known shape of nanoparticles which are synthesized with this

method is nanorods. In figure 1.3 basic steps of seed-mediated method are shown.

Seed Solution

-+ NaBH, + CTAB —P

HAuC14.3H20 Seed

Growth Solution

> Seed
= + Ascorbic n AoNO ﬂ
E Acid =3 _» U
HAuCl .3H.O Gold Nanorods
)

Figure 1.3. Steps in synthesis of gold nanorods.

Metal salt, HAuCls, is reduced by strong reducing agent which is NaBHa4 in presence
of capping agent like cetyltrimethylammonium bromide (CTAB). At the end of this
step seed crystals are formed. Seeds are added to growth solution which contains
metal salt, weak reducing agent (i.e. ascorbic acid) and CTAB as a capping agent.

Seed crystals then trigger the formation of further nanoparticles in the growth



solution. Shape of AuNPs is directed by silver nitrate (AgNO3) as shape directing

1.5. Surface-Enhanced Raman Scattering Spectroscopy

Interaction of the sample with the light source results in absorption, transmission,
reflection and scattering of the light. When the energy of incident light does not
match with any energy separation of the molecule, this results in transmission or
scattering. This is normally a rare event which involves only a small fraction of the
incoming photons. In most cases, the initial frequency is equal to the final frequency
of scattered light, in other words there is no chance in energy; this is known as
Rayleigh scattering which is an elastic type of scattering. About 99.9% of the
scattering is Rayleigh scattering, however around 0.1% scattering results in changing
the initial energy. If the emission frequency is lower than initial frequency, it is called
Stokes scattering. On the other hand, higher emission values indicate anti-Stokes
scattering. Both anti-Stoke and Stokes shifts are sign of the change in initial energy.
The difference between the initial and final energy gives information about the
vibrational frequency of the molecule. Different molecules vibrate at distinct
frequencies, so these vibrational frequencies are specific to the molecule. With the
help of Raman scattering, qualitative analyses can be done by checking the Raman
shifts, on the other hand intensity of the Raman bands are the key for quantitative
analyses. Figure 1.4. represents the schematic diagram of Rayleigh and Raman

scattering. 4849
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Figure 1.4. Schematic diagram of Rayleigh and Raman scattering.>

Fast characterization, no sample preparation requirement and portability are some of
the advantages of Raman spectroscopy.®! Although Raman spectroscopy has some
advantages, it also has limitations like all methodologies. About 1 in 107 incident
photons is Raman scattered, resulting in a very low signal intensity which is the main
drawback of this approach.? SERS spectroscopy is a technique developed to
overcome this traditional limitation of classical Raman spectroscopy in order to

increase the magnitude of the Raman signal .53

The mechanism of SERS is still under investigation. There are several proposed
mechanisms to SERS however chemical enhancement theory (CE) and
electromagnetic enhancement theory (EME) are two widely recognized and accepted
proposed theories. EME is associated with enhancing the electric field at the surface
of metal and result with enhancement around 10'°. Interaction between laser
radiation and electrons of metal nanoparticles result with activation of SPR. The field
enhancement will be greater if the plasma frequency is in resonance with the

radiation. Due to the enhancement of the electric field at the surface of metal,

11



between two nanoparticles intense electromagnetic (EM) hot-spot begin to arise.>*
Activation of localized surface plasmon resonance with the electromagnetic field and

representation of the hot spot between AuNPs is shown in Figure 1.5.

Metal nanoparticles like gold, silver and copper have SPR frequency, which is in
visible and near IR range, therefore these nanoparticles are enhancing corresponding
Raman scattering radiation. Effect of chemical enhancement is lower than
electromagnetic enhancement theory, around 102. Chemical enhancement is related
to molecular polarizability of the adsorbate. Figure 1.6. shows that when metal
nanoparticles and analyte are combined, the highest occupied molecular orbital
(HOMO) or lowest unoccupied molecular orbital (LUMO) of analyte and Fermi
level of metal NPs exchange the electrons. Charge transfer interactions between
analyte and metal surface results in the polarization of the molecule and Raman
enhancement. Metal nanoparticles have delocalized electrons which makes them
highly polarizable and compatible with SERS,5556:57.58

a) b)

Hotspot

y

Gold
nanoparticles

Electromagnetic fleld

nanoparticles

Figure 1.5. A) Activation of LSPR with electromagnetic field B) illustration of
hotspot between AuNPs.*°
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Figure 1.6. Representation of charge-transfer in chemical enhancement.5°

There are some probe molecules that are commonly used in evaluation of SERS
substrate’s activity. Rhodamine 6G and crystal violet are some of the probe
molecules which are used in SERS spectroscopy.®:-6? Crystal violet (CV) is known
as cationic dye which is violet color. CV is used in coloring antifreeze, detergent,
and textile.®® Even though it is a Raman active molecule, peaks of CV are not
detectable in low concentration with Raman spectroscopy. SERS system enable
characterization of CV molecule. The chemical structure and Raman spectra of CV
is given in Figure 1.7. and 1.8. respectively.
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Figure 1.7. Chemical structure of crystal violet molecule
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Figure 1.8. Raman spectrum of 102 M crystal violet molecule on Si-wafer. Exposure

time, 0.1s; accumulations number, 3; laser power at the sample, 20 mW, drop

casting.
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1.6. Quantum Dots

Quantum dots (QDs) are zero-dimensional semiconductor nanocrystals between 2 to
10 nm in length. Distinctive colors of QDs which are due to different band gaps can
be tuned by size and shape. (Figure 1.9.) Their electrical and optical properties
include large stokes shifts, long photostability and high brightness which gives them
high potential uses in optoelectronic and electronic devices. 64° Core-shell structure
is one of the well-known QDs due to its unique properties. Surface coating (shell)
protects the core from oxidation and gives the structure stability. This increases the
useful life of the particles and facilitates higher signal to noise systems achieved

through increased intensity.%®

4 Enery Bulk Form Quantum Dots
Conduction = e P
band [ -
- I Band gap l |
Valence e — -
h -

Figure 1.9. The quantum confinement effect on the energy levels in quantum dots

(QDs). ¢
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The utilization of semiconductor QDs in hybrid structures presents several benefits.
To begin with, their absorption spectrum covers a broad range, enabling easy
alignment with the spectrum of metal nanoparticle plasmons of varying sizes and
materials. Conversely, the emission spectrum of QDs is narrow and distinct from
their absorption spectrum. In fact, it is usually more limited than that of the plasmon,
and thus, by choosing QDs of different sizes, one can adjust the exciton emission to
match the plasmon resonance. Lastly, the substantial oscillator strength linked to the

QD exciton facilitates the convenient execution of single object experiments.

1.8. Simulation of Hybrid Structure of AUNPs and QDs

Fano resonance is a phenomenon that arises from the interference between a broad
continuum state and a narrow discrete state, manifesting as an asymmetrical, non-
Lorentzian resonance. The depth of the Fano dip, which serves as a measure of the
coupling strength between the localized surface plasmon resonance (LSPR) modes
of nanoparticles, can be regulated through adjustments to the inter-particle gap. As
the gap is increased, the coupling between the plasmon modes of each particle is
diminished, leading to a gradual disappearance of the Fano dip. Conversely, in the
case of a greatly reduced inter-particle gap, the coupling between the plasmon modes
is significantly augmented, causing the depth of the Fano dip to approach zero,

resulting in the phenomenon known as plasmon-induced transparency.®®

When lower decay rate QDs and higher decay rate plasmonic structures are
combined, Fano resonance (FR) appears as a dip in the plasmonic spectrum. FR
provides control over SERS. FR allows for the extension of the lifetime of plasmon.
FR also offer an extra increase in electromagnetic field localization. This has been
used in signal amplification of nonlinear processes and, like a double resonance
scheme, both the excited and Stokes shifted frequencies are aligned with two Fano
resonances. The double FR scheme provides much stronger enhancement in the
SERS signal. 8 7071
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Figure 1.10. (A) The dimer system designed with double plasmon mode and Au
nanoparticles (The system consists of spherical particles with 4 nm spacing and
diameters of 90 nm and 55 nm, respectively). (B) Plasmonic spectrum of the Au
nanoparticle dimer system. The Raman reporter molecule (blue) provides the
production of the Stokes signal. The QE (purple) placed between the dimer system
(hot spot) allows the Stokes signal to be increased while not changing the field

strength.?

In the literature signal enhancement of SERS with FR relies on increasing hot spot
intensity by selecting excitation and Stokes scattered wavelengths which coincide
with the two Fano resonances. Selecting resonance wavelengths will be result with

further enhancement of signal. This situation will extend the plasmon lifetime which
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can damage the probe molecule or its vibration modes. Also, quantum tunneling

effect reduces the collective oscillation of the charge carriers.”

The plasmon spectrum obtained for the Au dimer system proposed is shown in
Figure 1.10.(B) by selecting excitation (e.g., 593 nm) and Stokes signal (e.g., 700
nm) wavelengths which does not coincide with plasmon modes. With this system, it
is possible to increase the SERS signal intensity by keeping the hot-spot field
strength constant. The most interesting and vital part here is neither the Raman
excitation wavelength nor the QE-quantum emitter energy level range nor the
evolved (Stokes) signal wavelength match the plasmon modes wavelength.
Therefore, there will not be change in hot spot intensity (silent enhancement in
SERS).7®
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CHAPTER 2

EXPERIMENTAL METHODOLOGY

2.1. Chemicals

Sodium  tetrachloroaurate  (Il1)  dihydrate  (NaAuCls-:2H20, >99.9%),
cetyltrimethylammonium bromide (CTAB, >96.0%), L(+)-ascorbic acid (AA), silver
nitrate  (AgNOs, >99.5%), tri-sodium citrate dihydrate (NazCeHsO7:2H20),
hydrochloric acid (37%) were obtained from Sigma-Aldrich. Cadmium
Selenide/Zinc Sulfide Quantum Dots in toluene (CdSe/ZnS, 5 mg/mL, 5 mL) was

obtained from HiQ-Nano. Reactions are done under room temperature.

2.2. Characterization

Absorption spectra was obtained by Shimadzu 3600i plus model UV-Vis-NIR
spectrometry which has wavelength scan range between 150-3500 nm. Fluorescence
emission spectra was acquired by Cary Eclipse spectrofluorometer which has scan

range between 200-1100 nm.

Characterization and morphology of Au nanostar and QD hybrid structures was
obtained using the FEI NNL600I model for Focus lon Beam (FIB) in Bilkent
UNAM. The accelerating voltage in FIB systems ranges from 1 to 30 keV and the
ion current is between 10 pA-30 nA. For imaging a low beam current which is
between 30-50 pA was used. Energy dispersive X-ray (EDX) analysis is done by
EDAX Z2e analyzer which is connected to Zeiss EVO HD15 type scanning electron
microscope (SEM) in ODTU GUNAM.
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For SERS measurements the samples were excited through linearly polarized
continuous wave (CW) 532 nm (Coherent Verdi), 660 nm and 785 nm (CNI Lasers)
wavelength laser sources. Multimode (MM) fibers are coupled to a homemade
microscope module including a Nikon Eclipse LV100 equipped with a 100X/0.90
NA objective. The excitation power on the sample surface is between 1 m\W-20 mW.
The incident polarizations of the originally linearly polarized excitation lasers are
scrambled due to MM fiber delivery. The Raman signal is collected in epi-
configuration by the same objective lens and coupled into another MM fiber through
a beam splitter accommodating suitable dichroic mirrors (Semrock) and notch filters
(Semrock). The Raman signal is analyzed by a /9.8, 750 mm spectrometer (Andor
Shamrock SR750) with 150 I/mm grating and an EMCCD camera (Andor Newton).

2.3. Synthesis of gold nanostars

2.3.1. Seed solution

Citrate-stabilized AuNPs which were obtained by Turkevich method 7 were used as
seed solution. Preparation steps are followed as 0.5 mL 1% NaAuCls was diluted to
150 mL with deionized (DI) water and solution was heated until the boiling point of
solution. When boiling started, 10 mL of 1% sodium citrate solution (which is
reducing agent and surfactant) was added to solution rapidly all at once. After
addition of sodium citrate solution continued to boil. In an hour, solution color turned
from pale yellow to ruby red, indicating the generation of stable seed AuNPs. (Figure
2.1).
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Seed solution

10 ml of 1% sodium citrate

+ &

0.5 ml 1% NaAuCl, in Citrate-stabilized

149.5 ml DI water gold nanospheres

(Seed)

Figure 2.1. Schematic diagram of the preparation of citrate-stabilized AuNPs.

2.3.2. Growth solution

10 mL 0.001 NaAuCls was placed in 20 mL flask and stirred constantly. 40 uL 1 M
HCI and 2.5 uL Au seed which was prepared in previous step was added to the
solution which was pale yellow color. 400 pL 0.003 M silver nitrate and 200 pL 0.1
M ascorbic acid were added to the mixture and color changed from pale yellow to
brownish blue color. (Figure 2.2.) Addition of 2 mL 0.2 M CTAB took place at last
step of procedure. The solution was mixed for another 30 minutes to complete the
formation of Au nanostars. Au nanostars were separated from solution by
centrifugation at 3250 rpm for 15 minutes. Supernatant was discarded and the
precipitate of Au nanostars was diluted to the initial volume with DI water. This

process was repeated two times.
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Figure 2.2. Schematic representation of synthesis of AuNPs.

2.4. Cleaning Procedure

Silicon (Si) wafers are cleaned according to a widely used three solvent procedure.
Si-wafers are first washed with acetone, followed by isopropyl alcohol and finally
distilled water. During each wash, the wafer is place in an ultrasonic bath for 15

minutes.

2.5. Preparation of SERS samples

2.5.1. Drop casting method

Firstly, due to high concentration of QDs, dilution is necessary, and identification of
appropriate solvents and procedures. Dilution of QDs with toluene results in random
drying of sample on Si-wafer and inconsistent measurements of Raman signal. The
main reason of this heterogenous drying is probably the phase difference between

QDs (in toluene) and Au nanostar (in deionized water).
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Figure 2.3. Picture of SERS samples with drop-casting method.

To remove this random drying effect QDs were diluted with ethanol. Ethanol was
used as a phase transfer agent due to its polarity between toluene and deionized
water. In figure 2.3 the difference between two different solvent and their drying
process is shown. Due to this solvent difference all the other experiments were
performed using QDs which had been diluted with ethanol to give consistent Raman
signals.

5 uL of CdSe/znS core shell type QDs (5 mg/mL) were diluted to 1 mL solution
with ethanol. The samples which contain crystal violet (CV), Au nanostars and QDs
were added to Si-wafer by drop-casting method. In the first part, CV (10¢ M) and
Au nanostars solution (6.5x10% particles/uL) were mixed in 1:2 (5 uL CV:10 uL Au
nanostar) ratio. In the second part, QDs (0.025 mg/mL) which is diluted with ethanol
were added to CV and Au nanostars solution in different volumes (1 uL, 2 uL ,3 uL
4 uL, 5 uL etc.). 20 uL of the prepared solutions is dropped to Si-wafer surface and
the samples were dried at 30°C on hot plate. Detailed calculation for Au nanostar

concentration is given in Appendix.
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2.5.2. Spin coating method

To remove ring effect on the Si-wafer for samples, a spin coating method was used
in order to get the solution applied to form a uniform surface on Si-wafer. Spin coated
samples are prepared by multiplying the volumes of samples by 10 (100 uL Au
nanostars, 50 uL CV and 20 uL, 40 uL, 60 uL QDs). The samples are accelerated
for 5 s, spun for 30 s at 2000 rpm and decelerated for 3 s. This sequence of steps
ensures that acceleration and deceleration are not too sudden, which would expose
the sample to high sheer and could distort the resulting sample surface.
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CHAPTER 3

RESULT AND DISCUSSION

3.1. Characterization of CdSe/ZnS core-shell type quantum dot decorated Au

nanostars

Au nanostars are promising SERS substrates due their superior properties compared
to other shapes of AuNPs. The main idea behind the SERS based on creating hot
spots between nanoparticles. Anisotropic shape of Au nanostar provide strong
electromagnetic field at the tips of the nanoparticles which means higher hot spot
regions for the SERS substrate. Due to their outstanding properties Au nanostars are
used as SERS substrates. In this study, star shaped AuNPs were synthesized by seed-
mediated method.”*"™ Also, CdSe/ZnS core-shell type QDs were purchased from

HiQ-Nano and used for the hybrid structure.

FIB imaging, supported by UV-Vis absorption was used to verify that AuNPs had
been synthesized successfully. The EDX spectrum proves that the existence of
CdSe/znS and Au nanostar in the final sample. Photoluminescence emission
spectrum and UV-Vis absorption spectrum of CdSe/ZnS and Au nanostar hybrid

structure is given to understand the interaction between these two nanostructures.

Both SEM and FIB are electron microscopy techniques that produce images of a
sample by scanning the surface with a focused beam of electrons/ions. The main
difference between SEM and FIB is while SEM uses a focused beam of electrons to
image the sample, a FIB uses a focused beam of ions instead. For the imaging of

sample FIB is preferred due to its better resolution and availability.
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Figure 3.1. demonstrates FIB images of QD decorated Au Nanostars and size of Au
nanostars (tip-to-tip distance) is around 67 nm. Sizes of AuNPs are between 35 nm-
110 nm. The main reason of broad size distribution may be slow addition of gold
seeds. To calculate the average size for AuNPs sizes of 50 different Au nanostars’
size is determined by ImageJ program from FIB image and the average AuNPs

(which is recorded as 67 nm) was calculated.

| 200 nm |

Figure 3.1.FIB images of QD decorated Au Nanostars. A) 500 nm, B) 200 nm,
C)500 nm, D) 200 nm magnification with ion current 0.58 nA, accelerating voltage

15.00 kV and working distance is 5.0 mm.
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The nanostars have irregular shapes with differing numbers of tips growing outside
the core of nanoparticles. The bright spots on the images are characterized as QDs
which are mostly located at the tips and among the nanostars. The sizes of these QDs
are across a broad range from 4 to 10 nm. Finally, no additional sample preparation
is performed for FIB. The samples which are prepared for SERS measurements with

spin coating (on the Si wafer) are used for FIB.
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Figure 3.2 EDX spectrum of Au nanostars and QDs hybrid structure.
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FIB analyses are supported by EDX spectrum which shows the existence of
CdSe/znS and Au nanostars. EDX analysis provides elemental information about
hybrid structure of the substrate of SERS. The data is acquired from 10 um? area.
Extra sample preparation was not performed for the EDX. Instead, the samples which
had been dropped onto the Si-wafer surface with drop casting for SERS

measurements were directly used for EDX measurements.

Existence of Al and Cl elements in the sample is most likely due to cross-
contamination of the sample. The source of the Si element is the Si-wafer itself,
which also acts as a wafer surface for the sample preparation step. This approach
was taken, using the Si-wafer rather than a adding an alternative material, due to its
distinctive Raman shift which is visualized as the sharp peak at 521 cm*. The peak
of the silica does not cross with any peaks of the analyte (CV). In addition, the wafer
itself has a flat and smooth surface, and it has suitable thermal conductivity that does

not cause local heating when the laser hits the surface.
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Figure 3.3. UV-Vis spectrum of Au nanostar and QDs hybrid structure prepared
with the addition of different amount of QDs solution: i) 0, ii) 0.2, iii) 0.4, iv) 0.6, v)
0.8 mL and vi) 0.025 mg/mL CdSe/ZnS QD

Figure 3.3 shows UV-vis absorption spectrum of two solutions: a mixture of Au
nanostars in isolation, and a mixture of QDs in combination with Au nanostars. The
spectrum has broad absorption around 600 nm for both the Au nanostars and the
mixture of Au nanostars combined with QDs. The breadth of this absorption band
may be due to the anisotropic shape of Au nanostars. Addition of 0.2 and 0.4 mL of
QDs results in a significant increase in absorption of Au nanostars due to Fano
resonance (FR) between the QDs and Au nanostars. FR result in an extension of the
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plasmon lifetime, which causes an increased amplitude of absorption. In addition,
the half-width of the absorption curves did not change significantly, which indicates
that there is no aggregation after addition of 0.2 (ii) and 0.4 mL (iii) of QDs. 0.6 mL
addition (iv) of QDs does appear to cause peak broadening and a resulting decrease
of absorption band intensity. This observed peak broadening and decrease in
absorption may be due to aggregation of Au nanostars. Higher amounts of ethanol
may decrease the surface charge of AuNPs. This decrease in zeta potential would be
expected to result in the reduced agglomeration of AuNPs. Finally, the solution
which contains 0.8 mL of QDs (V) has the broadest and lowest absorption compared
to other solutions which have different amount QDs. Also, a distinct and visible blue

shift towards absorption of QDs (vi) of the peak is observed for high amount of QDs.
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Figure 3.4. Photoluminescence emission spectrum of CdSe/ZnS in different

solutions.

CdSe/zZnS type of QDs are strongly affected by nature of solvents. Interaction
between polar type of solvents like alcohols and water and CdSe/ZnS result in
decrease in photoluminescence (PL) intensity.”® As it is shown in figure 3.4. PL

intensity of QDs in water is lower than QDs in toluene.

QDs in Au solution have lowest intensity due to quenching. Charge transfer from
QDs to Au solution result in decreasing in emission signal. ’” Figure 3.3. indicates
that there is a charge transfer between QDs and Au nanostar (in water) due to

intensity loss of QDs.

Compared to QDs in toluene, there is a red shift for QDs in water and QDs in Au
solution. This red shift may be due to stabilization of excited state when excited state
is more polar as compared to ground state, so the polar solvents stabilize excited state
more than ground state. This results in reduction in the energy gap between ground

and excited states, thus distinctive red shift of the band.
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3.2. Surface enhanced Raman scattering properties of quantum dot decorated
Au nanostars SERS studies

SERS activity of Au nanostars and QDs decorated Au nanostars were investigated
using crystal violet (CV) as a probe molecule. Figure 3.4 shows SER spectra of CV
adsorbed on Au nanostars and QDs decorated Au nanostars. The SER spectra show
that most of the vibrational modes of CV before and after addition of QDs. The
observed vibrational modes of CV molecule are in consistent with publications in
the literature, allowing us to identify certain features.”"® The peak around 790 cm?
belongs to C-H out of plane bending while ring skeletal vibrations appear between
880-1015 cmL. One of the strong peaks is between 1120-1220 cm™ and it refers to
C-H in plane bending. N-phenyl stretching appears around 1369 cm and ring C-C
stretching appears between 1561-1664 cm™.

In selecting a laser source, 532 nm, 660 nm and 785 nm wavelength lasers were
tested as potential power sources (Figure 3.5.). A 660 nm source was ultimately
selected because the peaks of crystal violet in 660 nm are more intense and therefore
give a higher resolution than the other laser sources as it is shown in Figure 3.4. Low
signal to noise ratio for 532 nm is due to excitation of QDs which gives background
fluorescent emissions in Raman measurements, obscuring the signal peaks of crystal
violet. Due to this 532 nm was not used as a power source. The 785 nm laser source
was also eliminated because the energy at this wavelength is not sufficient to drive
oscillation of the electrons in Au nanostars which have absorption band maximum
at 676 nm. Even though there are some peaks in 785 nm they are not as intense as
660 nm therefore 660 nm laser wavelength source was identified as the most suitable
for further experiments. Also, it is important to mention that the 660 nm wavelength
used does not overlap with the excitation (QDs: 562 nm, Au nanostars: 577 nm) or
Stokes scattered (738 nm) wavelengths of the particles. This situation supports the
approach known as silent enhancement of SERS.
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Background correction is not done for Figure 3.5 to show the change in background

with the selected wavelength. Increase in wavelength result with decrease in

background.
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Figure 3.5. SERS spectra of 10° M CV on QD-Au nanostar collected with three

different laser sources (532 nm, 660 nm and 785 nm).

After selection of laser source for further experiments, 10 measurements from the
mixture were performed from different spots, to control for the ring effect in each
sample resulting from the drop-casting methodology. To control for inconsistent

results in measurements, the average of 10 measurements was calculated.
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Figure 3.6. Raman spectra of 10-6 M CV (i) and SERS spectra of 10-6 M CV on (ii)
Au nanostars, (iii) Au nanostars and QDs hybrid structure. Exposure time, 0.3 s;
accumulations number, 3; laser power at the sample, 20 mW, drop casting.

As shown in Figure 3.6 there is a measurable enhancement of signal with addition
of QDs to the Au nanostars and CV mixture. Black graph belongs to 5 uL CV (106
M), red graph is for 10 uL Au nanostar and 5 uL. CV (106 M) mixture and blue one
belongs to mixture of 5 pL CV (10 M), 10 pL Au nanostar and 4 uL QDs (0.025
mg/mL). To check if there is any role of QDs on enhancement of signal alone, 5 uLL
CV and 4 pL (0.025 mg/mL) is mixed and the measurement result is given in Figure
3.7.
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Figure 3.7. Raman spectrum of 10® M CV and 0.025 mg/mL QDs solution.
Exposure time, 5 s; accumulations number, 5; laser power at the sample, 0.20 mW,
drop casting.

Figure 3.7 shows that there is no significant effect of QDs in enhancement of signal
for the CV molecule. Even though QDs does not contribute the signal enhancement
alone, when QDs are mixed with Au nanostars the Fano resonance between these
two nanostructures allows the QDs to play the role of an amplifier, contributing

strongly to signal enhancement.
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Figure 3.8. Box chart of Raman measurements for 1318-1401 cm™. Exposure time,

0.3 s; accumulations number, 3; laser power at the sample, 20 mW, drop casting.

36



1584-1643 cm™ [ JReference
P
4x10° 4 1 oo
: |4 uL QDs
:_ |6 UL QDs
8 pL QDs
Y
3x10°
b o
) 1
s T
5 l .
0; 2x10° |
*é T
3 0
[
IS 5 1
1x10°
0

T T T T T
Reference 2 UL QDs 4 puL QDs 6 uL QDs 8 uL QDs

Figure 3.9. Box chart of Raman measurements for 1584-1643 cm. Exposure time,

0.3 s; accumulations number, 3; laser power at the sample, 20 mW ,drop casting.

After collecting 10 different data points from the mixture, which is prepared with
drop casting method, distribution of areas under the selected peaks are represented

by the box chart in Figure 3.8. and Figure 3.9.

Figure 3.7. belongs to area under 1318-1401 cm* while Figure 3.8. is box chart of
area under 1584-1643 cm™®. These box charts allow us to measure signal
enhancement ratio by calculation of the areas under the peaks. The mean value is
given as little square in the middle of the box. The black data series belongs to CV
and Au nanostar mixture which is named as reference. Reference solution contains
10 pL Au nanostar solution and 5 pL of 10 M CV. For other data series represent
different amount of QDs solution addition to reference solution is shown. The red
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data series show the effect of addition of 2 uL. QDs to reference solution while blue,
purple and green data series indicates 4 uL, 6 uL and 8 puL addition of QDs to

reference solution respectively.

For 1318-1401 cm™ the addition of 4 uL QDs to the mixture (5 uL CV-10 pL Au
nanostar) increased the intensity range 3 times. 2 uL QDs, 6 uL and 8 pL QDs
increase the intensity range 2.6, 2.2 and 1.4 respectively. Of the four different
volumes tested, 4 uL of QDs addition showed the best signal enhancement for both
peaks 1318-1401 cm™ and 1584-1643 cm™. These two box charts shows that
enhancement of different signals of CV are consistent with each other. Also, results
of signal enhancement in SERS are consistent with result of UV-Vis spectrum for
Au nanostar and QDs hybrid structure. In UV-Vis spectrum which is given in Figure
3.2. the highest absorption is observed when the addition of QDs is 0.4 mL which is
4 uL for SERS substance. Highest absorption of Au nanostars results with better
signal enhancement while decrease in absorption and peak broadening in UV-Vis
(for 0.6 and 0.8 mL) results with less enhancement compared to 0.4 mL.

38



Reference

40 pL QDs
1x10° A
1x10° A T
o 1x10° 1 T
[®)]
e
©
X 9x10°
2
‘@
c
L 8x10°
£ ]
7x10° A J_
6x10°
T T
Reference 40 pL QDs

Figure 3.10. Box chart of Raman measurements for 1318-1401 cm*. Exposure time,

1 s; accumulations number, 1; laser power at the sample, 100 mW, spin coating.

After all the measurements, which are given above, were made using the drop-
casting method, the measurements were repeated using spin coated samples in order
to see the effect of sample homogeneity on measurements. The highest enhancement
factor is provided by 4 pL addition with the drop casting method, so for
measurements using the spin coating method the same conditions are used to
compare both methods. Every sample amount is multiplied by 10 due to substance
loss during spin coating. (100 uL. Au nanostar, 50 uL. CV and 40 uL QDs) Using
even larger amounts of sample was one of the disadvantages of spin coating method
due to the high cost and small volumes of sample which are generally used (5 mL
CdSe/znS , HiQ Nano). In addition, Figure 3.9 shows clearly that the distribution
area is between 1318-1401 cm* peak. Compared to drop casting method spin coating
clearly results in a wider distribution. For the reference in Figure 3.10 while highest
area is around 1x10° the lowest area is 7 x10°. There is 3x10° difference between the

highest and lowest area under the peak between 1318-1401 cm*. Figure 3.7 shows
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that the distribution difference is 5x10* which is almost 6 times lower than spin

coated version.

One reason for the observed low enhancement and wide distribution may be the
agglomeration of particles during the spin process due to mass difference between
QDs and Au nanostars. This shows that using the drop casting method for
measurements will give more reliable results. The majority of the measurements are
done using the drop casting method instead of spin coating method due to this

disadvantage of spin coating.

The final results validated a clear protocol for the generation and excitation of Au
nanostars/QDs hybrid structure. The results of this project clearly demonstrated the
signal amplification (of approximately 3 times more with existing techniques)
possible using a 660 nm laser source and combination of 4 uL of QDs (0.025 mg/mL)
to 10 uL of Au nanostar solution (drop casting method). The hybrid structure was
also tested with different types of star nanoparticles which have different absorption
properties. Finally, the calculated enhancement factor (EF) for Au nanostar and CV
solution is calculated as 1.83x107. Details of EF calculation and other SERS

measurements with different Au nanostars are given in Appendix.
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CHAPTER 4

CONCLUSION

Gold nanoparticles have numerous application areas due to their unique properties.
Sensing, imaging. solar cells and drug delivery are some of the application areas of
AuUNPs. Au nanostar are one of the well-known shapes of AuNPs due to their broad

absorption in visible region and anisotropic shapes.

Quantum dots are type of semiconductor nanocrystals and they are in a limelight due
to their promising optical properties. These properties give them potential

application fields like bioimaging, solar cells and biosensing.

In literature hybrid structures of both Au nanostar and QDs are investigated
separately however not much research has been done on combining both QDs and
Au nanostar to be used as a SERS substrate.

In this study, SERS of crystal violet with Au nanostars and quantum dot hybrid
structures has been investigated. The hybrid structure was successfully characterized
by UV-Vis, PL spectroscopy and FIB. FIB imaging reveals the formation of Au
nanostar and existence of QDs in mixture. UV-Vis and PL spectrum help to

understand the interaction between Au nanostar and QDs hybrid structure.

The intensity range is around 1.3x10° when using Au nanostar as a SERS substrate.
The addition of QDs to the mixture increases the intensity to 3.9x10° which is
roughly 3 times larger than Au nanostars alone. SERS signal is increased a further 3

times with the use of the hybrid structure.

For the future work shorter surfactant can be used in synthesis of Au nanostars to
decrease the size between Au nanostar and QDs. Decreasing size difference between

these two nanostructures may increase the interaction between them. The same
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protocols can be applied to QDs in agueous phase and Au nanostar to remove the
phase difference in the drying process. Furthermore, QDs and Au nanostars can be
decorated by amide and carboxylic acid to connect them with amide bond to each
other. This may increase the interaction and hot spot intensity between them.

These results reveal a promising direction for future work and validate the core
concept that QD/Au nanostar hybrid structures can be used to significantly improve
the SERS signal to noise ratio of AuNPs, which has been a critical barrier to wider

application of AuNPs industrially.
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APPENDIX

Calculation of Au hanostar solution concentration:

1. Weight of gold taken

mol g 3
(0.01L) x (0'001T) x (196.96m—ol) = 1.97 x 10~3g

2. Volume of gold taken

197 x 1073 g
193 g/cm™3

=1.02 x 10~*cm?
3. Volume of single nanostar from FIB image
R=67nmand r =33.5nm

4713 B 41(33.5 nm?)

3 3 = 1.57 X 10° nm?

4. Number of particles in the solution

(1.02 X 10~*cm?3) x (1.00 x 102t nm3/cm3) = 1.02 x 1017 nm3

1.02 X 107 nm3
1.57 X 10° nm3

= 6.50 x 101! particles

(6.50 x 10! particles)
10 ul

= 6.50 x 1019 particles/uL
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UV-Vis of CdSe/ZnS ODs in toluene

CdSe@2ZnS
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UV-Vis of Au nanostar 1

Absorbance
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Box chart of SERS measurements with Au nanostar 1
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Solid state UV-Vis result of Au nanostar 1 and QDs mixture

— AU Nanostar

0.10 - = Au Nanostar + 0.2 ml QDs
' 1026 nm = Au Nanostar + 0.4 ml QDs
1040 nm / —— Au Nanostar + 0.6 ml QDs
0,08
< ANy
o
2 994 n
© 0,06
2
2 950 nm
<
0,04
0,02 T T T T T T
400 600 800 1000 1200 1400 1600

Wavelength (nm)

SERS samples were prepared and dried on Si-wafer to understand behavior of
molecules in solid form. Solid state UV-Vis measurements were performed and

box chart of SERS measurements associate with this study is given above.
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UV-Vis of Au nanostar 2
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Box chart of SERS measurements with Au nanostar 2
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Enhancement Factor (EF) for presence of Au nanostar is calculated as follows:

Average size of Au nanostars is taken as 67 nm and 660 nm wavelength of laser spot

size is 21 um. Nsgrs is calculated considering the extension of the near field to around

2 nm from the surface of the Au nanostars. Intensity of SERS is obtained from Figure

3.9. average intensity of Au nanostar and CV solution between 1584 and 1643 cm™.

There are 7.7 x 10* Au nanostars on average at the laser spot area considering close-

packed deposition of the Au nanostars on the Si wafer.

ISERS NRAMAN

= Enhancement Factor (EF)
Iraman Nsgrs

IRAMAN = 620 X 104 CtS/S fOI‘ 10-2 M

4m (10.5 pm)(10.5 um) (21 um)
Vprobe,raman = 3 = 9.69 X 10° um?

=9.69 x10712
Nraman = Craman X Vprose
Npaman = 1072 M X 6.02 x 1023 molecules/mol X 9.69 x 10712L
Npaman = 5.83 x 1019 molecules

41((34.5 nm)® — (33.5 nm)?) _
Vprobe,sErs = 3 =145x10720L

Verobesers = 7.70 X 10* X 1.45 x 10720, = 1.11 x 10715

10%3molecules

NSERS = 10_6M X 602 X mol

X 1.11 X 1071°L x 10  considering

layer of Au nanostar deposition.
Nsgrs = 6.68 X 103 molecules—

ISERS = 130 X 105CtS/S
59
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Lgrs  Npamany 1.30 X 10°cts/s x 5.83 x 10%molecules
EF = Inaman ~ Nsgrs  6.20 X 10% cts/s x 6.68 x 103 molecules

EF = 1.83 x 107
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