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Abstract

Raman spectroscopy and surface enhanced Raman scattering (SERS) are well-

established spectroscopic techniques for seawater applications.

The first part of this work focuses on using SERS with shifted excitation Raman

difference spectroscopy (SERDS) technique to identify polycyclic aromatic hydrocar-

bons (PAHs). To achieve this purpose, new SERS substrates suitable for seawater

application were fabricated. A simple and low-cost method based on electroless

plating solution of chloroauric acid (HAuCl4) and hydrogen peroxide (H2O2) was

developed to construct a novel gold island film as SERS substrate. The substrate

has a good resistance against seawater. It kept about 50% of their initial SERS

activity after 4 weeks of storage in artificial seawater and 15% after 8 weeks of

storage. Furthermore, this substrate is reproducible with a SERS intensity tolerance

of about 8%. Using 785 nm diode laser and applying SERS/SERDS technique the

high sensitivity of the substrate was proved by determining the limits of detection

(LODs) of selected PAHs, i.e. pyrene, fluoranthene, and phenanthrene. The LODs

were determined to be 1 nmol/l, 4 nmol/l, and 8 nmol/l, respectively.

Furthermore, the improvement of the sensitivity of the substrate is presented using

a 671 nm diode laser. The LOD of pyrene in this case reduces down to 0.5 nmol/l.

Moreover, for the first time the substrate was successfully tested in the local harbor

near the IFREMER center in La Seyne Sur Mer. The test shows several Raman

bands that could be referred to some PAHs.

Besides this substrate, naturally grown Au nanoparticle substrates with surface

plasmon resonance bands around 671 nm were developed in the University of Kassel

and tested by the author. The LODs of pyrene applying the SERS/SERDS technique

can reach 0.5 nmol/l.

The second part of this thesis presents the new laboratory setup based on two

1000 m low OH optical fibers and an 1.25 W broad area distributed feedback diode

laser emitting at 785 nm. A total of 275 mW of optical power were available at the

sample after passing optics, a 1000 m fiber and a pressure-resistant optode. The

latter collects the Raman straylight and focuses it into a second 1000 m fiber which

1



transfers the light into a spectrometer. To illustrate the capability of this setup,

Raman spectra were taken from natural minerals (sulfates, carbonates, sulfur) with

typical signal-to-noise ratios for the minor signals up to 60 at short integration times

of 0.5 s.

The applicability of shifted excitation Raman difference spectroscopy (SERDS)

for in situ investigations in the deep sea is presented. It is shown that SERDS leads

to a reduction of the background, which improves the signal-to-background ratio

by a factor of up to 100, i.e. even weak Raman bands can be clearly identified.

Furthermore, SERDS can remove the narrow luminescent bands that can disrupt

the measurements.

Finally, a pilot experiment was carried out using optical fiber as SERS sensor. As

a sample, cresyl violet was used to test the activity of this sensor. This study shows

the capability of using this sensor in the future for seawater application.

This work shows that the gold SERS substrates are well suited to detect pollutants

PAHs in seawater body. In addition, the long fiber Raman setup is a promising tool

for the in situ investigation of submarine sediments.
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Zusammenfassung

Raman-Spektroskopie und die oberflächenverstärkte Ramanstreuung sind gut bewährte

spektroskopische Techniken zur Untersuchung von Meerwasser.

Der erste Teil dieser Arbeit konzentriert sich auf die Verwendung von SERS mit der

shifted excitation Raman difference spectroscopy (SERDS) zur Identifizierung von

polyzyklischen aromatischen Kohlenwasserstoffe (PAKs). Zu diesem Zweck wurden

neue SERS-Substrate speziell für Meerwasseranwendungen hergestellt. Eine einfache

und kostengünstige Methode basierend auf einer stromlosen Plattierung durch eine

Lösung aus HAuCl4 und H2O2 wurde entwickelt um einen neuartigen Goldinselfilm

als SERS Substrate zu erschaffen. Das Substrat weist eine gute Widerstandsfähigkeit

gegenüber Meerwasser auf. Die anfängliche SERS-Aktivität konnte nach 4 Wochen

Lagerung im künstlichen Meerwasser zu 50% und nach 8 Wochen Lagerung zu 15%

erreicht werden. Darüber hinaus ist das Substrat mit einer SERS-Intensitäts-Toleranz

von über 8% reproduzierbar. Durch den Einsatz eines 785 nm Diodenlasers und

der SERS/SERDS-Technik konnte die hohe Empfindlichkeit des Substrats durch die

Bestimmung der Nachweisgrenze (LODs) einiger PAKs u.a. für Pyren, Flouranthen

und Phenanthren, bewiesen werden. Die bestimmten Nachweisgrenzen erreichen

Werte der Gröenordnung 1 nmol/l, 4 nmol/l und 8 nmol/l.

Des Weiteren wird eine Verbesserung der Sensitivität des Substrats mittels eines

671 nm Diodenlasers aufgezeigt. Die Nachweisgrenze von Pyren konnte auf 0,5 nmol/l

reduziert werden. Zudem wurde das Substrat erstmalig im lokalen Hafen in der Nähe

des Forschungsinstituts IFREMER in La Seyne Sur Mer erfolgreich getestet.

Neben diesem Substrat wurden in Zusammenarbeit mit der Universität Kassel

Substrate mit auf natürliche Weise gewachsenen Gold-Nanopartikeln mit einer Reso-

nanzwellenlänge der Oberflächenplasmonen (SPR) um 671 nm entwickelt und von

uns getestet. Die Nachweisgrenze für Pyren erreichte mittels der SERS/SERDS

Technik den Wert 0,5 nmol/l.

Der zweite Teil dieser Arbeit stellt den neuen Laboraufbau bestehend aus zwei

1000 m langen low OH optischen Fasern und einem 1,25 W BA-DFB-Diodenlaser

mit einer Emissionswellenlänge von 785 nm vor. 275 mW optische Leistung treffen
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auf die Probe nach Durchlaufen der Optik, einem 1000 m langem Faser und einer

druckbeständigen Optode. Letzteres sammelt das Raman-Streulicht und fokussiert

sie in eine zweite 1000 m lange Faser, welche die Strahlen in einen Spektrographen

leitet. Um die Leistungsfähigkeit des Aufbaus zu zeigen, wurden Raman-Spektren

von natürlichen Mineralien (Sulfaten, Karbonaten, Schwefel) mit typischem Signal-

Rausch-Verhältnis für kleine Signale bis 60 bei einer kurzen Belichtungszeit von 0,5 s

aufgenommen.

Die Einsetzbarkeit von SERDS für in-situ Messungen in der Tiefsee wird vorgestellt.

Es zeigt sich, das SERDS zur einer Verringerung des Hintergrundes und somit das

Signal-Rausch-Verhältnis um ein Faktor 100 verbessert, d.h. auch schwache Raman-

Banden können eindeutig identifiziert werden. Darüber hinaus können durch SERDS

Fluoreszenz, die die Messungen stören, beseitigt werden.

Schlielich wurde ein Pilotversuch unter Verwendung eines optischen Leiters als

SERS-Sensor durchgeführt. Als Probe wurde zur Messung der Aktivität des Sensors

Kresylviolett verwendet. Diese Studie zeigt die Leistungsfähigkeit des Sensors

bezüglich der zukünftigen Verwendung im Meerwasser.

Diese Arbeit zeigt, dass Gold-SERS-Substrate sehr gut geeignet zur Detektion

von Schadstoffen wie PAKs in Gewässern sind. Darüber hinaus ist ein Langfaser-

Ramanaufbau ein vielversprechendes Werkzeug für die in-situ Messungen von Tiefsee-

Sedimente.
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1. Introduction

More than two-thirds of the earth’s surface area is ocean which until now has been

inscrutable and not well understood. Studying and understanding the ocean is

important for the human life because the ocean is a food source and can become

a bigger source for minerals and fuel. Additionally, understanding the changes in

the physical and chemical parameters of the ocean leads to better understanding

for global climate variation and global warming. In the future, with increasing the

population of the earth, oceans might be the biggest source of drinking water.

• Ocean observation and exploration are important to protect seawater and biota

from toxic pollutions. Hazardous chemicals such as polycyclic aromatic hydrocarbons

(PAHs), which are produced during incomplete combustion of fuels, can be found in

the seawater at extremely low concentrations (ng/l or less) [1]. In the last decades,

detecting PAHs in seawater has been gaining increased attention because they can

cause cancer to the animals and humans [2, 3].

In order to detect PAHs in water an ultraviolet fluorescence method has been used

[4–6]. Fluorescence spectroscopy does not provide fingerprint spectrum and can not

identify which components of PAHs exist in the water. Another method that can be

used to detect PAHs is gas chromatography mass spectrometry [7]. This method

needs to collect the samples from the field and transfer them to the laboratory. This

means no in-situ measurements can be done by applying this method. Because the

concentration profiles of PAHs are changed spatially and temporally in the marine

environment, it is important to detect them in-situ.

Raman spectroscopy, which is a non-invasive and non-destructive method, is a

powerful analytical technique in real time and/or in-situ applications. This is because

of the fingerprint nature of the spectra. The inherently low cross-section of the

Raman scattering limits its application in trace analysis of pollutants. Surface

enhanced Raman scattering (SERS) has been recognized as a powerful analytical

tool for environmental analysis since its discovery by Fleischmann [8]. In principle,

SERS is based on the Raman signal amplification of analyte adsorbed to the noble

5



1. Introduction

metal nanoparticle that induces the extremely high localized electromagnetic field

around the metal surface. SERS provides an enhancement factor for the Raman

signal up to 1015 [9–11] which brings this analytic technique into the region of trace

investigation. Since discovering the SERS effect, a lot of literature are focused on the

development and optimizations of SERS substrates. Colloidal metal nanoparticles

are the common types of SERS sensors due to their high SERS enhancement and ease

of fabrication. The preparation method of colloidal suspension is commonly based on

the procedures of Lee and Meisel [12] and Frens [13]. Different gold nanostrictures

have been developed to tune the surface Plasmon resonance and to optimize the

enhancement effect. For example, Rodriguez-Lorenzo et al. [14] and Esenturk et al.

[15] have reported the preparation method of gold nanostar. The metal evaporating

deposition technique has been used to produce a thin layer of gold or silver on the

surface of a solid platform [16, 17]. There are several additional methods that have

been reported to produce SERS sensors, but most of these methods are not suitable

for PAHs in seawater.

Recently, several types of SERS sensors suitable for the trace detection of PAHs

in aqueous solution have been developed. They include self-assembly metal colloid

film [18–20], calixarene functionalized Ag colloid [21–23], cyclodextrin modified Ag

nanoparticles [24], naturally grown Ag nanoparticles on quartz substrates [3, 25] and

partition layer-modified Ag film over nanosphere [27]. Most of these sensors are not

sensitive enough or not stable in seawater application because of using bare silver.

In order to detect PAHs in seawater, Ag colloid based sol gel-film [28–35] was

developed by our group in the EU-projects SOFIE (Spectroscopy Using Optical

Fibers in the Marine Environment, MAS3-CT97-0157) in the period of 1997-2000 and

MISPEC (Mutiparametric in-situ Spectroscopic Measuring System for Coastal Moni-

toring, EVK3-CT-2000-00045) from June 2001 to February 2004. In the EU-project

SENSEnet (International Chemical Sensor Development Network, PITN-GA-2009-

237868), dimercaptoacetic acid (DMCX) functionalized Ag colloid based sol-gel film

[36, 37] resulting in highly sensitive substrates. Using sol-gel techniques to protect

silver nanoparticles produces SERS substrate with acceptable stability but with lower

reproducibility. Thus, this work aims to design highly sensitive and seawater-resistant

SERS substrate with a high reproducibility which can be used for in-situ applications

in seawater over days and weeks. Therefore, in this work new SERS substrates

based on using novel plating solution for electroless technique to form gold island

film and naturally grown gold nanoparticles are developed. The long-term stability
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1. Introduction

and the reproducibility are discussed in this work. The limit of detections (LODs)

of PAHs in artificial seawater applying 785 nm and 671 nm diode lasers are presented.

• In contrast, the widely unknown sea floor offers a large research potential, espe-

cially for geochemical materials such as precipitated minerals at hydrothermal vents

to understand the chemical processes and bacterial life in the deep ocean environment.

Since water is a weak Raman scatterer and because many important targets existing

in the deep ocean are Raman active (e.g. gas hydrate, minerals, and rocks), Raman

spectroscopy is introduced as an important technique to investigate geochemical

materials on the sea floor. Raman spectroscopy has been used successfully for gas

hydrate studies [38–40] and for mineral identification [41–43] in the laboratory.

In order to perform in-situ investigations, a pressure-compensated spectrometer

for deep-ocean applications has been tested successfully in the investigation of gas

hydrates on a ROV as carrier [44, 45] and at hydrothermal and cold seep systems [46].

For measurements of pore water geochemistry, a deep sea Raman probe was developed

recently [47]. Immersing the whole Raman equipment in the deep sea makes it difficult

to use a large laser system and spectrometers with higher sensitivity to improve the

measurements due to the space-limited pressure-resistant housings. Additionally, this

approach limits the flexibility to exchange laser sources and detection units according

to the measurement task. Therefore, it is necessary to separate these components

from the optical head and keep them on board of the ship. The connection between

that equipment and the optical head is realized via long optical fibers.

Optical fiber cables are used with the underwater vehicles to transfer commands

from the ship to the vehicle and video data from the vehicle to the ship. The

underwater vehicles can dive for different depths, e.g. 500, 2000, 4000, 7000, and

11000 m [48–54]. In these reported studies, optical fiber cables are used only to

transfer the data and not used for Raman or any other investigations in the deep sea.

Earlier investigations could already show that fiber optic probing for remote

Raman spectrometry over a few meters has several advantages for many areas of

application [55–57]. Myrick and Angel [58] showed that it was possible to achieve

Raman measurements using 100 m optical fiber for conventional Raman spectroscopy

and 250 m for surface enhanced Raman scattering. Long fiber-optic remote Raman

probe with a length of 100 m for detection and identification of weak scatterers

was discussed by Schoen et al. [59]. Kr+ and Ar+ lasers, which emit at visible

spectral regions, were used as excitation sources in these previous studies. Applying
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1. Introduction

visible light as excitation source increases the fluorescence background from, e.g.,

impurities in natural substances. Occurring fluorescence can overwhelm the Raman

signals in some cases. The undesirable high fluorescence background can be reduced

using the excitation wavelength in the near-infrared region (e.g. 785 nm). Further

advantage of using a 785 nm as a light source is to keep the measurements outside

from the absorption band of water which limits the applications of Fourier transform

IR instruments operating at 1064 nm [60].

However, according to the author’ knowledge there are no demonstrated Raman

applications for deep sea investigation via long optical fiber. Thus, the second aim

of this work is to construct a setup in which the excitation of an incident laser beam

can be applied to a target and the backscattered Raman signal can be collected over

a distance of 1000 m each via optical fibers. In this way, it is possible to separate the

marinized optical sensor head from the on-board laser and spectrometer. To realize

this goal, a combination of the 1.25 W broad area distributed feedback and two 1000

m optical fibers are presented in order to realize a laboratory Raman setup suitable

for in-situ experiments over long distances. Using this setup, Raman measurements

of several minerals, which can be found in the sea floor, are demonstrated.

• SERS fiber probes offer an ideal solution to a compact and flexible sensor system

with high molecular specificity. In recent years, different types of SERS based fiber

probes based on a D-shape fiber probe, microstructured fiber and complex tips have

been proposed [61, 62]. Another fiber probe can be produced by coating the end tip

of the fiber cable [61, 63]. In order to test the capability of this kind of probes, the

additional goal of this work is to provide a pilot study to prepare a SERS fiber probe

by applying self-assembly technique to cover the fiber tip with gold nanoparticles.
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2. Raman Spectroscopy

Raman spectroscopy is a powerful molecular fingerprinting technique which ana-

lyzes materials through the interaction of the material’s molecules with an incident

monochromatic light beam. In 1923 inelastic scattering (referred to as Raman scatter-

ing) was predicted by Smekal [64]. After five years, i.e. in 1928, C. V. Raman and K.

S. Krishnan reported the first experimental study of the inelastic light scattering in

liquid [65]. In their experiments a blue-violet filter was used to produce a monochro-

matic light source from sunlight, a yellow-green filter to block the scattered light and

the human eye as a detector. They found that when a sample was irradiated by this

intense monochromatic light source, light of a different frequency passed through the

yellow-green filter which blocked the incident light.

Raman spectroscopy concerns a change in frequency when light is scattered by

molecules. When a monochromatic light with a frequency ν0 interacts with a molecule,

the irradiated molecule can scatter a part of the radiation in all directions. Most

of the scattered light is scattered elastically, which has the same frequency (ν0)

and is called Rayleigh scattering. An even very small fraction of the incident light

is scattered inelastically with different frequency (ν0 ± νv) and is called Raman

scattering. The frequency of the inelastically scattered light is shifted ether towards

the lower frequencies (ν0 − νv), which is called Stokes scattering, or towards the

higher frequencies (ν0 + νv) which is called Anti-Stokes scattering. The differences

in the frequency between the incident light and inelastically scattered light (νv)

correspond to the vibrational frequencies of the scattering molecule.

Two theories are used to describe the Raman scattering process. The first is

based on a classical theory which regards the light as waves and describes the

Raman scattering in terms of the polarizability of the molecular electron cloud.

The counterpart to the classical theory is the quantum mechanics, which considers

molecular energy levels to be quantized and treats the radiation according to particle

theory. Brief descriptions of each of these theories are included. For greater detail,

thorough discussions of each have been published [66–70].
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2. Raman Spectroscopy

2.1. Classical description

The classical theory of the Raman scattering is based on the wave nature of light.

When a molecule is in an electric field, the electrons distort, shifting with the respect

to the positive centre, and create an induced dipole. The moment of this dipole

is proportional to the intensity of the electric field (E) according to the molecular

polarizability (α)

P = αE (2.1)

Polarizability is a property specific to the molecule, determined by its size and

shape and indicating the ease with which the electrons may be shifted with respect

to the molecular spatial coordinate system. Unlike the dipole moment which is a

vector quantity, the polarizability is a tensor quantity and requires a nine-member

matrix to describe the shape-volume shift. Depending on the molecular bond axes,

the values may vary in all three spatial directions.

The oscillating electric field (E) of incident light is represented by:

E = E0 cos(2πν0t) (2.2)

where E0 is the maximum amplitude and ν0 is the frequency of the incident light.

Upon interaction, an oscillating dipole moment is induced in the molecule:

P = αE0 cos(2πν0t) (2.3)

When a diatomic molecule vibrates at a frequency νm, assuming a simple harmonic

motion, its internuclear distance (q) can be written in the form:

q = q0 cos(2πνvt) (2.4)

where q0 is the vibrational amplitude. These oscillations may induce a change in

the polarisability of the molecule. When q is small, thepolarizability varies linearly

with the displacement and can be approximated by a Taylor series expansion of α

resulting in:

α = α0 +

(
∂α

∂q

)
0

q + ... (2.5)
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2. Raman Spectroscopy

Here, α0 is the polarizability at the equilibrium position, and

(
∂α
∂q

)
0

is the rate

of the change of α with respect to the change in q, evaluated at the equilibrium

position.

Combining equation 2.4 with 2.5 the polarizability can be written as:

α = α0 +

(
∂α

∂q

)
0

q0 cos(2πνvt) (2.6)

By substitution of α in the equation 2.3, the induced dipole can be given by:

P = α0E0 cos(2πν0t) +

(
∂α

∂q

)
0

q0E0 cos(2πν0t) cos(2πνvt) (2.7)

This leads to:

P = α0E0 cos(2πν0t) +
1

2

(
∂α

∂q

)
0

q0E0(cos[2π(ν0 + νv)t] + cos[2π(ν0 − νv)t]) (2.8)

The first term of the equation 2.8 represents an oscillating dipole that radiates

the light of frequency ν0 (Rayleigh scatter), that is the same of the incident light,

while the second term correspond to the Raman scattering of frequency ν0 + νv

(anti-Stokes) and ν0−νv (Stokes). It is important to note that the second term of the

equation contains the factor

(
∂α
∂q

)
0

, which yields to no Raman scattering, if it is zero.

Therefore, the selection rule for a molecule to be Raman active is that the rate of the

change in the polarizability with vibration must not be zero. If a vibration does not

greatly change the polarizability of the molecule, then the polarizability derivative

will be near zero, and the intensity of the Raman band will be low. An external

electric field can not induce a large change in the dipole moment and stretching or

bending the bond does not change this. For this reason, water is only weakly Raman

active until over measuring range, i.e. 2000 cm−1.

2.2. Quantum mechanical description

In the previous section, the classical explanation was provided for the understanding

of the Raman effect. However, because there are some effects that can not be

explained with the classical theory (e.g. the different intensities between Stokes and

anti-Stokes Raman scattering [71]) it is also useful to use quantum mechanical theory
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2. Raman Spectroscopy

Figure 2.1.: Energy diagram illustrating Rayleigh scattering, Stokes Raman scattering
and anti-Stokes Raman scattering

to describe the Raman scattering.

When a monochromatic light of frequency ν0 and energy (E):

E = hν0 (2.9)

interacts with a molecule, the molecule is excited to a virtual energy state as a first

step of the process. This virtual state can be considered as a short-lived distortion

of the electron cloud due to the oscillating electric field of the incident light [68].

The second step of the process is emission of a photon. Most of the time the

molecule will jump back down to where it originated from emitting energy with

Rayleigh scattering (figure 2.1). This scattering photon has the same frequency as

the the light source because there is no change in the excitation energy. On the other

hand the Raman Stokes scattering (hνSt) occurs after the molecule relaxes into a

vibrational level above the ground state (figure 2.1) with a red-shift

12
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ESt = hνSt = h(ν0 − νv) (2.10)

When the molecule is in some elevated state prior to excitation, relaxation to the

ground state releases a photon of higher energy (anti-Stokes scattering) than the

incident radiation and corresponds to a blue-shift in the frequency:

EASt = hνASt = h(ν0 + νv) (2.11)

The absolute differences between the frequencies of the incident photon and both

scattered photons are the same and equal to the frequency of the molecular vibration

hνv. Thus, frequency shifts are shown to be dependent only on the vibrational

character of the molecule.

Most of the incident photons are elastically scattering (Rayleigh scattering). How-

ever, some of the photons (around 10−6) undergo inelastically scattering. In general,

the intensities of Rayleigh scattering bands are about 103 times stronger than Stokes

and anti-Stokes scattering. The intensities of Stokes lines are usually more intense

than anti-Stokes lines due to the higher probability of the molecule existing in the

ground state rather than the excited vibrational state at room temperature [71]. Us-

ing the conclusions of Placzek’s polarizability theory the observed relative intensities

of Stokes (ISt) to anti-Stokes (IASt) lines can be described as:

ISt
IASt

=
(ν0 − νv)4

(ν0 + νv)4
e
hνv
kT (2.12)

where k is the Boltzman constant. Due to the difference in the intensity, most

analytical methods scan only the Stokes side of the spectrum.

Raman spectroscopy has long been used in many areas of physics, chemistry and

material science [72] as well as in biological and medical research [73, 74]. This is due

to its important advantages. Raman technique is a non-invasive and a non-destructive

method, i.e. the sample material is not altered by the measurement process. It

can be applied under harsh conditions such as varying high or low temperature or

high pressure. Additionally, typical ”background” species such as carbon dioxide

and water do not significantly interfere with spectra, as they have weak Raman

scattering. Furthermore, Raman spectroscopy needs no special sample preparation.

This allows it to be a very rapid analytical technique, leading to perform real-time

measurements.

However, Raman approach suffers from the low sensitivity and the effects of
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background fluorescence [75]. The scattering cross-section of the Raman scattering is

10−29 to 10−31 cm2 molecule−1 compared to 10−16 cm2 molecule−1 for the fluorescence

and 10−20 cm2 molecule−1 for the infrared absorption [11, 76]. For example, a typical

sample for the absorption experiment absorbs 90% of the incident light over 1 cm of

path length, but only 1 in 1010 of the incident photons will undergo Raman scattering

[68]. This limits the application of the Raman techniques in trace analysis of analytes.

To improve the efficiency of Raman scattering process, Surface Enhanced Raman

Spectroscopy (SERS) [8] have been developed.

The principle of the surface enhanced Raman scattering (SERS) will be discussed

in a detail in the next chapter.

2.3. Shifted excitation difference Raman

Spectroscopy (SERDS)

Raman spectroscopy has established as a reliable effective technique for contactless

and in situ applications in various fields. However, the occurrence of fluorescence

or a strong scattering background reduces the signal to background ratio. In some

cases, the Raman signal is completely masked. Shifted Excitation Raman Difference

Spectroscopy (SERDS) [77–79] is a promising approach to remove the fluorescence

and the scattering background. This technique was proposed as a first time in

1992 by Shreve et al. [77]. It is based on the experimental observation that the

background of Raman spectra with a slight shift in the excitation wavelength is

nearly the same and only an obviously shifting in Raman signals occurs. Choosing a

shift in the half-width of the Raman signal, a difference spectrum can be generated

by subtraction the two spectra. This difference spectrum is similar to a first order

of derivative spectrum and will be suitable to reconstruct again to a conventional

spectrum using spatially restructuring algorithms. In the ideal case, this spectrum

is then cleaned from both fluorescence and scattering background. In the last 15

years, different approaches have been developed to use two excitation wavelengths

and spectrum reconstructions.

Shreve et al. in 1992 [77] used a Ti: sapphire laser, which has a wide gain profile.

The excitation wavelength at 775 nm could be shifted by means of a tuning element by

10 cm−1, corresponding to a 0.6 nm at this wavelength. With the rise of diode lasers,

two wavelengths can be provided by tuning the heat sink temperature. The diode
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lasers have Peltier elements to control the temperature and can often operate within

a wider temperature range, which allows a displacement of the laser wavelength up

to a few nanometers [79]. The disadvantage here is that the wavelength shift may

well take several minutes to complete due to the slow cooling and heating at the heat

sink of the laser. In addition, the diode lasers must have high frequency stability

and no mode jumps. Another method to shift the excitation wavelength is using

external cavity laser (ECL) where the position of the grating is moved [80]. A recent

approach to change the wavelength of the diode laser is the direct modulation of

the wavelength of a distributed feedback (DFB) diode laser via tuning its injection

current. Maiwald et al. [81] described in detail the control of a frequency-stable

DFB diode laser emitting at 785 nm with two different current levels. In this way, a

shift of 8 cm−1 can be achieved, which corresponds to 0.5 nm.

In order to reconstruct the conventional spectrum from the difference spectrum

various algorithms were published [77, 79, 82]. Shreve et al. in 1992 [77] was applied

an approach called peak-fitting method. Starting from the assuming that the Raman

spectrum consist of n Gaussian peak.

R(ν) =
1√
2π

n∑
i=1

Ai
σi
exp

[
−(ν − ν0i)

2

2σ2
i

]
(2.13)

where R(ν) is the Raman spectrum, Ai presents the area of each peak i, ν0i is the

center of peak position, and σi presents the standard deviation. The difference

spectrum can be written as:

S(ν) =
1√
2π

n∑
i=1

Ai
σi

{
exp

[
−(ν − ν0i + δ)2

2σ2
i

]
− exp

[
−(ν − ν0i)

2

2σ2
i

]}
(2.14)

where S(ν) is the deference spectrum. By using a Marquardt nonlinear least-squares

fitting routine, the last equation (2.14) can be used to fit the measured difference

spectrum. In this way, the peak parameters (number of beaks n, peak area Ai, center

of peak position ν0i, and the standard deviation σi) can be obtained and can be used

in the equation 2.13 to generate the original Raman spectrum. The disadvantage

of this method is that the number and the positions of the Raman peaks must be

known from the beginning. Thus, the algorithm is unsuitable for an automated

analysis of unknown substances.

Zhao et al. in 2002 [79] suggested an algorithm called difference deconvolution
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method. In this method, the excitation laser line can be expressed as a Dirac delta

functions. Then the Raman difference spectrum can be expressed as the Raman

spectrum convolved with the difference of two delta functions:

D1 = R⊗D2 (2.15)

where R is the Raman spectrum, D1 is the difference spectrum and D2 is the

difference of two delta functions. In order to reconstruct the Raman spectrum the

deconvolution should be carried out using Fourier transformation:

R = F−1[F (D1)/F (D2)]. (2.16)

where R presents the reconstructed Raman spectrum F is a forward Fourier transform,

and F−1 denotes the inverse. The quotient formation in Fourier space leads to strong

oscillations in the spectrum. These oscillations must be suppressed by a cosine

apodization, which is not fully possible.

A new approach to perform SERDS has been developed by our group at TU

Berlin [83]. In this method the Spline function was applied in order to achieve a

baseline correction of the difference spectrum. Using this function avoids the need to

any preliminary information about the location of the Raman signals and reduces

dramatically the noise in the difference spectrum. A new algorithm to reconstruct

the spectrum from the difference spectrum was suggested. In this algorithm, from

the recorded Raman spectra (R1 and R2) two difference spectra (D1 and D2) are

calculated, where D1 = R1 −R2 and D2 = R2 −R1. Both deference spectra will be

used to construct the Raman spectrum. Figure 2.2 shows the Raman peak difference

spectrum which is used to compute the constructed Raman peak. The maximum

and the minimum points in the difference spectrum are marked with a red color. The

shifted distance between these points is considered as ∆. The reconstructed Raman

peak is placed in the middle of the two red points (the green point in figure 2.2). The

calculation of the reconstructed spectrum consists of three separate processing steps.

In the first step, the each point in the reconstructed spectrum can be computed from

the difference spectrum D1 as follows:

K1n = D1
n−∆

2

+
∣∣∣D1

n+ ∆
2

∣∣∣ , n =
∆

2
, ...,m− ∆

2
(2.17)

K1n presents the reconstructed signal at the (n)th data point and D1n±∆
2

denotes

the value of Raman difference signal at the (n± ∆
2

)th data point (such as the red
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Figure 2.2.: The illustration of difference spectrum presenting the points which are
used for the reconstruction processing (red points) and the place of the
reconstructed point (green), modified from [83]

point in figure 2.2), with ∆ here indicates the shifted distance between two Raman

peaks due to the difference in laser wavelengths.

In the second step difference spectrum D2 is used to perform the calculation:

K2n =
∣∣∣D2

n−∆
2

∣∣∣+D2
n+ ∆

2

, n =
∆

2
, ...,m− ∆

2
(2.18)

In the third calculation step the final reconstructed spectrum can be obtained

by adding K1 to K 2 (K = K1 +K2 where K presents the reconstructed Raman

spectrum). All calculations can be performed in Matlab program or in MS Excel.

This approach increases dramatically the signal-to-noise ratio of the Raman peaks

and is suitable for an automated analysis. All SERDS calculations in this work will

be carried out by using this algorithm.
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3. Surface enhanced Raman scattering

(SERS)

3.1. Principle of SERS

Surface enhanced Raman spectroscopy (SERS) was first observed by Fleischman

et al. (1974) [8], who detected enhanced Raman scattering from pyridine adsorbed

on a roughened silver electrode. They attributed the enhancement in the signal

to the increasing in the number of pyridine molecules adsorbed on the surface due

to the increasing in the electrode surface area caused by the roughening process.

This effect was not explained correctly until 1977, when two independently groups

Jeanmarie and van Duyne [84] as well as Albrecht and Creighton [85] noted larger

enhancements of the Raman signal of about 6 order in magnitude which can not refer

to the increase in the number of the adsorbed molecules. They suggested that the

increased intensity could be the result of an enhancement of the Raman scattering

efficiency itself due to the presence of the roughness metal surface. This phenomenon

called surface enhanced Raman scattering (SERS).

To explain and understand the enhancement effect a number of mechanisms were

suggested. Only two mechanisms are widely gained attention to explain the SERS

phenomenon [86]. The first is an electromagnetic effect (long field) which accounts

for an enhancement of the local fields close to metal nanostructure surfaces when they

are irradiated with a light in resonance or near resonance with the surface plasmon

of metal nanostructure. The second mechanism is the chemical effect or the charge

transfer mechanism (short field), which is related to the transfer of electrons between

the adsorbed molecule and the metal. This second mechanism can be regarded

as a modification of the molecular response due to the adsorption on the metal

surface. Kneipp et al. [86] estimated the intensity of SERS signal according to these

mechanisms.

ISERS(νs) = N ′σRads|A(νL)|2|A(νs)|2I(νL) (3.1)
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In the formula 3.1, A(νL) and A(νS) express the enhancement factors for the

laser and for the Raman scattered field (electromagnetic effect), respectively. σRads
describes an increased in the cross section of the new Raman process of the adsorbed

molecule (chemical effect). N ′ is the number of molecules which are involved in the

SERS process and can be smaller than the number of molecules in a probed volume

N .

The theoretical models that initially appeared to account for the measured ob-

servations gave values of 10−100 for the chemical effect [87] and 104 − 106 for the

electromagnetic enhancement [88, 89]. More details about electromagnetic and

chemical mechanisms can be found in the recently study of Hubenthal [90].

3.2. Electromagnetic mechanism

As mentioned above, it can be obviously noted that the enhancement factor of the

electromagnetic mechanism dominates. This mechanism has been reviewed in the

literatures [16, 86, 91]. The theory is still being developed, especially, after the

observation of unexpected and extraordinary large enhancement which is referred

to the hot spots by Kneipp et al. [92] or to the hot particles by Nie and Emory

[76]. A number of electromagnetic models for understanding the SERS enhancement

phenomenon were demonstrated in the literature [16, 91].

A simplified schematic diagram to clarify the idea of the electromagnetic SERS

enhancement is shown in figure 3.1 [86]. Here, it is supposed that the metallic

nanostructure is a small sphere with the diameter of 2r which is small compared with

the wavelength of light (Rayleigh limit). This small metallic sphere has a complex

dielectric constant ε(ν) in a surrounding medium with a dielectric constant ε0.

A molecule close to the sphere (distance d) is exposed to a field EM , which is the

superposition of the incoming field E0 and the field of a dipole Esp induced in the

metallic nanosphere. The field enhancement factor A(ν) is the ratio of the field at

the position of the molecule and the incoming field,

A(ν) =
EM(ν)

EM(0)
∼ ε(ν)− ε0

ε(ν) + 2ε0

(
r

r + d

)3

(3.2)

A(ν) particularly strong when the real part of ε(ν) is equal to −2ε0. Additionally,

for a strong electromagnetic enhancement, the imaginary part of the dielectric

constant needs to be small. This condition describes the resonant excitation of
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EM = E0 + Esp

30
0

03

)(
1

2 dr
ErEsp 







Figure 3.1.: Simple schematic diagram for understanding the concept of electromag-
netic SERS enhancement; EM : the field close to the sphere; E0: the
incident field; Esp: the field of a dipole induced in the metallic sphere.
Modified according to [86]

surface plasmons of a metal sphere.

In an analogous fashion to the laser field, the scattered Stokes or anti-Stokes

field will be enhanced if it is in resonance with the surface plasmons of the metal

sphere. Taking into account enhancing effects for the laser and the Stokes field, the

electromagnetic enhancement factor for the Stokes signal power G(νS) can be written

as:

Gem(νS) = |A(νL)|2|A(νs)|2 ∼
∣∣∣∣ ε(νL)− ε0

ε(νL) + 2ε0

∣∣∣∣2 ∣∣∣∣ ε(νS)− ε0

ε(νS) + 2ε0

∣∣∣∣2( r

r + d

)12

(3.3)

where A(νL) is the enhancement factors of laser field andA(νS) is the scattered Stokes

field. The equation 3.3 based on a very simple model already describes the important

properties and peculiarities of the electromagnetic SERS enhancement. It shows

that the enhancement scales as the fourth power of the local field of the metallic

nanostructure and that it is particularly strong when the excitation and scattered

fields are in resonance with the surface plasmons. Additionally, This equation shows

that the electromagnetic SERS enhancement is a long range effect, which means the

molecules do not require direct contact with the SERS active substrate.
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3.3. Chemical mechanism

As it has been discussed in the last section, the relation between the surface enhance-

ment and the excitation of plasmon is very strong. However, another mechanism

has a contribution in the SERS enhancement which is known as the chemical effect

or charge transfer mechanism. In fact, it is important to understand the chemical

mechanism of the SERS enhancement. If the strong SERS signal is only due to

the electromagnetic field enhancement effect, the electromagnetic effect should be a

non-selective amplifier for Raman scattering by all molecules adsorbed on a rough

metallic surface. However, several experimental results indicate the dependence of the

SERS effect on the chemical nature of the molecule. For example, methanol does not

show any SERS enhancement [11]. Furthermore, although the molecules CO and N2

has a same Raman cross section, the intensity of the SERS signals of CO is about 200

times higher than that of N2 under the same experimental conditions [91]. Another

Figure 3.2.: Typical energy level diagram for a molecule adsorbed on a metal surface;
HOMO is the highest occupied molecular orbital and LUMO is the lowest
unoccupied molecular orbital [93]
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experimental observation, which is difficult to be explained with the electromagnetic

enhancement and hint at another mechanism, is the dependence of the SERS intensity

of molecules electrode potential which its value depends on the frequency of the laser

excitation [8, 85]. Moreover, the suggestion of additional enhancement mechanism

has been arisen due to the missing factor of about two orders of magnitude, which

can not be only covered by the electromagnetic SERS enhancement factors, in the

best experimentally observed nonresonant SERS enhancement factors in the order of

1014 [94].

The schematic picture, which can be used to describe the charge transfer mechanism

process, is presented in figure 3.2. This figure shows the typical energy level diagram

for a molecule-metal system, where HOMO is the highest occupied molecular orbital

and LUMO is the lowest unoccupied molecular orbital. HOMO and LUMO are

approximately symmetric relative to the Fermi level of the metal, together with

possible resonant Raman processes involving molecular states (path (a)) and molecular

and metallic states (paths (b), (c)) [93].

The whole charge transfer process can be described by the following four steps:

1. An incident photon can cause a electron-hole pair of the metal, and the electron

is excited into a hot electron state.

2. The so-called hot electron transfers to an excited electronic state level of the

adsorbate (LUMO level) via tunneling for physisorbed adsorbates generating a

charge transfer excited state.

3. The so-called adsorbate molecule-electron, which is a negative ion and created

in the second step, has an equilibrium geometry differing from that of the

original adsorbate molecule and the electron will return from the LUMO level

to the metal and the nuclear in the adsorbate will be relaxed during this charge

transfer process.

4. The returned electron will recombine with the hole created in the first step

which causes an emission of a Raman shifted photon.

A primary condition for the charge transfer mechanism is the direct contact between

the molecule and the metallic surface which is not necessary for electromagnetic

enhancement mechanism. For this reason, it is also known as first layer effect in the

literature [95]. In comparison to the nanometer-scale roughness, which is important
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for excitation of the plasmon resonance, an atomic-scale roughness is also discussed

in the literature as a prerequisite for the chemical enhancement mechanism. The

chemical enhancement effect is a wavelength dependent and a best value exists

contingent upon the metal-molecule complex [95].
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4.1. Electroless plating gold island film as SERS

substrate

One of the very active SERS substrates is metal island films [86]. Generally, island

film is produced by evaporated deposition of metals under vacuum [96–98]. This

method needs very huge apparatus avoiding the possibility to produce the SERS

substrate on the ship board. Therefore, another method to form the island film on

quartz slides is required. Electroless plating technique is a suitable method to produce

nanoparticles film in the measurement field, e.g. on the ship board. There are several

procedures to achieve the electroless plating process but by using dangerous and

harmful chemicals such as ammonia [99], hydroxylamine [100] and hydrofluoric acid

[101]. Recently, a novel plating method based on a mixture solution, which consists

of HAuCl4 and H2O2, has been demonstrated by Hu et al. [102]. This method is

eco-friendly and easy to produce in the measurement field. In the study of Hu et

al., they use this electroless plating solution to form a continuous gold film on a

glass substrate using a long plating time. Hence, the idea in this work is to use

the mentioned electroless plating procedure in order to produce high sensitive gold

island SERS substrate by controlling the plating time to avoid the formation of

continuous film and optimize the film for SERS measurements. In this procedure, the

quartz substrates are silanized with a silanizing reagent and then gold nanoparticles,

which are necessary to accelerate the plating, are immobilized on the substrates and

after that the electroless plating is performed. In the following subsection, the steps

of the preparation procedure of the SERS substrate will be described. Figure 4.1

shows a scheme of the preparation process of the electroless plating gold island SERS

substrates.

24



4. Preparation of gold SERS substrates

NH2 NH2 NH2 NH2 NH2 NH2 NH2OH OH OH OH OH OH OH
Piranha APTMS

Au colloid

HAuCl4+H2O2

Quartz Quartz Quartz

Quartz Quartz

Figure 4.1.: Scheme of the preparation procedure of the SERS substrate

4.1.1. Preparation procedure

Chemicals

(3-aminopropyl)trimethoxysilane (APTMS, 97%), chloroauric acid HAuCl4 (99.999%),

trisodium citrate (C6H5O7Na3, 99.5%), methanol, H2O2 (30%),HNO3 (69%) and

HCl (37%) were obtained from Sigma-Aldrich, H2SO4 (95% - 98%) was from Merck.

Circular quartz substrates were purchased from Yixing Jingke Optical Instrument

Company (China).

Preparation of gold colloid

All glassware, which were used for the preparation, were cleaned by using freshly aqua

regia that consists of three parts of HCl and one part of HNO3. Aqua regia is used

usually to clean the glasses from organic components and metal particles. Then the

glassware were rinsed with distilled water for several times and dried in the oven for

30 min. Colloidal gold nanoparticles were prepared following the method proposed

by Frens [13] which is the basic technique to produce gold colloid which is needed for

electroless plating process in this work. According to this procedure, the chloroauric

acid (HAuCl4) is reduced by citrate which controls the size of the nanoparticles

as well as stabilizes them preventing the aggregation and the precipitation of gold

nanoparticles. In this work, 50 ml flask was filled with 20 ml of 3 mmol/l HAuCl4

(this called solution A) and placed on the hot place with magnetic stirrer. 3 mmol/l

of HAuCl4 were carried out by adding 2 ml of 1% (w/w%) of HAuCl4 to 18 ml of

distilled water. The solution A was brought to boil under continuous stirring. 47
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mg of trisodium citrate were dissolved in the 20 ml of distilled water to produce 8

mmol/l of trisodium citrate; this solution called solution B. After the boiling of the

solution A, the solution B was immediately added. After few minutes the slightly

yellow color of the mixture solution started to change to gray and afterwards it

becomes a red-wine color. This means that the formation of gold colloid suspension

is started. The colloidal gold solution kept boiling on the hot plate under reflux and

magnetic stirring for 1 h in order to complete the stabilization of gold nanoparticles.

After 1 h of boiling, gold colloid suspension was cooled down to room temperature

under stirring after removing the hot plate. The formation of gold colloid can be

described by the following reaction:

6AuCl−4 +(−OOCCH2)2C(OH)(COO−)+15OH− → 6Au+6CO2 +24Cl−+10H2O

Silanization of quartz slides

Silanization of the quarts means the formation of a layer from a silanizing reagent such

as (3-aminopropyl)trimethoxysilane (APTMS) or (3-mercaptopropyl)trimethoxysilane

(MPTMS) on the quartz surface. APTMS and MPTMS have a –NH2 (amine) and

–SH (sulfhydryl) terminal groups, respectively, which increase the affinity of the

quartz surface for metal nanoparticles. In this work, the substrate surface was

modified with APTMS. This is because the MPTMS has less affinity than APTMS

for the noble metal nanoparticles because of the low presence of sulfhydryl group,

which is crucial for binding with nanoparticles, on the modified surface [103]. The

silanization process using APTMS was carried out as follows. First, the quartz

slides were sonicated in acetone and then in methanol for 10 min each in order to

obtain substrates free from inorganic materials. To remove any organic impurities

the slides were treated with piranha solution (70% H2SO4, and 30% H2O2) [18],

which is a strong oxidizing agent, for 20 min at 70 ◦C and subsequently rinsed several

times in methanol and then dried in oven for 5 min. Piranha solution is not only

used to remove the organic impurities but also to produce hydroxyl groups at the

surface of the substrates. These hydroxyl groups is necessary to bond the silanizing

reagent with the slide surface. Afterward, the cleaned substrates were immersed

in a 10% (V/V%) of APTMS in methanol solution for 2 h [18]. The Si-OR bonds

in APTMS hydrolyze to form silanol Si-OH groups. These silanol groups can then

condense with each other to form polymeric structures with very stable siloxane

Si-O-Si bonds. They can also condense with the hydroxyl groups on the surface of
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the quartz slides to form stable Si-O-Si bonds. Thus, strong bonds between APTMS

and the quartz surface can be performed. After 2 h of immersion, the substrates were

removed from the solution and vigorously rinsed with methanol for several times.

Subsequently, they were sonicated in methanol for 20 min to remove the surplus

APTMS which could cause the aggregation of gold colloid and damage the colloid

suspension. The substrates were then dried under an N2 stream which is necessary

to obtain a homogeneous SERS substrate. Next, the substrates were cured in the

oven at 100 ◦C for 1 h in order to increase the robust of the silane layer. The slides

were cooled down to room temperature and kept in methanol until use.

Plating procedure

Gold island film was prepared by applying electroless plating technique which uses a

mixture solution of HAuCl4 and H2O2 after immobilized gold nanoparticles on the

quartz slides.

In order to coat the quartz substrates with gold nanoparticles the silanized slides

were immersed into gold colloid solution at room temperature for 1 h. Subsequently,

the substrate was rinsed in water and kept in distilled water until use.

In order to carry out the electroless gold plating by using a solution mixture of

HAuCl4 and H2O2, gold-coated substrate was dipped in 0.01% HAuCl4 solution and

then 0.5 ml of 30% H2O2 were added with continuous shaking for different plating

times ranging from 1 min up to 6 min. The shaking is very important to ensure

the formation of the uniform gold film. H2O2 serves as a reducing agent to reduce

AuCl−4 to Au atom. The substrate is then washed with distilled water and stored in

distilled water until use.

The later formation mechanism of gold film during electroless plating process can

be described by the following reaction

2AuCl−4 + 3H2O2 = 2Au+ 3O2 + 8Cl− + 6H+

In this way, the electroless plating solution, which consists of HAuCl4 and H2O2,

is used for the first time to produce roughened film instead of contentious film in

order to use it for SERS application.
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Figure 4.2.: SERS signal of 400 nmol/l pyrene in artificial seawater at 589 cm−1

versus plating time of initial gold nanoparticles in the electroless plating
solution; a, b, c, d, e, f, and g are corresponding to figure 4.3

4.1.2. Optimization of the SERS substrate for high

sensitivity

To determine the optimal electroless plating time, SERS spectra of 400 nmol/l of

pyrene in artificial seawater were measured using SERS substrates with different

electroless plating times. This investigation was done using 785 nm diode laser as

excitation source. The laser power in these measurements was 70 mW, the integration

time 10 s. For each of the 3 positions of the substrates 10 spectra were averaged.

The dependence of the normalized SERS intensity of pyrene at 589 cm−1 with that

at 994 cm−1 from the silane layer is presented in figure 4.2. The error bars represent

the standard deviation of 6 positions from two substrates for each electroless plating

time. Figure 4.2 shows that the SERS signals increase with increasing the plating
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4. Preparation of gold SERS substrates

time up to a maximum intensity for 3 min. After that, the SERS signals decrease.

4.1.3. Characterization of the substrate

One of the common SERS active substrate, which has large enhancement, is metal

island film. Normally, island film is produced using physical evaporation systems.

In this work another technique based on electroless plating using the mixture of

HAuCl4 and H2O2 is used in order to perform gold island film. By controlling the

platting time the formation and the size of the island film have to be controlled. The

morphologies of the substrates were investigated by scanning electron microscope

(SEM) image. SEM is a powerful tool to investigate the film surface structure and

understanding how the island film is formed by applying plating method. In this work,

SEM images of the island film SERS substrates were taken from ”Zentraleinrichtung

Elektronenmikroskopie” (ZELMI), Technical University of Berlin.

The SEM images of the prepared SERS substrates are shown in figure 4.3(a)

initial gold substrate, (b) after 1 min, (c) after 2 min, (d) after 3 min, (e) after 4

min, (f) after 5 min and (g) after 6 min plating time. The essential electromagnetic

enhancement of the Raman signal in SERS is dependent upon the optical properties

of the metal substrate, the shape of the metal particles, the size of the metal particles

and the separation between the metal particles.

As shown in figure 4.3(a) the self assembly monolayer of gold nanoparticles is

formed which is a basic layer to achieve electroless plating procedure used in this work.

The size of nanoparticles is between 15 and 30 nm and gaps between gold particles

are bigger than the diameter of the nanoparticles. The shape of gold nonparticles

is uniformed and spherical. After applying the electroless plating process it is clear

from figure 4.3(b-g) that the nanoparticles size increases and the separation between

nanoparticles decreases. This is due to the growing in the size of gold nanospheres

which causes the attachment between neighboring nanoparticles. Figure 4.3(b) shows

gold nanoparticles after 1 min plating time. It is clear that the size of gold particles

increases and has the average of 50 nm. With increasing the plating time to 2 min

(figure 4.3(c)) the size of nanostructure becomes to be of about 70 nm and island

structures can be recognized. In figure 4.3(d), which shows the SEM image of gold

film after 3 min plating time, the island size increases to be about 110 nm and the

closer backing of gold particles is obtained. After 4 min plating time (4.3(e)) the

islands become closer to each other and the size of the islands is about 160 nm. With

increasing the plating time, more naonparticles attach each other and the distance

29



4. Preparation of gold SERS substrates

400nm 400nm

400nm 400nm

400nm400nm

400nm400nm

400nm400nm

400nm400nm

400nm400nm

a b

c d

e f

g

Figure 4.3.: SEM images for (a) initial gold substrate, (b) after 1 min, (c) after 2
min, (d) after 3 min, (e) after 4 min, (f) after 5 min and (g) after 6 min
plating time
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Figure 4.4.: The extinction spectra for the electroless plating substrate with different
plating times from 0 min (black) up to 6 min (blue)

between them decreases as shown in figure 4.3 (f and g) for 5 min and 6 min plating

time, respectively. The size of islands are increased to reach up to 230 nm. The film

could be turned into continues film with increasing the platting time. This case is

neither desirable for SERS investigations.

The optical properties of the electroless plating gold substrates were studied by

VIS-NIR absorption measurements (Perkin-Elmer, lambda 19). Figure 4.4 shows

the extinction spectra for these substrates for different electroless plating times up

to 6 min (0 min indicates the initial gold film without any plating). For initial

gold colloid substrate and for electroless plating time of 1 min two small absorption

bands are observed. First band is at 525 nm due to isolated gold nanoparticles and

another at 660 nm from the aggregate plasmon resonance. Increasing the plating

time from 2 min up to 6 min broad absorption bands can be observed, which is
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shifted to the higher wavelengths from 665 nm for 2 min to 695 nm for 6 min. The

absorption intensity increases with increasing the plating time. This shifting to

higher wavelength is due to the growing of the particles size.

The optimized substrate shows a very broad plasmon resonance band. This means

that excitation wavelengths at 785 nm and 671 nm can be used to achieve SERS

measurements. This will bw demonstrated in chapters 6 and 7.

4.2. Naturally grown gold nanoparticle substrate

In the previous study by Kwon et al. [3] naturally grown silver nanoparticle substrates

were prepared and successfully tested to detect PAHs in fresh water. However, the

bare silver nanoparticles are not stable in seawater, whereas gold is more stable [31].

Thus, in this work gold are used instead of silver in order to use it for seawater

application.

The naturally grown gold nanoparticles SERS substrates with different surface

plasmon resonance wavelengths were developed in the Institut für Physik and Center

for Interdisciplinary Nanostructure Science and Technology-CINSaT, Universität

Kassel.

They prepared the substrates under the ultrahigh vacuum (UHV) condition at

room temperature. The instrument for the preparation of SERS substrate contains

of UHV system with a load lock chamber, a transfer system and a chamber for

SERS substrate preparation operating at a base pressure of P = 5× 10−9 mbar. To

generate a beam of gold atoms an electron beam evaporator was used. In order to

perform in situ measuring of the optical spectra of the substrate in a chamber, a

Xenon arc lamp (Osram, XBO 450 W/1) combined with a monochromator (Amko,

600 lines/mm, blaze: 400 nm) was used [25].

SERS substrates were prepared by using quartz slides purchased from CrysTec

GmbH with a size of 10 × 10 mm2 and with a thickness of 0.5 mm. The surface

coverage of gold atoms on quartz slides was determined by measuring the beam flux

of neutral gold atoms using a water-cooled quartz crystal microbalance [25].

The optical spectra were measured in situ after the deposition of gold atoms with

certain monolayers. The surface plasmon resonance was tuned by monitoring the in

situ measured the extinction spectra of the substrate after the deposition of gold

atoms with selected monolayers. After completing the gold deposition for SERS

substrate with a required surface plasmon resonance wavelength, it remained in
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UHV chamber for 17 hours until the substrate temperature was reached to room

temperature. At room temperature, extinction spectrum of every substrate was

measured again. Surface palsmon resonance wavelengths of 6 naturally grown gold

nanoparticle substrates were measured to be 530, 630 nm, 680 nm, 690 nm, 700 nm

and 710 nm, respectively.

4.3. Gold optical fiber probe

The fiber probe was prepared by removing the plastic jacket from one end of a

multimode fiber with core diameter of 600 µm in order to make a pointed tip. After

that the bare fiber tip was cleaned with piranha solution containing 7 ml of sulfuric

acid and 3 ml hydrogen peroxide mixed together and kept at 75 ◦C for 20 minutes.

The tip was rinsed with distilled water and then immersed in 15% methanolic solution

of 3-aminopropyltrimethoxysilane (APTMS) for 2 h. After that, the tip was rinsed

with methanol for several times to remove any physisorbed APTMS molecules and

then the fiber was baked in the oven at 100 ◦C for 30 minutes. Later, the fiber

tip was immersed in the gold colloid solution for 60 minutes to form a film of gold

nanoparticles. The gold colloid was prepared as mentioned before in section 4.1.1 in

page 25. Figure 4.5 shows the illustration of optical fiber probe.

Laser

Raman

Optical fiber Fiber core Gold colloid

Figure 4.5.: The illustration of the optical fiber probe

4.4. Conclusion

The preparation of two types of SERS substrates was presented. Electroless plating

solution containing HAuCl4/H2O2 mixture was applied to form gold island film as
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SERS substrate. By controlling the electroless plating time the SERS substrates

were optimized to use applying 785 nm diode laser. The SEM image shows the

formation of gold island film. The optimized substrate exhibits a broad resonance

plasmon band which adds the possibility of using this substrate with 785 nm and

with also 671 nm diode lasers.

Additionally, SERS substrates from naturally grown gold nanoparticles were

fabricated by the deposition of neutral gold atoms on quartz under the ultrahigh

vacuum (UHV) condition. Naturally grown gold nanoparticle substrates with different

surface plasmon resonance wavelengths were prepared by increasing the coverage of

gold which causes enlarging in the size of gold nanoparticle.

Finally, A fiber probe for SERS application was prepared using optical fiber with

a core diameter of 600 µm. The end tip of the fiber was coated with gold nano

particles using self-assembly technique.

34
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In this work, SERS measurements for PAHs were done with671 nm and 785 nm

optode setups and 785 nm standard laboratory setup. Two different diode lasers

with different emission lines and two different spectrographs were used for SERS

measurements. Furthermore, the Raman setup using long fiber optics and high power

laser for deep sea investigation will be discussed in this chapter.

5.1. Standard laboratory setup

The description of experimental setups is starting from the illustration of a standard

laboratory setup which is a free space setup, i.e. the optical elements are not

integrated in any measurement head or optode. The setup build based on 180◦

geometry.

The laboratory setup for Raman or SERS measurements is schematically shown

in figure 5.1. The output beam of the DFB diode laser (1) emitting at 785 nm

[104] is collimated by an aspherical lens (all lenses were purchased from ThorLabs,

Germany) (2) and then passes through band pass filter (Quarterwave, Germany)

(7) to spectrally clean the laser radiation. The optical isolator (Gsänger DLI-1, 60

dB) (3), the lenses (4 and 6), and the optical fiber (5) are not used in the standard

laboratory setup and thy will be discussed later. The laser beam is reflected by a

dielectric mirror (ThorLabs, Germany) (8) to a Raman edge filter (Quarterwave,

Germany) (11) which guides the radiation to an achromatic lens (9) with f = 8 mm.

This lens serves for focusing the laser beam onto the sample or SERS substrate (10) as

well as for collecting the back scattered radiation. Only the Raman Stokes radiation

passes through the two Raman edge filters (11), while the Rayleigh and anti-Stokes

radiation is blocked. By means of an achromatic lens (12) with f = 16 mm the Raman

Stokes radiation is coupled into the 1 m optical fiber (13). With this fiber the Raman

scattered radiation of the sample is transferred into the spectrometer (Princeton

Instrument PI 320) (14) and the spectra were recorded with a back-illuminated

deep-depletion CCD (DU420-BR-DD, Andor) (15) TE-cooled and operated at -60◦C.
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Figure 5.1.: Scheme of the experimental setup for Raman or SERS investigation; (1)
diode laser emitting at 785 nm, (2) aspheric lens, (3) optical isolator, (4)
lens, (5) 1000 m optical fiber, (6) lens, (7) band pass filter, (8) dielectric
mirror, (9) achromatic lens, (10) sample, (11) Raman edge filters, (12)
achromatic lens, (13) 1000 m optical fiber, (14) spectrometer and (15)
CCD

This DFB laser, which is used here, is a suitable source to perform SERDS. In

order to achieve shifting in the emission wavelength, the injunction current can be

tuned while the laser temperature is fixed at 31◦C. An injunction current of 190 mA

yields an emission at wavelength of 785,0 nm whereas changing the current to be 100

mA results a shift in the emitted wavelength to be 784.5 nm, i.e. a spectral shifting

of about 0.5 nm (8 cm−1) is produced.

5.2. 785 nm SERS-optode

In order to fest the substrates and perform SERS measurements we use a SERS

optode, which was already developed by laser-spectroscopy group at TU Berlin and

tested up to a pressure of 20 MPa [33, 83]. Figure 5.2 shows the experimental Raman

setup based on SERS optode for SERS/SERDS investigation.
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Figure 5.2.: A picture of the experimental Raman setup based on SERS optode

(excitation source: BA-DFB diode laser with emission lines of 785 nm;

the optical power was controlled by means of a grey filter) for SERS

characterizing. The optical components are integrated in the pressure

housing to construct which so-called SERS optode which is suitable to

work in the water depth down to 2000 m

The setup can be described according to figure 5.1. The collimated laser light

passes through an optical isolator (3) to prevent back-reflection from re-entering

laser. The laser light is coupled into a 50 µm optical fiber with a length of 1 m

(5) by a lens (4) with f = 16 mm. The output laser beam from the optical fiber is

collimated by a lens (6) with f = 6 mm and then passes through a band pass filter

and then is guided and focused on the top of a SERS substrate (10) which is fixed in

the front of the quartz window. The laser power is about 70 mW at the sample. The

back-scattered radiation is collected by the lens and only Raman Stokes radiation

passes through the two Raman edge filters. The Raman Stokes signal is coupled into

a 100 µm optical fiber with a length of 1 m (13) by means of an achromatic lens and

then transferred into the spectrometer. The spectra were recorded with CCD and at

37



5. Experimental Raman set-ups

last analyzed by a computer. The readout measured data of the CCD is stored in

a computer using the ”Andor Solis” software. The optical components (6 – 12) in

figure 5.1 were integrated in the pressure housing (optode).

In order to perform SERDS with a spectral shift of 0.5 nm or 8 cm−1 using 785

nm BA-DFB diode laser, the operating points of the laser was chosen by a variation

of the injection current at a constant laser temperature of 25 ◦C. This laser was used

to add the possibility of change the optical power at the sample by using gray filters.

In this way, the best optical power can be chosen to perform the measurements. The

laser emits at 783.8 nm when the injunction current at 1400 mA is selected and this

provides an optical power of 37 mW at the sample. While the second wavelength of

784.3 nm is emitted from the laser by using an injunction current of 1800 mA and

in this case an optical power of 70 mW at the sample is obtained. This is obtained

by using two gray filters (Newport) with a transmission attenuation of 35%. Using

more than 70 mW at the sample can cause damages of the substrates. The Raman

signals, which were provided from both wavelengths mentioned above, were used

to calculate SERDS spectrum by applying an algorithm which was developed by

laser-spectroscopy group at TU Berlin [83]. This calculation was carried out using

MATLAB program.

5.3. 671 nm SERS-optode

In order to take the advantage of the fact that the intensity of Raman scattering is

proportional to the fourth power of the excitation frequency as well as to avoid the

disadvantage of the reduction of the CCD quantum efficiency a setup based on 671

nm diode laser was used to carry out the SERS investigations for the PAHs dissolved

in seawater. The optical elements in this setup are built in an optode like 785 nm

SERS optode. The different in this setup is that the diode laser is integrated into the

optode which means there is no need to use excitation optical fiber to transfer the

laser light. Only collection fiber is required. The 671 nm optode has been explained

in details in the literature [105, 106].

A microsystem 671 nm excitation source [107] with two separate laser cavities,

which are frequency-stabilized with reflective Bragg gratings, was employed. Both

diode lasers work with the same operation conditions, i.e. heat-sink temperature

at 25 ◦C and injunction current of about 350 mA. However, one diode laser emits

at 671.0 nm, while the other emits at 671.6 nm due to different Bragg gratings.
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This spectral difference of about 0.6 nm (12 cm−1) is suitable to perform SERDS

technique.

The optode is built based on 180◦ geometry. The laser beam passes through a

bandpass filter (Semrock, Inc.), which spectrally clears the laser light, and is guided

via a dielectrical mirror and Raman edge filter (LOT Oriel Group) to the lens with

f = 10 mm which focuses the light on the sample. The backscattering light passes

through two Raman edge filters which allow the Raman Stokes light to pass, and

block the Rayleigh and anti-Stokes radiation. The transmitted scattered radiation is

coupled into the collection fiber optic cable with a length of 1 m and a diameter of

100 µm by an achromatic lens with f = 16 mm.

This optical fiber transfers the Raman scattered radiation to the minispectrometer

(Horiba Jobin Yvon) with dimensions of 200 mm × 190 mm × 70 mm. The effective

input slit width of the spectrograph is equal to 75 µm which defines the resulting

resolution of about 8 cm−1. This spectrometer is suitable to integrate in a pressure

tube for sea going instrument (see [108]). The Raman spectra were recorded by using

a TE-cooled back thinned CCD-camera (S7031-1006, Hamamatsu) operated at -8
◦C.

5.4. Laboratory Raman setup based on long

optical fiber

5.4.1. 785 nm 1.25 W diode laser

For Raman measurements under deep sea conditions using long excitation and

collection fibers, the light sources must fulfill two preconditions. On the one hand,

the spectral line width of the laser source has to be adapted to the typical bandwidth

of the substances under study as well as to the spectral resolution of the spectrometer.

In our case, the targets are sub-marine minerals present in the deep sea environment

typically having a spectral width of characteristic Raman bands of 10 cm−1 [68].

In combination with the spectrometer resolution of 10 cm−1 this requires a laser

emission width of 10 cm−1 or below, corresponding to a spectral width of ∆λ = 0.6

nm at a wavelength of λ = 785 nm

On the other hand, the output power from the diode laser has to be high enough to

ensure an excitation power ex fiber of at least 50 mW in order to achieve reasonable

signal to noise ratio in very short time e.g. 1 second or less. Taking into account the
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attenuation of low OH fibers in this spectral range, a minimum output power of 1 W

is required for deep sea applications.

Hence, the capabilities of a broad area (BA) DFB diode laser offer the potential

to meet these requirements. The laser device has a stripe width of 50µ. The output

optical power of this laser can reach 1250 mW. The full power of this laser is used

in this part of this work. The spectral width in the whole working range does not

exceed 0.5 nm. Hence, in any case the spectral emission width remains below the

maximum acceptable value of 0.6 nm. The beam quality of the device indicates

that a highly efficient coupling of the BA DFB diode laser output beam into a 100

µm optical fiber can be achieved. In order to use this laser for SERDS application

a slightly shift in the wavelength of about 0.5 nm can be occurred by tuning the

injunction current from I = 1400 mA (i.e. laser output power of 1000 mW) to 1800

mA (i.e. laser output power of 1250 mW). Taking into account its output power,

spectral width and beam quality, the BA DFB laser is well-suited as excitation light

source for Raman measurements through long optical fibers. More details about the

device structure and the manufacturing process can be found in literatures [3, 109].

5.4.2. Description of the long (1000 m) optical fiber setup

For the setup two low OH fiber optic cables with a diameter 100 µm and a length

of 1000 m each (figure 5.3), which were provided from FiberTech GmbH, Germany,

were used in order to transfer the excitation laser radiation to the target and the

backscattered Raman signal to the detector. The fiber specifies an absorption of

about 42 % at 785 nm [111]. The fiber has a diameter of 100 µm and a numerical

Figure 5.3.: Low OH optical fiber cable (AS 105/125) with a length of 1000 m
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aperture of NA = 0.22 which means that the maximum collection angle of the fibers

is 25.4◦. Based on laser beam measurements we have used the simulation program

winABCD [112] to choose suitable lenses in order to get an efficiently couple of the

laser beam into the optical fiber. The calculations show that a lens with a focal

length of 8 mm should be applied to collimate the laser beam and a lens with a focal

length of 16 mm have to be used to focus the beam into the fiber to get the highly

efficient coupling.

The laboratory setup, which should prove the capability for deep sea Raman

investigations, is schematically shown in figure 5.1 in page 36. It is constructed based

on 180 degree geometry (backscattering) configuration. The output beam of the 1250

mW 785 nm diode laser (1) is collimated by an aspherical lens with f = 8 mm (2).

Using a lens with f = 16 mm (4), the laser beam is coupled into a 1000 m optical

fiber (5). Using this configuration to focus the laser beam into the optical fiber and

according to the near and far field profiles of the BA DFB diode laser, we expect a

spot width of about 96 µm and 92 µm at 1000 mW and 1250 mW, respectively. The

convergence angles of the focused beam are expected to be 9◦ at 1000 mW and 10◦

at 1250 mW. A lens (6) with f = 16 mm is used to collimate the output laser beam

from the excitation fiber. A band pass filter (7) was used to spectrally clean the

laser radiation and to eliminate the frequency shifted radiation arising from Raman

scattering inside the 1000 m quartz fiber. The laser beam is focused to the target by

means of an achromatic lens (9) with f = 8 mm which collects also the back scattered

radiation. In this case the spot width of the focused beam has a diameter of 50 µm

and the convergence angle is equal to 28◦. An achromatic lens (12) with f = 16 mm

is used to couple the Raman Stokes radiation into the second 1000 m optical fiber

(13) with a spot width of 100 µm and a convergence angle of 14◦ resulting in a high

coefficient coupling. With this fiber the Raman scattered radiation of the sample is

transferred into the spectrometer with CCD camera.

The out put power after the optical isolator is about 665 mW using 1250 mW ex

laser, which means that the optical isolator causes a loss of about 47 % of the optical

power. After the 1000 m optical fiber cable we obtained 345 mW, i.e. the losses due

to the coupling and the attenuation of the fiber at 785 nm are 48 %. To determine

the losses of the coupling into the fiber measurements with a fiber length of 1 m

were carried out. This 1 m fiber (AS 105/125) has a transmission of about 100 % at

785 nm [111], which means that any losses in the laser power are due to the coupling.

The laser power ex 1 m optical fiber was measured to be 610 mW, which means the
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loss due to the coupling is 8 %. According to this value the transmission efficiency

of the 1000 m optical fiber was calculated to be 57 %. This result is consistent with

the transmission curve of FiberTech [111].

For our investigations using the 1000 m low OH fiber as excitation fiber and

the 785 nm BA DFB diode laser we obtained a laser power of 345 mW before the

optode, as mentioned above, and 275 mW at the sample which was sufficient for

short measuring times of 0.5 s for one Raman spectrum. For the measurements of

the minerals 10 spectra were averaged each for 5 different points on the sample for

details see chapter 8.
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SERS/SERDS

In this chapter the application of SERS/SERDS using a 785 nm diode laser in order

to detect PAHs in seawater is presented. 785 nm is a powerful excitation wavelength

to reduce the unwanted fluorescence which could appear in the real sea water. The

measurements were done by applying an island gold substrate. Three types of PAHs

(pyrene, fluoranthene, and phenanthrene) were under investigation. The main goal

of this part is to determine whether the substrate has a high seawater resistance, a

high sensitivity and a good reproducibility.

6.1. Principle of SERS and SERS/SERDS

A drawback of Raman spectroscopy, the substance identification might be a fluores-

cence based background noise, which masks the weak Raman bands and renders the

results useless. This problem is more serious in the SERS measurement of chemical

solution with very low concentration. To overcome this problem, shifted excitation

Raman difference spectroscopy (SERDS) was used.

To perform SERDS, two laser wavelengths (at 785.0 nm, and 784.5 nm) were

applied to record two slightly shifted SERS spectra. In this case the spectral shift

is 0.5 nm, i.e. 8 cm−1. Depending on the excitation wavelengths, Raman spectrum

is shifted, whereas the fluorescence is practically stationary with respect to the

excitation wavelength [113]. Thus, after calculation the difference spectrum from the

two shifted spectra, the fluorescence background is removed and only Raman bands

appear. Using an algorithm developed in our group [83] SERS/SERDS spectrum

was evaluated.

In order to illustrate the advantage of SERDS, figure 6.1 shows the normal SERS

spectrum (black) and SERS/SERDS spectrum (red) of 10 nM pyrene dissolved in

artificial seawater, as well as the SERS spectrum of a blank sample (blue). The

measurements were done with a 10 s as integration time and using 70 mW laser
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Figure 6.1.: Comparison between the SERS spectrum (black) and the SERS/SERDS
spectrum (red) of 10 nmol/l pyrene adsorbed on gold island substrate,
10 x 10 s integration time, and 70 mW laser power. The unsigned signals
result from the substrate as seen by comparing the spectra with the
spectrum of the blank sample (blue)

power. The SERS substrate, which is used in this investigation, is electroless plating

gold island substrate. As shown in figure 6.1, the fluorescence background in the

SERS spectrum is completely removed in SERS/SERDS spectrum. Pyrene Raman

bands at 589 cm−1, 1234 cm−1, 1400 cm−1 and 1613 cm−1 become very clear after

removing the background. Especially, Raman bands at 1400 cm−1 and 1613 cm−1,

which are masked by the background, are obviously seen after applying SERDS. The

unsigned signals are resulting from the substrate, i.e. from the silane layer. These

signals can be clearly seen in the spectrum of the blank sample. According to the

important advantage of the SERDS method, this technique was used in all SERS

measurements in this work.
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6. Detection of PAHs at 785 nm using SERS/SERDS

6.2. Raman characterization for pyrene,

fluoranthene, and phenanthrene in solid state

In order to test this substrate, three types of PAHs (pyrene, fluoranthene, and

phenanthrene) are chosen to perform the measurements. PAHs are a large group

of organic compounds with two or more aromatic rings. In nature about several

hundred PAHs exist. Only sixteen compounds are defined by the US Environmental

Protection Agency as concern pollutants [114]. There is global concern about the

PAHs as environmental pollutants because they are reported as mutagenic and

carcinogenic substances.

PAHs are nonpolar organic chemicals and have low solubilities in water. Therefore,

PAHs show a large affinity to adsorb to organic materials such as humic substances

and to suspended organic or inorganic particles. Among the sixteen PAHs, pyrene,

fluoranthene, and phenanthrene, which are chosen to test the substrate, are reported
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Figure 6.2.: Raman/SERDS spectrum of pyrene in solid state; 785 nm diode laser
with a power of 70 mW, integration time of 1 s
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to be the three most important PAH contaminants in the Baltic Sea and are dissolved

in the seawater in ng/ml level [1].

It is necessary before applying SERS to provide the Raman characterization for

pyrene, fluoranthene, and phenanthrene in the solid phase to recognize any shifts in

Raman bands that can be observed in the SERS spectra. The SERDS method is

also used in this characterization to extract Raman signals from the background and

to provide a very clear Raman signal.

Pyrene (C16H10) consists of four benzene rings and is colorless crystal. The chemical

structure of pyrene is found in the appendix. Figure 6.2 shows the Raman/SERDS

spectrum of pyrene in solid state. The measurements were done using a 785 nm diode

laser with a power of 70 mW at the sample and with a 1 s integration time. The

Raman bands at 1623 cm−1, 1591 cm−1 and 1403 cm−1 appear due to CC stretching

of aromatic bands. The band at 1403 cm−1, which is the strongest Raman peak in

pyrene spectrum, can be assigned to ring stretching. The second strongest Raman
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Figure 6.3.: Raman/SERDS spectrum of fluoranthene in solid state; 785 nm diode
laser with a power of 70 mW, integration time of 1 s
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signal is seen at 1237 cm−1, because of in-plan CH deformation. Other weak Raman

bands that are related to in-plan CH deformation appear at 1141 cm−1 and at 1064

cm−1. The Raman signals at 592 cm−1 and at 409 cm−1 are due to aromatic ring

deformation.

Fluoranthene (C16H10) has chemical formula like pyeren and is also composed of

four rings. However, the chemical structure (see the appendix) is different. Three

rings have six carbon atoms and one ring has five carbon atoms. Raman/SERDS

spectrum of fluoranthene is shown in figure 6.3. The Raman investigation was

performed using a 785 nm diode laser with a power of 70 mW at the sample and

with a 1 s integration time. The CC stretching Raman bands appear at 1606 cm−1,

1454 cm−1, 1421 cm−1, 1408 cm−1 and 1370 cm−1. The Raman signals at 1268 cm−1,

1133 cm−1, 1100 cm−1, 1035 cm−1, and 1016 cm−1 appear because of the in-plan

CH deformation. The out-of-plan CH deformation Raman peaks is located at 800

cm−1 and 669 cm−1. The Raman band at 561 cm−1 appears from the aromatic ring
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Figure 6.4.: Raman/SERDS spectrum of phenanthrene in solid state; 785 nm diode
laser with a power of 70 mW, integration time of 1 s
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deformation.

Phenanthrene (C14H10) consists of tree benzene rings. The chemical structure of

phenanthrene can be found tin the appendix. Figure 6.4 shows the Raman/SERDS

spectrum of phenanthrene. The measurements were done using a 785 nm diode

laser with a power of 70 mW at the sample and with a 1 s integration time. The

Raman signals resulting from CC stretching of aromatic bands are located at 1619

cm−1, 1567 cm−1, 1521 cm−1, 1439 cm−1, and 1347 cm−1, whereas the in-plan CH

deformation Raman bands appear at 1244 cm−1, 1199 cm−1, 1168 cm−1, and 1035

cm−1. The Raman peaks, which are located at 827 cm−1 and at 710 cm−1, appear

because of the out-of-plan CH deformation. The aromatic ring deformation Raman

signals arise at 547 cm−1 and 412 cm−1.

All of the assignments of the Raman signals of pyrene, fluoranthene, and phenan-

threneare are taken from the literature [115].

6.3. Features of the electroless plating gold island

substrate

6.3.1. Reproducibility of the substrate

In order to test the reproducibility of the SERS substrates, SERS/SERDS spectra for

14 substrates were carried out which were fabricated on three different days. Three

different positions for each substrate were randomly chosen for the measurements of

10 spectra each with 10 s integration time. The laser power at the sample was 70

mW. As target spectra, 400 nmol/l pyrene in artificial seawater was used and the

average intensity of the 589 cm−1 Raman band of 30 spectra for each substrate was

calculated and the statistical results from 420 single spectra were evaluated.

The variance of the SERS intensity among different positions on the substrate

ranges between 0.8% and 3.8% for all substrates used in this experiment. This is

due to the fact that the surface is not completely equally covered and the measuring

points are randomly chosen. Nevertheless, a mean reproducibility variance of 2.4%

is quite a good result. In addition, the reproducibility between the substrates is

determined with the SERS intensity variance of 8%.

The previous studies [28, 31–33], which are used silver sol gel substrate to detect

PAHs, show poor reproducible SERS substrate due to the difficulties of dissolving

the silver nitrate in the organic sol gel precursor [34]. That means that gold island
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substrate is much better.

6.3.2. Long-term stability

In order to test the long-term stability of the SERS substrates for seawater applica-

tions 4 substrates were stored for 12 weeks in artificial seawater. The SERS/SERDS

spectra of 400 nmol/l pyrene at 589 cm−1 versus the storage time are plotted in figure

6.5. The error bars in figure 6.5 represent the standard deviation for 120 spectra

(four substrates, three different positions from each substrate and ten spectra each).

The exposure time was 10 s for each spectra. The laser power at the sample was 70

mW.

In the first week there is no significant change in the substrate activity intensity,
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Figure 6.5.: SERS/SERDS signal of 400 nmol/l pyrene at 589 cm−1 versus the storage
time of the substrate in the seawater; the optical power at the sample
was 70 mW and 10 s as integration time was used
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then the SERS intensity starts to decrease exponentially. The activity is decreased

to about 50% within four weeks of storage. After 8 weeks the SERS activity was

decreased to about 15%. After 12 weeks of storing the substrates in seawater, the

Raman signals disappeared.

These results are much better than that which presented in the work of sol gel

substrate [33]. The sol gel substrate loses 50% of its activity after only 2 weeks;

while the whole activity is lost after 5 weeks.

6.3.3. Sensitivity of the substrate of several PAHs and limit

of detection with SERS/SERDS

Pyrene

Figure 6.6 shows the SERS/SERDS spectra of (a) 400 nmol/l, (b) 50 nmol/l, (c) 3

nmol/l, (d) 1 nmol/l, (e) 0.5 nmol/l, of pyrene and the SERS/SERDS spectrum of

the (f) blank sample, respectively. Raman signals that appear in the blank spectrum

are the result of the silane layer, which is used to increase the adhesion between gold

nanoparticles and quartz substrate. At a very low concentration of pyrene, e.g. in 0.5

nmol/l in artificial seawater, the Raman bands are masked in the spectrum; notice the

scale. A Raman signal starts to appear at the concentration of 1 nmol/l and becomes

more obviously at 3 nmol/l. For 1 nmol/l, only one Raman band at 589 cm−1 can be

seen in the Raman spectrum. In fact, there is a band located at 1234 cm−1 which is

difficult to refer to as pyrene band because it is also seen in the spectrum of a blank

sample due to the silane layer and does not have any change in the Raman intensity

after applying pyrene solution at 1 nmol/l. In the case of the Raman spectrum of 3

nmol/l three Raman bands (589 cm−1, 1401 cm−1 and 1613 cm−1) can be recognized.

Also, the band at 1234 cm−1 does not have any change in its intensity and can not

be referred as pyrene band. Increasing the concentration leads to extra two Raman

bands at 1058 cm−1 and 1234 cm−1 as shown in the SERS/SERDS spectra of pyrene

at 50 nmol/l and 400 nmol/l (Figure 6 b and c). However, the Raman band at 1234

cm−1 appears starting from the pyeren concentration at 5 nmol/l, while the Raman

band at 1058 cm−1 can be recognized only at the concentration of 50 nmol/l. Any

other Raman signals can not be observed due to weakness of these bands and the

possibility of masking with the Raman signals of silane layer.

The comparison between the Raman spectrum of solid pyrene (see figure 6.2 in

page 45) and SERS spectra of pyrene shows that Raman signals are shifted about
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Figure 6.6.: SERS/SERDS spectra of (a) 400 nmol/l, (b) 50 nmol/l, (c) 3 nmol/l
, (d) 1 nmol/l, (e) 0.5 nmol/l, of pyrene in artificial sea water and
SERS/SERDS spectra of the (f) blank sample; the optical power at the
sample was 70 mW, The integration time was 10 s
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2-6 cm−1 in the SERS spectra. Furthermore, it is important to mention that the

Raman bands at 1591 cm-1 and 1623 cm−1 are overlapped to produce one Raman

band at 1613 cm−1 in these SERS spectra.

The SERS/SERDS spectra of pyrene in the artificial seawater were obtained at

different concentrations ranging from 0.5 nmol/l to 400 nmol/l, using laser power of

70 mW and a 10 s integration time. The measurements were performed using a 785

nm SERS optode setup (section ).The Raman intensity of the pyrene peak at 589

cm−1 was normalized with the Raman signal at 994 cm−1 from the silane layer. The

concentration dependency of that normalized Raman intensity of pyrene in artificial

seawater is shown in figure 6.7.

The calibration curve can be fitted with a Langmuir adsorption isotherm, which

occurs when the analyte forms monolayer on the surface of nanoparticles. The
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Figure 6.7.: Normalized Raman intensities of 589 cm−1 Raman band versus the
pyrene concentrations in artificial seawater
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Figure 6.8.: The standard approach to calculate the LOD of pyrene in the artificial
sea water. The Raman band at 589 cm−1 was used to create the linear
fitting at concentrations up to 25 nmol/l (solid line). The dashed line,
dotted line and dashed dotted line represent the mean blank signal,
the blank signal standard deviation and LOD projection, respectively.
Points a and b indicate the interception point between fitting line and
blank signal standard deviation line of the LOD value, respectively

observed signal I in Langmuir isotherm can be written as follows:

I =
ImaxKc

1 +Kc
(6.1)

where I represents the normalized Raman intensity of pyrene, Imax its maximum

value, c the concentration of pyrene in artificial seawater, and K the adsorption

constant. The function in the equation 6.1 is linear for low concentrations. In

this case the Kc term is much smaller than 1 and the Langmuir function at low

concentration is as follows:

I = ImaxKc (6.2)

53



6. Detection of PAHs at 785 nm using SERS/SERDS

where Kc represents the slob of the linear part of the intensity curve versus the

concentration. In this particular case, the linear interval is in the concentration range

of 1 nmol/l to 25 nmol/l.

The LOD of pyrene in the artificial seawater was calculated by means of 3σ

criterion. This indicates that the intensity of the Raman signal at the minimum

concentration should be three times greater than the standard deviation of blank

signal (σ). According to the equation 6.2, the minimum concentration (LOD) is

obtained by dividing the 3σ value by the slob (b = KImax) of the linear part of the

calibration curve.

LOD =
3σ

b
(6.3)

According to this method, The LOD of pyeren in artificial seawater was calculated

to be 1 nmol/l by using gold island substrate.

Using another method depending on the linear part in the calibration curve (figure

6.8), the limit of detection (LOD) of pyrene was also calculated. A standard approach

of LOD calculation is as follows: at the lowest concentrations, ranging from 1 nmol/l

to 25 nmol/l, a linear fit can be approximated (solid line in figure 6.8). After that,

the main blank signal (dashed line in figure 6.8) was plotted. By computing the

standard deviation from the blank sample and adding the value of 3σ to the main

blank signal value, the blank signal standard deviation line can be drawn (dotted line

in figure 6.8). As shown in figure 6.8, there is an interception point a (in figure 6.8)

between the fitting line of the lowest concentration and the blank signal standard

deviation line. This point was projected to the x-axis at point b (figure 6.8). Point

b determines the LOD of pyrene in artificial sea water, which is about 1 nmol/l.

Moreover, using the LOD calculation method by applying the equation 6.1 leads to

the same result.

Fluoranthene

Fluoranthene is one of three major PAHs which can be found in the shell of the

Baltic Sea. In this part, the Raman characterization and the LOD of fluoranthene

using electroless plating gold island substrate are presented.

The SERS/SERDS measurements were done using SERS optode and for concentra-

tions range from 1 nmol/l up to 600 nmiol/l. Figure 6.9 shows SERS/SERDS spectra

(a) blank sample, (b) 5 nmol/l, (c) 35 nmol/l, and (d) 600 nmol/l of fluoranthene

dissolved in artificial seawater, respectively. At very low concentration, i.e. 1 nmol/l
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Figure 6.9.: Fluoranthene spectra with different concentration adsorbed on gold
island film: (a) blank sample, (b) 5 nmol/l, (c) 35 nmol/l, and (d) 600
nmol/l; 785 nm diode laser, 70 mW optical power at the sample and a
10 s integration time was used

and 3 nmol/l, no Raman signal can be recognized in the SERS/ SERDS spectrum.

Small Raman signals, which are located at 558 cm−1, 667 cm−1, and 1104 cm−1,

start to appear in the fluoranthene spectra at the concentration of 5 nmol/l. The
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Raman bands at 798 cm−1, 1430 cm−1, 1461 cm−1, and 1620 cm−1 appear in the

fluoranthene spectra starting from a concentration of 10 nmol/l whereas the signals

at 1013 cm−1 and 1279 cm−1 can be recognized in the fluoranthene spectra starting

at a concentration of 35 nmol/l. All Raman bands become very clear with increasing

concentrations up to 600 nmol/l (figure 6.9 d). According to these results, fluoran-

thene can be identified very clearly in the seawater starting from a concentration of 5

nmol/l due to the excitement of three Raman bands located at 558 cm−1, 667 cm−1,

and 1104 cm−1. These Raman lines will be obvious when a magnification process is

performed on the spectrum.

Comparing the Raman band positions of fluoranthene adsorbed on the gold island
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Figure 6.10.: Calibration curve of fluoranthene dissolved in artificial seawater using
Raman band at 667 cm−1 which is normalized with the silane layer
band at 1216 cm−1
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Figure 6.11.: The standard approach to calculate the LOD of fluoranthene in the
artificial seawater. The Raman band at 667 cm−1 was used for creating
the linear fitting at concentrations of up to 35 nmol/l (solid line). The
dashed line, dotted line and dashed dotted line represent the mean
blank signal, the blank signal standard deviation and LOD projection,
respectively

substrate (figure 6.9 in page 55) with the Raman bands positions of fluoranthene in

the solide state (figure 6.3) exhibits a shift in the Raman bands about 2-14 cm−1.

As also shown in both figures, there are four Raman bands in the solid fluoranthene

spectrum located at 1035 cm−1, 1133 cm−1, 1370 cm−1, and 1408 cm−1 which do not

appear in the spectrum of the fluoranthene adsorbed on the SERS substrate. These

observations will be discussed in section 6.4.

In order to calculate the LOD of fluoranthene in artificial seawater, the calibration

curve of fluoranthene is demonstrated in figure 6.10 using the most intensive Raman
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band which is located at 667 cm−1. This Raman band is normalized to the Raman

band of silane layer located at 1216 cm−1. The curve presents the fluoranthene

concentrations range from 5 nmol/l up to 600 nmol/l. The error bars in figure 6.10

represent the standard error for three different measurements of each concentration.

The calibration curve can be fitted with a Langmuir adsorption isotherm (equation

6.1).

The limit of detection (LOD) of fluoranthene in the artificial seawater adsorbed

on the electroless plating gold island substrate is calculated the same way as shown

in figure 6.8 (53). Figure 6.11 presents the standard method to calculate the LOD of

fluoranthene using a Raman band at 667 cm−1. The linear part can be recognized in

the concentration range from 5 nmol/l up to 35 nmol/l. In this way the calculated

LOD of fluoranthene is equal to 4 nmol/l, but the measured value is 5 nmol/l.

Phenanthrene

The third major PAH, which can be found in the shell of the Baltic Sea, is phenan-

threne [1]. The solubility of phenanthrene is higher than pyrene and fluoranthene.

The saturation concentration of phenanthrene is approximately 3900 nmol/l. The

Raman characterization and the LOD of phenanthrene using electroless plating gold

island substrate are demonstrated next.

Figure 6.12 shows SERS/SERDS spectra (a) blank sample, (b) 10 nmol/l, (c)

100 nmol/l, and (d) 3900 nmol/l of phenanthrene dissolved in artificial seawater,

respectively. The SERS/SERDS measurements were done using a SERS optode

and for a concentration range from 1 nmol/l up to 3900 nmol/l. At very low

concentrations, i.e. 1 nmol/l and 5nmol/l, no Raman signal can be identified in

the SERS/ SERDS spectrum. Only two small Raman signals, which are located

at 708 cm−1 and 1335 cm−1, can be recognized in the phenanthrene spectrum at

the concentration of 10 nmol/l. Starting from the concentration of 40 nmol/l, the

Raman bands at 1028 cm−1, 1191 cm−1, 1230 cm−1, 1420 cm−1, 1508 cm−1, and 1580

cm−1 are arising in the phenanthrene spectra. The two signals at 553 cm−1 and 1551

cm−1 can be observed in the phenanthrene spectra starting from a concentration

of 100 nmol/l, while the band at 823 cm−1 and at 1152 cm−1 appear from the

concentration of 250 nmol/l. All Raman bands become more visible when increasing

the concentration up to 3900 nmol/l (figure 6.12 d).

Comparing the Raman band positions of phenanthrene adsorbed on the gold island

substrate (figure 6.12) with the Raman band positions of phenanthrene in the solide
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Figure 6.12.: Phenanthrene spectra with different concentration adsorbed on gold
island film, (a) blank sample, (b) 10 nmol/l, (c) 100 nmol/l, and (d)
3900 nmol/l; 785 nm diode laser with an optical power at the sample
of 70 mW,the integration time was 10 s

state (figure 6.4 in page 47) exhibits a shift in the Raman bands. This shift in the

position of Raman signals is within the range of 2-16 cm−1. However, the Raman

bands at 1439 cm−1 and 1580 cm−1 shift with an amount of about 20 cm−1 and 39

cm−1, respectively, compared with the original position in the case of solid phase (see
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figures 6.4, page 47 and 6.12). These observations will be discussed in section 6.4.

Figure 6.13 shows the calibration curve of phenanthrene using the Raman band

which is located at 1335 cm−1. This Raman band is normalized to a Raman band of

silane layer located at 994 cm−1. The curve presents the phenanthrene concentrations

range from 10 nmol/l up to 2000 nmol/l. The error bars in figure 6.13 represent

the standard error for three different measurements for each concentration. The

calibration curve can be fitted with a Langmuir adsorption isotherm (equation 6.1).

The limit of detection (LOD) of phenanthrene in artificial seawater adsorbed on the

electroless plating gold island substrate is calculated the same way in figure 6.8 (53).

Figure 6.14 presents the standard method to calculate the LOD of phenanthrene

using a Raman band at 1335 cm−1. The linear part can be recognized in the

concentrations range from 10 nmol/l up to 100 nmol/l. In this way the calculated
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Figure 6.13.: Calibration curve of phenanthrene dissolved in artificial seawater using
Raman bands at 1335 cm−1 which is normalized with the silane layer
band at 994 cm−1
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Figure 6.14.: The standard approach to calculate the LOD of phenanthrene in the
artificial seawater. The Raman band at 1335 cm−1 was used to create
the linear fitting at concentrations up to 100 nmol/l (solid line). The
dashed line, dotted line and dashed dotted line represent the mean
blank signal, the blank signal standard deviation and LOD projection,
respectively

LOD of phenanthrene is equal to 8 nmol/l.

The results presented here shows that the gold island substrate has high sensitivity.

The LODs for pyrene, fluoranthene, and phenanthrene determined in this work are

generally better than that in the work of sol gel substrate [35]. The LODs were

calculated to be 1.8 nmol/l, 3.4 nmol/l, and 48 nmol/l for pyrene, fluoranthene, and

phenanthrene, respectively, by applying sol gel substrate and 785 nm diode laser.
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Table 6.1.: The shift in Raman bands of PAHs adsorbed on electroless plating gold
island substrate

PAHs Raman in solid (cm−1) SERS/SERDS (cm−1) ∆ (cm−1)

Pyrene

592 589 3

1064 1058 6

1237 1234 3

1403 1401 2

1591

1623 1613 10

Fluoranthene

561 558 3

669 667 2

800 798 2

1016 1013 3

1100 1104 -4

1035

1133

1268 1276 -8

1370

1408

1421 1430 -9

1454 1461 -7

1606 1620 -14

Phenanthrene

547 553 -6

710 708 2

827 823 4

1035 1025 10

1168 1152 16

1199 1191 8

1244 1230 14

1347 1335 12

1439 1425 14

1521

1567 1551 16

1619 1580 39
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6.4. Shift in Raman bands positions

The results show that the Raman bands for every selected PAH in the SERS/SERDS

spectra are shifted compared with the original positions in the Raman spectra of the

solid samples (see section 6.1). The shift in Raman bands position can reach up to 6

cm−1 in pyrene SERS spectra, 14 cm−1 in fluoranthene SERS spectra, and up to 39

cm−1 in phenanthrene SERS spectra.

There are two types of analyte adsorption on the SERS substrate which are

called physisorption and chemisorporption. In the literature, physisorption does not

produce any change in the Raman peak position [16], whereas in the case of the

chemisorporption process, an overlapping of the molecular and metal orbitals can

occur and a charge transfer between molecule and metal nanoparticles is performed

[93]. Benzene, from which the PAHs are formed, is chemisorbed on the metal surface

and π-bond is performed between benzene molecule and metal nanoparticle [116–118].

As reported in the literature the shifts in the Raman bands position can occur due to

charge transfer interaction between analyte and metal nanoparticles [8, 18, 119, 120].

The other observation is the overlapping between the two pyrene Raman bands at

1591 cm−1 and 1623 cm−1 which produces one Raman band at 1613 cm−1 in the SERS

spectra. This phenomenon could be interpreted according to the photochemistry

reaction which is caused by the high localized electro magnetic field when the molecule

directly adsorbed to the metal surface was radiated by laser [18, 91].

6.5. Conclusion

In this chapter, the features of electroless plating gold island substrate was discussed.

A BA-DFB diode laser emitting at 785 nm was used to perform the study. This

wavelength was chosen to reduce any expected unwanted florescence. The SERDS

technique was applied with SERS measurements which allow for the extraction of

very weak Raman bands, especially in the very low concentration range.

The study shows that SERS substrate is suitable for highly sensitive PAHs detection

in seawater. This SERS substrate has a high sensitivity, a good reproducibility and a

long-term stability in seawater over weeks. The detection limits of the substrates are

1 nmol/l for pyrene, 4 nmol/l for fluoranthene, and 8 nmol-l for phenanthrene. The

substrates are reproducible with the SERS intensities variability of about 8%. The

long-term stability investigations show that the substrates have about 50% of their
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activity after four weeks of storage in seawater and more than 15% after 2 months.

Furthermore, the SERS spectra of the selected PAHs show a shift in Raman bands

position which is the result of the charge transfer interaction between analyte and

metal nanoparticles.

The comparison of the electroless gold island substrate with other substrates

demonstrates that the substrates presented in this work are much better in sensitivity,

reproducibility and long-term stability in the seawater.
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7. Detection of PAHs at 671 nm using

SERS/SERDS

Chapter 7 addresses the benefit of applying excitation wavelength at 671 nm due to

the broad band of the plasmon resonance of the SERS substrates in order to detect

PAHs. Using electroless plating gold island substrate is discussed in section 7.1,

while the result of applying naturally grown gold nanoparticles substrate is presented

in section 7.2.

7.1. Electroless gold island substrate

As discussed previously in section 4.1 the extinction spectrum of the SERS substrate

has a broad plasmon band. Hence, applying an excitation wavelength at 761 nm is

possible.

In order to detect PAHs by applying this excitation wavelength, a series of

measurements using different concentrations of pyrene dissolved in artificial seawater

starting from 0.5 nmol/ l up to 400 nmol/l was performed. The laser power at the

sample was 20 mW. An integration time of 10 s was used. SERDS technique is applied

by using two wavelengths at 671.0 nm and 671.6 nm. The measurements began

with the blank sample, i.e. pure artificial seawater. The SERS/SERDS spectrum of

the blank sample is shown in figure 7.1 (a). After that, different concentrations of

pyrene in seawater were measured. The spectra were recorded at three randomly

positions on the substrate. Figure 7.1 (b and c) shows SERS/SERDS spectra of

0.5 nmol/l and 100 nmol/l pyrene dissolved in artificial seawater, respectively. As

shown in the spectrum of 0.5 nmol/l, only one Raman band can be clearly identified.

This Raman band is the intensive band in the SERS spectra of pyrene (see figure

7.1 (c)). Increasing the concentrations leads the appearance of more Raman bands

of pyrene in the SERS spectra. All Raman signals of pyrene, which are located at

1613 cm−1, 1401 cm−1, 1234 cm−1, 1058 cm−1, and 589 cm−1, appear in the SERS

spectra starting at the pyrene concentration of 20 nmol/l. These Raman bands are
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Figure 7.1.: Pyrene spectra with different concentrations adsorbed on electroless
plating gold island substrate; (a) blank sample, (b) 0.5 nmol/l, and (c)
100 nmol/l ; 671 nm diode laser with an optical power at the sample
of 20 mW was used with a 10 s as integration time. The Raman band
which signed with ∗ is due to quartz and located at 490 cm −1. The
unsigned Raman signals is resulting from the substrate itself because of
the silane layer. The spectra were normalized with the Raman band of
quartz
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Figure 7.2.: Calibration curve of pyrene dissolved in artificial seawater using Raman
bands at 589 cm−1 which is normalized with a quartz band at 490 cm−1.
The inset presents the linear part of the calibration curve

obviously observed in the spectra of the higher concentration (figure 7.1 (c)).

The SERS/SERDS spectra, which are shown in figure 7.1, are normalized to the

Raman band of the quartz located at 490 cm−1. This band is used to fulfill the

normalization because it is not overlapped with any Raman signals of pyrene. The

normalization process reduces the variation of the Raman intensity.

As shown in figure 7.1 (c), there are unsigned Raman bands due to the silane layer

which is used to fabricate the substrate.

Raman signals of pyrene in SERS spectra are shifted compared with the Raman

spectra of pyrene in solid state (figure 6.2 in page 45). The interpretation of this

behavior was discussed previously in section 6.4 (page 63). Briefly, the charge transfer

mechanism causes shifts in Raman signals in the SERS spectra.
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The highest Raman band of pyrene, which is located at 589 cm−1, is used to

determine the LOD of pyrene adsorbed on the electroless plating gold island substrate.

The concentration dependent calibration curve using this Raman band is shown in

figure 7.2. This calibration curve can be fitted with a Langmuir adsorption isotherm

(equation 6.1). The linear part of the calibration curve can be recognized from the

concentration at 0.5 nmol/l up to the concentration at 20 nmol/l (see inset in figure

7.2). This part is used to calculate the LOD of pyrene in the artificial sea water by

means of 3σ criterion. By applying the equation 6.1, the calculated LOD is equal

to 0.56 nmol/l. However, in figure 7.1 (b) the Raman signal at 589 cm−1 can be

obviously recognized at the pyrene concentration of 0.5 nmol/l. This indicates that

the real LOD of pyrene is equal to 0.50 nmol/l which is determined by means of the

measurements. This shows good agreement between calculated and measured value.

7.2. Naturally grown gold nanoparticles substrate

Naturally grown gold nanoparticles substrate was designed to detect PAHs in seawater.

In the previous study by Kwon et al. [3] in a laser-spectroscopy group at TU Berlin,

the naturally grown silver nanoparticles substrate provided lowest LOD for PAHs

when the surface plasmon resonance of the substrate was close to the excitation

wavelength. In that work, silver was used to achieve metal nanostructure. Therefore,

the study was performed using fresh water due to bare silver not being stable in

seawater. Hence, using gold nanoparticles instead of silver is required to carry out

the investigation in seawater.

In this thesis naturally grown gold nanoparticle substrates with different surface

plasmon resonance wavelengths were developed (see section 4.2). These plasmon

bands are near the excitation wavelength of the 671 nm diode laser used in this work.

To test the sensitivity of these substrates, a series of measurements using different

concentrations of pyrene dissolved in artificial seawater starting from 0.5 nmol/ l up

to 400 nmol/l was performed for each substrate. The laser power at the sample was

20 mW. An integration time of 10 s was used. The measurements began from the

lowest to highest concentration. For each concentration, the SERS/SERDS spectra

from three different positions on the substrate were recorded.

Figure 7.3 shows, as an example, the SERS/SERDS spectra of pyrene adsorbed

on the naturally grown gold nanoparticles substrate with a plasmon band at 680

nm: (a) plank sample, (b) 0.5 nmol/l, (c) 10 nmol/l, and (d) 400 nmol/l of pyrene
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Figure 7.3.: Pyrene spectra with different concentration adsorbed on naturally grown
gold nanoparticles substrate; (a) plank sample, (b) 0.5 nmol/l, (c) 10
nmol/l, and (d) 400 nmol/l; 671 nm diode laser with an optical power
at the sample of 20 mW was used with a 10 s as integration time
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dissolved in artificial seawater. There are in the spectra strange Raman bands which

could be due to unknown impurity. At very low concentrations of pyrene, e.g. 0.5

nmol/l in artificial seawater, only one Raman band at 589 cm−1 can be identified.

When increasing the concentrations the tensity of this Raman band increases as well

as more Raman bands of pyrene appear. At the concentration of 1 nmol/l, Raman

peaks at 1234 cm−1 and 1058 cm−1 can be recognized. A Raman band at 1613 cm−1

can be differentiated at 10 nmol/l of pyrene in rtificial seawater, whereas a Raman

band, which is located at cm−1, appears starting at the concentration of 20 nmol/l. It

is clear from figure 7.3 that the strongest Raman band in the SERS/SERDS spectra

of pyrene adsorbed on the naturally grown gold nanoparticles substrate is located at

589 cm−1.

The comparison between the Raman spectrum of solid pyrene and SERS spectra

of pyrene exhibits that Raman signals are shifted in the SERS spectra (see section

6.4).

The measurements were repeated for the other substrates in order to determine

the most sensitive substrate by means of determining the LOD of pyrene for each

substrate. From the recorded spectra, the calibration curve of pyrene dissolved

in artificial seawater was created for each substrate. The most intensive Raman

intensity of pyrene in SERS spectra, which is located at 589 cm−1, was normalized

with the Raman signal at 490 cm−1 which belongs to the quartz. Figure 7.4 (a)

shows the concentration dependency curves of that normalized Raman intensity of

pyrene in artificial seawater. The calibration curves can be fitted with the Langmuir

adsorption isotherm (equation 6.1, page 53). Figure 7.4 (b) shows the linear part of

the calibration curves which sets between the concentrations of 0.5 nmol/l and 20

nmol/l. As shown in figure 7.4 (b), the naturally grown gold nanoparticles substrate

with the surface plasmon resonance wavelength at 630 nm does not produce the 589

cm−1 pyrene Raman band before the concentration of 5 nmol/l, whereas for the other

substrates this band appears starting at the concentration of 0.5 nmol/l or 1 nmol/l.

The LOD of pyrene in the seawater was calculated by means of 3σ criterion. It

was found that the calculated LODs of the substrates are not far from the value

which can be measured. Therefore, these values can be referred to as measured

LODs. Figure 7.5 shows the influence of surface plasmon resonance wavelength of

a naturally grown gold nanoparticle substrate on the LOD for pyrene in artificial

seawater. As shown in this figure, the results demonstrate that the naturally grown

gold nanoparticles substrate is not strongly dependent on surface plasmon resonance.
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Figure 7.4.: (a) Calibration curve of pyrene dissolved in artificial seawater using
substrates with different surface plasmon resonance wavelengths; pyrene
Raman band at 589 cm−1 which is normalized with the quartz Ra-
man band at 490 cm−1 was used to plot the curve; (b) linear part of
the calibration curve which demonstrates the measured LODs of the
substrates
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The lowest LOD can be obtained from four substrates with different surface plasmon

resonance wavelengths which are located at 680 nm, 690 nm, 700 nm and 710 nm.

The measured LODs of these substrate are determined to be 0.5 nmol/ or 1 nmol/l

(see figure 7.5). However, the substrate with plamon wavelength at 530 nm and 630

nm give measured LOD amounts to be 60 nmol/l and 5 nmol/l, respectively, which

are the highest value. Clearly, when the plasmon resonance wavelength is located far

away and before the emission line of a 671 nm microsystem diode laser, the highest

LOD is obtained. While when the surface plasmon resonance wavelength is located

after the excitation light, the LOD is the lowest and stabilized for different plasmon

wavelengths.

In the work of Kwon et al. [3] the lowest LOD is obtained by using a substrate

with a plasmon resonance close to excitation wavelength. Kwon et al. used SERS

substrates based on silver nanoparticles and 488 nm diode laser. However, this is

unlike the present work in which gold nanoparticles and 671 nm wavelength were

used. This indicates considerable differences in particle size and morphology between
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Figure 7.5.: The influence of surface plasmon resonance wavelength of a naturally
grown gold nanoparticle substrate on the LOD for pyrene in artificial
seawater
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silver substrate (Kwon et al. [3] work) and gold substrate (this work). Thus, the

LODs behavior, which is found in this work, could be justified depending on these

differences.

The works of Oslon et al. [18] and Shi et al. [20], which used self-assembly gold

nanoparticles SERS substrate and applied 671 nm excitation wavelength, present a

LOD of pyrene in fresh water of about 10 nmol/l and 5 nmol/l, respectively. This

means that the present work demonstrates more sensitive SERS substrates. However,

by comparison with the Ag:DMCX SERS substrate [37], which provides a calculated

LOD for pyrene of about 0.1 nmol/l by applying a 671 nm diode laser, this work’s

substrates have a little lower sensitivity. On the other hand, the substrates presented

in this work are more reproducible and stabile in the seawater.

The quantitative results show that the SERS substrates, which are fabricated by

using gold nanoparticles, is suitable to detect and identify PAHs in seawater.

7.3. Experiments with real seawater

7.3.1. Investigations of seawater and sediment samples

Gold island substrate was used to detect any pollution in real seawater samples

which were collected byDr. Kolomijeca from different selected areas in Europe,

America, and Asia [108]. The samples were saved in the 20 ml bottles which securely

sealed. The measurements were done using a 671 nm setup and a SERS/SERDS

technique. For each sample a new substrate was used. At first the substrate was

immersed in artificial seawater to measure the blank spectrum in order to perform

the comparison with the spectra from the collected real seawater sample. After

taking the blank spectra, the substrate was immersed in the real seawater sample

and the SERS/SERDS spectra were recorded. When applying gold island substrate

several PAHs could be detected in the real seawater samples. For example, the SERS

spectra obtained from the seawater samples, which were collected from different

areas at the west coast of the United States, show Raman bands which could be

referred to fluorene, fluoranthene, acenaphtylene, acenahpthene, naphthalene and

pyrene. The samples, which were collected from the Baltic Sea in Warnemunde,

Germany, present Raman signals that could be referred to fluorene, fluoranthene,

acenaphtylene, acenahpthene, naphthalene, phenanthrene and pyrene. The results

show the capability of using gold island substrate to detect PAHs in real seawater.
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More details about the experiments and the Raman spectra can be found in [108].

7.3.2. Field test in a harbor and off-shore

For the first time, gold island substrate and autonomous sea-going instrument were

applied by Dr. Kolomijeca [108] for in-situ investigation in the local harbor near

IFREMER center in La Seyne Sur Mer and during sea trial in the Mediterranean

Sea. The mesurements in the harbor present several Raman bands which could be

referred to biphenyl and some PAHs as acenahpthene, fluoranthene, fluorine and

phenanthrene. However, during the sea trial the Raman signals, which can detected

by means of gold island substrate, could be referred to pyrene, naphthalene and

phenanthrene. In the field experiments, it was noted that seawater flow can affect

the gold island substrate by removing the gold layer which causes decrease in the

intensity of the detected Raman signals.

7.4. Conclusion

The improvement of SERS sensitivity to electroless plating gold island substrate

was achieved by using a 671 nm diode laser as excitation light to benefit from the

fact that the intensity of Raman scattering is proportional to the fourth power of

the excitation frequency. Applying SERS/SERDS, the LOD of pyrene in artificial

seawater was determined to be 0.5 nmol/l. This substrate was compared with

the naturally grown gold nanoparticles substrate, which is developed for seawater

investigation, with different surface plasmon resonance wave lengths around 671 nm.

It is shown that applying SERS/SERDS and using the substrates with the plasmon

resonance wavelength located after the emission line of the diode laser reduces the

LOD of pyrene in artificial seawater to 0.5 nmol/l. The results exhibit that, in terms

of LOD, both substrates are suitable for identification of PAHs in seawater.

The comparison of our substrates with other substrates demonstrates that the

substrates presented in this work are more sensitive, more reproducible and more

stable in the seawater.

Gold Island substrate was successfully used for real seawater measurements. SERS

investigations of the samples, which are collected from three continents, present the

presence of PAHs in these samples. Furthermore, gold island substrate was able to

detect PAHs in the harbor and sea trial investigation.
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8. Studying the feasibility of long fiber

Raman setup for deep sea

investigations

In this chapter I will discuss the capability of the in-situ Raman setups based on long

optical fiber (see figure 8.1) by using natural mineral samples which can be found

typically in the deep sea (section 8.1). These selected natural mineral samples are

sulfates which are produced by hydrothermal vents, carbonates which can be found

in shells, and sulfur which is produced by bacteria [121]. The samples were provided

by the geoscientific collection of the Department of Geological Sciences, University of

Bremen and collected from different geological sites in Germany. Furthermore, the

importance of applying SERDS in deep sea measurements is presented (section 8.2).

The ability of using low power laser source is discussed in section 8.3. Additionally, I

discuss the possibility of using longer optical fiber in section 8.4.

Laser

Spectrograph

Marine optics Sample

On board part Seewater part

Figure 8.1.: Scheme of the Raman setup based on 1000 m optical fiber

8.1. Natural minerals Raman investigation

8.1.1. Data treatment

To obtain Raman spectra suitable for the identification and to study the minerals

the fluorescence background from all Raman spectra has to be removed. For this
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Figure 8.2.: Anhydrite Raman spectra: (A) raw data and baseline correction curve
(dotted line), (B) baseline corrected spectrum, 275 mW optical power at
the sample, 0.5 s integration time

purpose, we used SOLIS software (Andor), which records the data and subtracts the

background. A cubic spline fitting was applied to perform the baseline correction of

the spectra. The cubic spline is a third-degree polynomial function which is piecewise-

defined and can fit a set of data points. Characteristic points of the Raman spectrum

were selected to obtain a continuous baseline curve which was then subtracted from

the raw Raman spectrum resulting in an undisturbed Raman spectrum. To perform

this method the position of each Raman signal and its area should be known before

applying spline fit otherwise the small and broad signal could be lost. As an example

for this data treatment figure 8.2 shows a Raman spectrum of anhydrite: A) raw

data spectrum (dotted line refers to the baseline curve), B) Raman spectrum after

baseline correction. As shown in figure 8.2 (A) the spectrum has a high background.

Thus e.g. the very weak Raman signal at 499 cm−1 of anhydrite is masked. After
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performing the baseline correction this signal becomes clear beneath the small band

at 676 cm−1 and the strong bands at 1019 cm−1 and 1131 cm−1. Hence, calculating

the intensity of the Raman signals can be directly done after the baseline correction.

In figure 8.2 the anhydrite spectrum shows several peaks above 1200 cm−1 which

result from luminescence. Previous studies show that the presence of Mn and rare

earth elements could produce these luminescent bands in natural anhydrite [43, 122].

As seen in figure 8.2 the luminescent bands are very narrow and could be referred as

broad Raman band of any substances in the minerals. Therefore, another technique

should be used to overcome this disadvantage. This technique will be discussed in

the next section (section 8.2).

8.1.2. Sulfates

Anhydrite (CaSO4), gypsum (CaSO4•2H2O), and barite (BaSO4) which include the

sulfate ion (SO2−
4 ) within their structure were used for the investigations in this work.

According to Lowell and Yao [123] anhydrite is precipitated from seawater at the

high temperature of about 150◦C when the calcium Ca2+ of hydrothermal uids mix

with SO2−
4 ambient seawater. This occurs in the first stage of chimney formation.

At temperatures above 130 ◦C, seawater is saturated with respect to anhydrite [124].

Gypsum can be formated by the alteration of the anhydrite. Barite is one of the few

marine authigenic minerals reported to form within marine sediments and around

hydrothermal vents. Most of the barite found in the ocean is formed by the mixing of

uids; one containing barium (Ba2+) and another containing sulphate (SO2−
4 ) [125]. It

is a major component in some lower temperature chimneys and s aminor component

of high temperature. chimneys.

Figure 8.3.: Sulfate mineral samples which are used in this work: (a) baryte, (b)
gypsum, and (c) anhydrite
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Figure 8.3 exhibits images of the sulfate samples used in this work. Raman signals

of these minerals are mainly characterized by specific vibrations of the sulfate ion. Due

to structural differences of these materials, slight energy shifts of the peak position

can be recognized in their Raman spectral signature. Anhydrite and barite have

orthorhombic-dipyramidal crystal structure and gypsum has monoclinic-prismatic

structure. Figure 8.4 exhibits the Raman spectra of anhydrite, gypsum and barite.

From these spectra the minerals can be identified with data from the literature [126].

The Raman signals of these three sulfate minerals are reproducible and the positions

of these signals as well as their vibrational assignments are indicated in figure 8.4.

The symmetric stretching vibration (ν1) of the SO2−
4 group generates the strongest

Raman signal which is located at 1019 cm−1 for anhydrite, at 1008 cm−1 for gypsum,

Figure 8.4.: Raman spectra of anhydrite (top), gypsum (center) and barite (bottom),
275 mW optical power at the sample, 0.5 s integration time, average
of 10 spectra each, the anhydrite sample shows several luminescence
bands above 1200 cm−1; gypsum spectrum shifted by 28000 counts and
anhydrite spectrum shifted by 55000 counts for clarity
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and at 988 cm−1 for barite. The Raman signals at 1131 cm−1 for anhydrite, at 1137

cm−1 for gypsum, and at 1142 cm−1 for barite belong to the asymmetric stretching

vibration (ν3) of the sulfate group. Additional peaksat 499 cm−1 for anhydrite, at

493 cm−1 for gypsum, and at 459 cm−1 for barite arising from the symmetric bending

vibration (ν2) are observed. The asymmetric bending (ν4) generates Raman signals

in the 600-700 cm−1 range, where the signals at 676 cm−1 for anhydrite, at 622 cm−1

for gypsum, and at 619 cm−1 for barite are located. The main Raman signals of

anhydrite, gypsum, and barite were detected with linewidths at FWHM of 12 cm−1,

11 cm−1, and 11 cm−1, respectively.

The minor Raman bands can be recognized with signal-to-noise ratios ranging

from 20 to 60. Hence, applying a 1000 m optical fiber, measurement times of only 0.5

s enable sufficient signal-to-noise ratios of the Raman signals suitable for detection

and identification purposes of these mineral species. To compare our study with the

previous study from White 2009 [43] the relative intensities of minor Raman bands

with respect to the major Raman signals were calculated. The relative intensity

values were in the range from 0.03 to 0.33. These values are in good agreement with

Whites study.

8.1.3. Carbonates

As examples of carbonates, we selected aragonite and calcite, which are two poly-

morphs of the five calcium carbonate. These both carbonates can be produced

biologically. Calcium carbonate can be found in the shells present at hydrothermal

and cold seep sites.

Figure 8.5.: Carbonate mineral samples which are used in this work: (a) calcite and

(b) aragonite
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Figure 8.6.: Raman spectra of aragonite (top) and calcite (bottom), 275 mW optical
power at the sample, 0.5 s integration time, average of 10 spectra each,
aragonite spectrum shifted by 38000 counts for clarity

Figure 8.5 exhibits the carbonate minerals which are used in this work. Despite of

their identical chemical composition (CaCO3), both minerals have different crystal

structures which cause slight differences in their Raman spectra. Aragonite has

orthorhombic-dipyramidal crystal structure and calcite has trigonal-hexagonal struc-

ture. Figure 8.6 presents the Raman spectra of both carbonates together with the

corresponding assignment of their vibrational modes [127]. The main Raman signal,

which is generated by symmetric stretching vibration (ν1) of the CO2−
3 group, is

located at 1085 cm−1 for both minerals. It is detected with a linewidth at FWHM

of about 10 cm−1. The asymmetric stretch (ν3) of the carbonate group causes a

Raman signal at 1434 cm−1 for calcite which is observable in figure 8.6 whereas

theν3 Raman signal for aragonite at 1462 cm−1 is very weak and not observed. The

Raman signals at 701 cm−1 for aragonite and at 711 cm−1 for calcite arising from
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the in-plane bending vibration (ν4) are shown in figure 8.6. The Raman spectrum of

calcite shows a small peak at 1750 cm−1 belonging to a combination band, while the

aragonite Raman spectrum does not have such a peak. This is shown that is possible

to recognize between both minerals even they have the same chemical composition

(CaCO3). Even they have the same location of the major Raman bands but there

are difference of about 30 cm−1 for ν3 vibration and 10 cm−1 for ν4. Moreover,

combination band at 1750 cm−1 appear only in calcite spectrum. However, one could

easily distinguish between the polymorphs of calcium carbonate from their Raman

active lattice modes (e.g. calcite 154 and 241 cm−1 [127], and aragonite 221 and 256

cm−1 [128]). Because of our Raman edges filters with cut-on at 400 cm−1, Raman

signals due to lattice modes can not be recorded.

The signal-to-noise ratios of the minor Raman bands vary from 20 to 44, i.e. these

small signals can be clearly detected after transmission through the 1000 m optical

fiber. The relative intensities of the minor Raman signals range from 0.01 to 0.1

which is in good conformance with the data presented in the literature [43].

8.1.4. Sulfur

Figure 8.7.: Sulfur (S8) samples which are used in this work

Elemental sulfur in the S8 configuration is also a molecule of great interest which

can be found in the deep ocean. This is because filamentous sulfur is produced by

sulfur-oxidizing bacteria [121] which provide a base for the chemosynthetic food web

in the deep sea. Therefore, the sulfur element can be found in the bacterial mats

in the deep sea. Sulfur element S8 is also produced hydrothermally and in volcanic

eruptions [129].
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Figure 8.8.: Raman spectrum of sulfur, 275 mW optical power at the sample, 0.5 s
integration time, average of 10 spectra

Figure 8.7 shows a picture of the sulfur samples which are used in this work. The

crystal structure of the sulfur is orthorhombicdipyramidal. The characteristic Raman

signals of sulfur are located in the 20-300 cm−1 region as well as in the 400-500

cm−1 region. Due to the transmission characteristics of our Raman edge filter with a

cut-on wavelength at 400 cm−1 figure 8.8 shows only two Raman signals of sulfur in

the region between 400 cm−1 and 500 cm−1. The Raman signals due to SS stretching

are located at 434 cm−1 and at 472 cm−1 (figure 8.8). These Raman band were

detected with the linewidth at FWHM is equal to 13 cm−1. The minor Raman band

(434 cm−1) can be detected with a signal-to-noise ratio of 35. The relative intensity

of this signal is 0.04. The results of our study using the low OH optical fiber for

Raman signal collection are in good accordance with the data from the literature

[43, 46].

These results could be improved by using another Raman edge filter with a lower

cut on wavelength allowing for the observation of the bands in the 100-300 cm−1
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region.

8.2. Shifted excitation difference Raman

spectroscopy (SERDS) through the fiber

During deep sea measurements fluorescence background and/or luminescent bands

due to impurities can appear which disturbs the Raman spectrum. In order to

improve the clarity of the Raman spectrum the data treatment using cubic Spline

function was discussed previously (in 8.1.1). However, this method is not the optimal

technique to obtain very clear Raman spectrum in the real time conditions due

to some disadvantages. On one hand, this approach needs long time to achieve

the process because of the need of choosing the baseline points, through which the

baseline curve should pass. On another hand, this method can not provide Raman

spectrum free of the narrow luminescent bands which could be referred as Raman

signals for any substance and disturb the data analysis. In order to recognize if these

bands are Raman or luminescent signals two laser sources with different wavelength

is needed. In the study of White [43] the luminescent bands have appeared when

785 nm wavelength was used and disappeared when 532 nm was applied. Using two

laser sources is not efficient for just distinguishing between spectrum signals.

Consequently, another technique to overcome these disadvantages is necessary.

Shifted excitation difference Raman spectroscopy (SERDS) is a convenient method

to extract only Raman signals from the spectra. SERDS needs only slightly shifted

in the incident wavelength (0.5 nm) which can be provided by one laser source.

8.2.1. Anhydrite

Anhydrite, which has very high florescence background and some unknown bands, is

used as an example to explain this technique. In figure 8.9 (a) two Raman spectra

of anhydrite are presented. These spectra were recorded by two wavelengths with

a shift of 0.5 nm. Two Raman signals of anhydrite located at 1131 cm−1 and at

1019 cm−1 can be clearly identified in both spectra. There are several bands which

are not belong to anhydrite. It is very clear that the Raman bands in both spectra

are shifted according to the shift in the incident wavelength, while the other bands

are completely overlapped. This means that the overlapped bands are not Raman

signals, but they are luminescent bands.
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Figure 8.9.: Two Raman spectrum of anhydrite taken with two incident wavelengths
with ∆λ= 0.5 nm, average of 10 spectra with 0.5 s integration time
(a), Raman difference spectrum (b), reconstructed Raman spectrum of
anhydrite (c); laser power at sample is 275 mW
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Figure 8.9 (b) shows the difference spectrum of the above two spectra. In this

spectrum, the fluorescence background is fully removed. Three additional Raman

bands located at 1161 cm−1, 676 cm−1, and at 499 cm−1 are appeared as derivative

signals. Furthermore, the luminescent bands are completely removed from the

spectrum due to the subtraction process. The signal-to-background noise ratio of the

anhydrite spectrum at Raman band of 1019 cm−1 becomes about 20 times greater

than that of the conventional Raman spectrum.

In order to reconstruct Raman spectrum, a self-developed Matlab program de-

pending on the integration of the Raman difference spectrum was employed here

[83]. Figure 8.9 (c) shows the reconstructed Raman spectrum of anhydrite. It is

very clear that all Raman bands including the weak signals, which are masked by

the fluorescence background, are obviously recognized. There is no existing for any

luminescent bands. Only very clear Raman spectrum is obtained. The signal-to-

background noise ratio of the anhydrite spectrum at 1019 cm−1 increase to be 100

times greater than conventional Raman spectra.

8.2.2. Unknown sample

Another example to introduce the importance of using SERDS in deep sea inves-

tigation is presented by study unknown sample which can be a mixture of some

minerals. Among sulfur samples, which were used in this work, there is one sample

has a black fraction on one side of the sample. So measurements of Raman spectra

were recorded on this aria by using the two wavelengths in order to perform SERDS.

Figure 8.10 illustrates the conventional Raman spectrum for this sample (red line).

As shown in this spectrum only two Raman bands are clearly identified located at

1085 cm−1 and at 1008 cm−1. By using only these two Raman peaks, it is difficult

to determine from which substances this black portion consist. Thus, a technique

to remove the high fluorescence background and to extract weak Raman signals is

required. SERDS method is a powerful technique to achieve this purpose. Figure

8.10 (black line) represents the Raman spectrum of these unknown substances (the

black fraction on sulfur sample) after applying SERDS. It is very clearly that the

weak Raman signals become resolved. Seven additional Raman peaks arise in the

spectrum which can help to identify materials which causes this spectrum. The

Raman band, which are located at 1137 cm−1, 1008 cm−1, 673 cm−1, 622 cm−1, and

at 493 cm−1, belong to the gypsum Raman spectrum. While the Raman peaks at

1750 cm−1, 1434 cm−1, 1085 cm−1, and at 711 cm−1 belong to the calcite Raman
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Figure 8.10.: Raman spectra of the mixture of nature minerals at sulfur sample, red
line presents the conventional Raman spectrum, black line presents
Raman/SERDS spectrum, average of 10 spectra with 0.5 s integration
time; laser power at sample is 275 mW

spectrum. The Raman signals of gypsum and calcite are well known from this work

(see section 8.1) which they are corresponded with the literature [126, 127]. So the

component which caused the black fraction on sulfur sample is a mixture of Gypsum

and calcite. It is clear now the importance of using SERDS to investigate the natural

materials to identify unknown substances even they are mixture or causes very high

fluorescence background.

8.3. Testing low power (180 mW) diode laser

One of the main goals to use Raman setup based on long optical fiber is the possibility

to change the laser source. An investigation including change the laser with a very

86



8. Studying the feasibility of long fiber Raman setup for deep sea investigations

Figure 8.11.: Raman and Raman/SERDS spectra of aragonite, laser power at the
sample 34 mW, 5 s integration time of 10 spectra averaged

special laser source for SERDS application will be presented in this section. This laser

has a low power which could demonstrate the possibility to adapt the measurement

conditions in the case of using longer optical fibers which causes reducing in the

optical power at the sample.

A DFB diode laser emitting at 785.0 nm and 785.5 nm with an optical output

power of 180 mW is employed as a laser source [81]. This laser has a very narrow

linewidth which is only 0.03 nm at FWHM. Furthermore, the laser is a single mode

with a side-mode suppression ratio of more than 40 dB.

Aragonite from carbonates is used as a mineral sample. Figure 8.11 shows the

conventional Raman spectrum of aragonite (black) together with the Raman/SERDS

spectrum (red). The measurements are done with 34 mW optical power at sample

and using 5 s as integration time. In the Raman spectrum the strongest aragonite

signal appears at 1085 cm−1, while the weak lines at 701 cm−1 and 1462 cm−1 are

nearly completely masked by the strong background originating mainly from the

long optical fibers. Beside the aragonite signals four peaks in the region from 1200

cm−1 1400 cm−1 appear and also a broad signal around 550 cm−1 can be recognized.

Applying SERDS the strong background in the aragonite spectrum is removed and
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the signal-to-background noise ratio at 1085 cm−1 becomes about 100 times greater

than that of the conventional Raman spectrum. The weak aragonite lines at 701

cm−1 and 1462 cm−1 are clearly resolved and the non-Raman bands completely

disappear in the SERDS spectrum. The linewigth of the Raman band at 1085 cm−1

is about 11 cm−1 this means that the linewidth of Raman signals is independent on

the laser line. It is only limited with the resolution of the spectrometer and with

spectral width of minerals which is about 10 cm−1 [68]. Furthermore, the relative

intensities of the minor Raman signals is also in the range of 0.01 to 0.1 which is

found by using high power BA DFB diode laser.

The investigations were also done for sulfates: gypsum , barite, and anhydrite .

The Raman spectra of these three sulfates are shown in figure 8.12 (top). The major

Raman signals of these minerals appear at 1008 cm−1 for gypsum, 988 cm−1 for

barite, and 1019 cm−1 for anhydrite. Due to the strong background mainly produced

by the long fibers in the conventional Raman spectra some of the minor signals are

weak or not recognizable. The Raman signals at 1137 cm−1 for gypsum, 676 cm−1

and 1131 cm−1 for anhydrite can be well observed whereas the signals at 1142 cm−1

for barite is hardly detectable. All further Raman signals in the conventional Raman

spectra are masked by the background. After applying SERDS the background for

each spectrum is effectively removed so that additional Raman lines can be clearly

identified, figure 8.12 (bottom) and the signal-to-background ratios for all three

sulfates increase to be 100 times greater than conventional Raman spectra. In the

SERDS spectra the Raman signals at 493 cm−1 and 622 cm−1 for gypsum, 459 cm−1

and 619 cm−1 for barite, and 499 cm−1 and 1160 cm−1 for anhydrite become very

clear. The non-Raman bands which appear in the conventional Raman spectrum of

anhydrite are removed after applying SERDS. This indicates luminescence signals

due to impurities in the anhydrite sample.

These results illustrate the possibility of applying lower power at the sample if

longer optical fibers were used with 1.25 W BA DFB laser. An estimation for the

measurement conditions in the case of using longer fibers will be presented in section

8.4. The spectra of other minerals can be seen in the appendix.
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Figure 8.12.: Raman spectra of gypsum, barite, and anhydrite, top: conventional
Raman spectra, gypsum and barite spectra shifted by 13000 counts for
clarity; bottom: spectra after using SERDS, barite spectrum shifted by
160000 counts, gypsum spectrum shifted by 280000 for clarity

89



8. Studying the feasibility of long fiber Raman setup for deep sea investigations

8.4. Estimation for deep sea experiments

In the following part I present, based on the investigations of using 1000 m optical

fibers, an estimation for the experimental conditions for deep sea measurements

requiring longer fibers (4000 m and 6000 m). The estimation is performed by

determining the optical power at the sample for each length of the fibers and then

calculating the integration time for individual Raman measurement by applying

following formula:

τ2 = τ1α
P1

P2

;α =
T1

T2

where τ is the integration time, P is the optical power at the sample and T is the

transmission of the optical fiber. The indices 1 and 2 refer to the use of two fibers

with different lengths.

Figure 8.13 illustrates the estimated laser power at the sample and the integration

time for one Raman spectrum with respect to the fiber length. Apply e.g. a 4000

m low OH fiber an integration time of about 16 s is necessary to obtain a Raman

spectrum with an equivalent spectral quality as for 1000 m in 0.5 s. In that case,

due to the lower transmission of the fiber (10 %) [111] the laser power at the sample

is reduced to 49 mW. Nevertheless, in-situ measurements are still possible in that

configuration. In the case of a 6000 m low OH fiber, the transmission at the selected

excitation wavelength of 785 nm is decreased to 4 % only [111] which results in a

reduced laser power at sample of 20 mW. Therefore, an integration time of about

95 s is necessary to obtain one Raman spectrum which is suitable for the detection

and identification of samples like the examined minerals. For other fibers length the

integration time can be extrapolated from the curve in figure 8.13.

To use optical fibers with the underwater vehicles, normally, the fibers must

be incorporated into a complex tether or umbilical that powers and supports the

undersea vehicle. This means that the laboratory based laser system must pass

through optical fiber connectors to mate it to the tether, each with identifiable

losses. Importantly, the optical signals, both transmitted and received, must pass

through an optical fiber slip ring assembly. This is required to connect the fixed

winch-to-laboratory portion of the cable to the in water part of the fiber via a rotating

winch drum which provides the essential cable management and control. These slip

rings provide very great losses. In order to avoid these losses other technique should

be applied [48, 52, 130]. On one hand, the vehicles must be provided with batteries

for power supply. In this case the there is no need to any standard tethers to transfer
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Figure 8.13.: Laser power at the sample-fiber length and integration time for one
Raman spectrum-fiber length of low OH optical fibers, data for 0 km
and 1000 m are measured, data for 4000 m and 6000 m estimated

the power from the ship to the vehicles. On another hand, The vehicle should has a

”spooler” with which the optical fiber is wound, and the fiber is smoothly drown out

from the spooler in its axial direction under slight tension. Applying this technique

avoids the need of using connectors and the slip rings which means reducing the

losses. In this method the Fiber Optic Microcable (FOMC) with diameter less than

1 mm could be used. The FOMC is described by Cowen [131] in 1994; Single mode

optical fiber is surrounded by optical fiber buffer and then coated with UV-Cured

fiberglass reinforced polymer which covered with UV-Cured jacket. In this case the

optical fiber is protected from the high pressure in the deep sea and do not need a

huge place inside the vehicle.

8.5. Conclusion

This work presented the applying of Raman setup using a 1000 m optical fiber to

transfer the excitation laser light of a 1.25 W high power BA DFB diode laser as

well as the back-scattered Raman Stokes radiation obtained from sub-marine mineral
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samples. Applying a low OH fiber optical cable (AS 105/125) as excitation fiber and

a specially designed optode 275 mW at the sample were obtained. To collect and

transfer the Raman signals to the spectrometer a second 1000 m low OH optical

fiber was used. With this setup the Raman spectra of selected sulfates, carbonates,

and sulfur can be detected and identified with extreme short measurement times of

0.5 s only which are well suited for in-situ deep sea investigations. Also the small

Raman bands of the minerals can be recognized with signal-to-noise ratio up to 60.

The results of this study show the capability of two 1000 m optical fibers and a BA

DFB diode laser for in-situ deep sea investigations.

The combination of conventional Raman spectroscopy with SERDS was applied for

in-situ deep sea investigations by using the laboratory setup based on two long optical

fibers. We can show that the detection of Raman signals over long distances of natural

minerals is possible with SERDS. Furthermore, even weak Raman signals of minerals

can be extracted from the strong background due to the increase of the signal-to-

background ratio by a factor of 100 after applying SERDS. Additionally, narrow

luminescent bands, which appear e.g. in the aragonite and anhydrite Raman spectra,

were removed by SERDS as well as apparatus functions like filter characteristics.

Additionally, an estimation for low OH fibers of 4000 m and 6000 m length is

presented based on our experimental results. Thus, in-situ measurements with

integration times of about 16 s are possible when using 4000 m fibers, whereas the

application of 6000 m fibers requires integration times of around 95 s. To reduce the

detection time for in-situ investigations with 6000 m fibers the input laser power has

to be increased.
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In this part, the author aims to present a pilot study in order to test the capability

of an optical fiber probe as SERS sensor. This is because fiber probe offers an ideal

solution to a compact and flexible sensor system. The benefit of applying SERDS

technique with this type of SERS sensors are demonstrated.

As an example sample, cresyl violet was considered to test the ability of this probe.

For this study different concentrations of cresyl violet (10 µmol/l, 50 µmol/l, and

100 µmol/l) was used. The different concentrations of the sample are dropped on the

fiber tip in order to record the SERS spectra of cresyl violet. The optical laser power

was set at 40 mW. 10 s were used as integration time and 10 scans were recorded for
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Figure 9.1.: SERS spectra of blank sample (black) and cresyl violet at the concentra-
tion of 10 µmol/l (red) and 50 µmol/l (blue)
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each measurement. In order to perform SERS/SERDS two spectra using 785.0 nm

and 785.5 nm excitation wavelength were recorded for each concentration.

Figure 9.1 shows The SERS spectra of cresyl violet at concentrations of 10 µmol/l

(red) and 50 µmol/l (blue) along with the spectrum of the blank sample (black)

which means the SERS measurement of the fiber tip before dropping cresyl violet.

As shown from figure 9.1, it is difficult to recognize Raman signals of cresyl violet due

to the relatively high fluorescence background from the fiber and the strong Raman

signature of the fiber itself. Only three Raman bands at 1640 cm−1, 1383 cm−1, and

1185 cm−1 can be weakly recognized in the spectrum for the concentration of 50

µmol/l of cresyl violet. In order to overcome this big disadvantage and limitations of

the optical fiber probe, SERDS technique was proposed and used as a powerful tool

to extract Raman bands from the background.

Figure 9.2 shows the SERS/SERDS spectrum of the blank sample (black) as well

as the SERS/SERDS spectra of cresyl violet at the concentration of 10 µmol/l (red),
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Figure 9.2.: SERS/SERDS spectra of blank sample (black), 10 µmol/l (red), 50
µmol/l (green), and 100 µmol/l (blue) of cresyl violet
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50 µmol/l (green), and 100 µmol/l (blue). It is clear that the clarity of Raman

signals are significantly increased after applying SERDS and a lot of Raman signals

become more obvious even at lower concentration 10 µmol/l. This techniue can be

used for further lower concentration subject to the optimization of different optical

fibers parameters. The Raman signals of cresyl violet, which seen in figure 9.2, are

with a good agreement with a literature [132].

SERDS technique is a powerful tool to improve the quality of SERS spectra

taken from optical fiber probe. From SERS/SERDS spectra of cresyl violet several

Raman signals can be clearly identified even at low concentration of about 10 mol/l

and also can be distinguished from the Raman signature of the fiber probe. The

proposed configuration is highly advantageous, being reproducible, easy to fabricate

and inexpensive thereby opening a new window for online monitoring of different

chemicals.

This study shows the possibility of using optical fiber as SERS sensor which is

quite capable for seawater applications.
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Summary

• Novel methods were applied and presented in order to develop SERS substrates

suitable to detect and identify PAHs in seawater. The substrate shows high re-

producibility, long-term stability in seawater, and high sensitivity. Two types of

SERS substrates were used in this work: electroless plating gold island substrate,

and naturally grown gold nanoparticle substrate. The description of the prepara-

tion methods were presented in chapter 4. Island metal nanostructure is known to

produce high SERS sensitivity. In this work a new, simple and low-cost method

based on electroless plating solution of chloroauric acid (HAuCl4) and hydrogen

peroxide (H2O2) was applied to construct a gold island film as a SERS substrate.

The substrate was optimized by controlling the electroless plating time. It is shown

that the substrate, which was fabricated with a plating time of 3 min, produce the

highest SERS activity for a 785 nm laser line. The very broad plasmon band of this

substrate shows the capability of using it with the excitation wavelength at 671 nm.

The SEM image and extinction spectra were shown.

The naturally grown gold nanoparticle substrate was used in order to present

the effectiveness of applying SERS substrate from gold nanoparticles with different

surface plasmon resonance close to the excitation wavelength. The substrates were

developed at University of Kassel under the ultrahigh vacuum (UHV) condition by

depositing neutral gold atoms on quartz substrate. An increase in the gold atom

coverage leads to an increase in the size of the nanoparticles which causes shifts in

plasmon resonance into the longer wavelength. Six different substrates with plasmon

resonance of 530 nm, 630 nm, 680 nm, 690 nm, 700 nm, and 710 nm were prepared.

The quantitative results of applying 785 nm diode laser and SERS substrates

to detect PAHs in seawater were demonstrated in chapter 6. The SERS/SERDS

technique was used to remove the fluorescence background and clarify the Raman

spectrum. The results show that the electroless plating gold island substrate has a

high sensitivity, a good reproducibility and a long-term stability in seawater over
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weeks. The substrates show good resistance to seawater during the long-term stability

investigations which was carried out over 12 weeks from the storage of the substrates

in the artificial seawater. The test shows that the substrates still have about 50%

from its activity after four weeks of storage and more than 15% after two months.

This substrate is reproducible with the SERS intensities variability of about 8%.

The LODs of three selected PAHs, pyrene, fluoranthene and phenanthrene were

determined to be 1 nmol/l, 4 nmol/l, and 8 nmol/l, respectively.

The improvement in the sensitivity of gold SERS substrate was achieved when the

excitation wavelength was close to the surface plasmon resonance of the substrate

(chapter 7). Using a 671 nm diode laser and electroless plating, gold island substrate

improves the LOD of pyrene in artificial seawater to be 0.5 nmol/l. Testing the

naturally grown gold nanoparticle substrates, which has different plasmon resonance

wavelengths, shows that the most sensitive substrates are these which have plasomn

resonance near to the emission line of laser light, i.e. 671 nm. Four substrates, which

have surface plasmon resonance at 680 nm, 690 nm, 700 nm, and 710 nm, provided

LODs of pyrene in artificial seawater between 0.5 and 1 nmol/l. Hover the LOD rose

up to 5 nmol/l when the substrate with plasmon resonance at 630 nm was used and

up to 60 nmol/l when the substrate with the plasmo band at 530 nm was used.

The comparison of the substrates presented in this work with other substrates

demonstrates that the substrates presented in this work are more sensitive, more

reproducible and more stable in the seawater.

• As a first time, a 1.25 W broad area (BA) distributed feedback (DFB) diode laser

emitting at 785 nm was applied together with two 1000 m low OH optical fibers

in order to realize a laboratory Raman setup suitable for in situ experiments over

long distances, e.g. deep sea. The description of the setup was presented in chapter

5 (section 5.4). The spectral width of the laser in the whole working range does

not exceed 0.5 nm (about 7 cm−1), which is suitable for Raman spectroscopy. The

spectral characterization exhibits the ability of using this laser for shifted excitation

Raman difference spectroscopy (SERDS) technique by tuning the injunction current.

After studying the beam quality of the diode laser, the proper optical focusing system

was designed to achieve the minimum coupling loss of about 8%. After passing the

optical coupling system, 1000 optical fiber, and the Raman optode, a 275 mW at

sample was obtained.

The designed Raman setup was capable to perform measurements for sub-marine
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minerals as shown in chapter 8. The selected sulfates, carbonates, and sulfur can be

detected and identified with extreme short measurement times of only 0.5 s which are

well suited for in situ deep sea investigations. The characteristic Raman lines of the

mineral samples were clearly resolved with a linewidth at full width half maximum

(FWHM) of about 10 cm−1. Additionally, the minor Raman band can be detected

with a signal-to-noise ratio up to 60.

Furthermore, the ability and the importance of applying SERDS by means of

this setup was presented. The weak Raman signals can be extracted from the

high background with very short time. The signal-to-background ratio for the

Raman lines was increased by a factor of 100 after applying SERDS. Moreover,

the narrow luminescent bands in the Raman spectra of aragonite and anhydrite,

which can disturb the measurements, were removed by using the SERDS technique.

Additionally, the mixture of minerals was easily identified after applying SERDS to

detect an unknown sample.

An estimation for low OH fibers of 4000 m and 6000 m length was presented. It

was shown that to reach comparable signal quality, an integration time of about 16 s

can be applied by using 4000 m optical fiber cable, while the integration time should

be 95 s in the case of applying 6000 m optical fibers.

• A pilot study was achieved to apply an optical fiber as the SERS sensor. The

plastic jacket from one end of the fiber was removed to produce a bare core, which has

a diameter of 600 µm. The fiber tip was then coated with gold using the self-assembly

method. Cresyl violet at different concentrations down to 10 µmol/l were used to

test the capability of the SERS fiber sensor. Applying a 785 nm diode laser and

SERS/SERDS technique, the Raman signals of cresyl violet can be easily resolved

from the high fluorescence which produced from the fiber it self. This fiber probe

can be used in the future for seawater application.

Outlook

The results in the present work show that Raman spectroscopy and SERS are

promising tools for seawater investigations. These results would be considerably

extended in the future by further work in two parts: the first focuses on SERS sensors

either in the laboratory or off-shore application and the second focuses on a long

optical fibers Raman setup.
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In the case of SERS sensors, due to the shift in the Raman band positions of the

PAHs, which adsorbed on gold nanoparticles film, SERS characterization for large

number of PAHs substances should be carried out in order to determine the right

positions of Raman bands and the LOD of the PAHs. Furthermore, the investigations

should be extended to study the mixture of PAHs. The investigation should take into

account changing the molar ratio of the PAHs mixture to explore the relation between

SERS intensities of the mixture and the molar ratio. Because of the mutual influence

between PAHs in the mixture the SERS intensities of Raman bands can be reduced

in the range of low concentrations. Therefore, modified SERS substrates with the

hydrophobic functionalization should be introduced for the significant enrichment of

PAH molecules on the surface of nanoparticles. The information collected in these

studies is useful for SERS investigations of PAHs in sea. Furthermore, applying the

optical fiber probe as SERS sensor to detect PAHs is a promising work in the future.

In the case of long optical fibers setup: the laboratory studies should be done under

high pressure and different temperatures to simulate real deep sea conditions. Any

changes in Raman band intensities and/or positions should be carefully investigated.

The study should be expanded to include more deep sea substances. Due to attenua-

tion in the optical fibers, longer fibers should be used in order to improve the setup

and measurement conditions by applying lasers with high power or changing the

integration time. After laboratory study, sea-going instruments could be developed

to perform in situ deep sea investigations. The instruments should be constructed,

taking into account the requirements of reducing the losses because of the normal

and rotary connectors of the fibers.
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Figure A.1.: The long fiber optic setup; (DL) 1.25 W 785 nm BA-DFB diode laser,
(OP) optical isolator, (FC) fiber coupling system, (RO) Raman optic
elements
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Figure A.2.: The 671 nm diode laser setup
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Pyrene

Phenanthrene

Fluoranthene

Formula: C16H10

Mw: 202.25 g/mol

Cs: 435 nmol/l 

Formula: C16H10

Mw: 202.25 g/mol

Cs: 627 nmol/l 

Formula: C14H10

Mw: 178.23 g/mol

Cs: 3960 nmol/l 

Figure A.3.: Chemical structure and formula of PAHs as well as saturation con-
centration (Cs) and molecular weight (Mw), (chemical structure from
wikipedia)
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Figure A.4.: SERS spectra for 589 cm−1 Raman band of pyrene in artificial seawater
at different concentrations using electroless plating gold island substrate
by using 785 nm diode laser
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Figure A.5.: SERS spectra for 667 cm−1 Raman band offluoranthene in artificial
seawater at different concentrations using electroless plating gold island
substrate by using 785 nm diode laser
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Figure A.6.: SERS spectra for 1335 cm−1 Raman band of phenanthrene in artificial
seawater at different concentrations using electroless plating gold island
substrate by using 785 nm diode laser
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Figure A.7.: SERS spectra for 589 cm−1 Raman band of pyrene in artificial seawater
at different concentrations using electroless plating gold island substrate
and 671 nm diode laser
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Figure A.8.: SERS spectra for 589 cm−1 Raman band of pyrene in artificial seawater
at different concentrations using naturally grown gold nanoparticles
substrate with plasom at 700 nm and 671 nm diode laser
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