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Abstract

In this work, surface plasmon resonance (SPR) spectroscopy has been employed as a

probe for studying modifications in nanostructured systems based on Au. Those modi-

fications include: a) structural and morphological changes induced by annealing and b)

electronic modifications upon X-ray irradiation. The use of SPR spectroscopy to follow

the evolution of modifications in nanostructures (especially, in situ and in real time) has

been scarcely explored and its study results interesting and relevant for the plasmonic

technology. For that, different experiments have been planned and performed:

• Fabrication of nanostructures from Au films and Au/Fe bilayers annealed under

different conditions. Study by SPR spectroscopy of samples in order to follow the

morphological changes of the systems varying the sample features (i.e., initial thick-

ness) and the annealing conditions.

• The design and development of a SPR system based on the Kretschmann-Raether

configuration compatible with a X-ray absorption spectroscopy (XAS) beamline

(SPR-XAS setup).

• Study, using the SPR-XAS device, of the effects of the X-rays on glasses and Co-

phthalocyanines (CoPcs). For the study on glasses, two different types are analyzed:

soda-lime and silica substrates, and for the case of the CoPcs, these are grown varying

the film thickness and the growth conditions.

For the realization of this work, samples have been fabricated by thermal evaporation

and the characterization has been carried out using diverse spectroscopies and micro-

scopies. For the case of studying surface plasmons (SPs), optical absorption spectroscopy

and an experimental setup in the Kretschmann-Raether configuration, designed and de-

veloped for this work, have been employed.

I



II Abstract

In the first set of experiments, we have used SPR spectroscopy to study structural

modifications of Au films and Au/Fe bilayers annealed under different conditions. For the

Au films, these have been deposited on soda-lime substrates, varying their thickness, and

have been further annealed in air at different temperatures, from 300 oC up to 500 oC.

Films without annealing exhibit extended surface plasmons (ESPs), which depend on

the film thickness.1,8 When samples are annealed, the thermal treatments promote the

modification of the continuous films towards Au isolated islands, which show morphological

features that depend on the Au film initial thickness and the annealing temperature.9–11

In this work, we follow the transition from ESPs in the initial films towards localized

surface plasmons (LSPs) in the final Au nanostructures. Besides, features of SPR are

correlated with the structural and morphological modifications induced in the films with

the annealing. Specifically, for films with initial thickness below 30 nm, upon annealing,

the Au NPs exhibit LSPs while thicker films lead to large islands (dimensions larger than

visible light wavelength) that can exhibit ESPs.12

On the other side, for the case of Au/Fe bilayers, these are grown on silica substrates

under various configurations and annealed in air or low vacuum at different conditions

of the thermal treatments. Bilayer annealing represents a new method to fabricate large

areas of complex nano and microparticles, which we present here for the first time. The

morphological features of the complex particles depend on parameters such as layer initial

thicknesses, the disposition of the layers and the annealing conditions (i.e., temperature,

atmosphere).9,13 In this case, the annealing also induces the Fe oxidation.14 Thus, de-

pending on the annealing atmosphere we obtain Au/α-Fe2O3 or Au/α-Fe2O3-γ-Fe2O3

nanostructures. In this way, we can promote the separation of Au and FeOx nanostruc-

tures or the growth of complex dimmers using the proper annealing conditions. SPR is

modified depending on the different strategies carried out to fabricate the complex struc-

tures, since both Au and FeOx particles exhibit different morphological features that affect

the SPs.

In order to study changes induced by an external source in matter using SPs as probe

thanks to their high sensitive, we choose the XAS technique to combine it with the SPR,

since it is well known that X-rays induce modifications in many kinds of materials.15–19

The combination of both techniques, to our knowledge, has never been achieved. Thus, in

this work, we have designed and developed a setup combining SPR and XAS: the SPR-

XAS setup, which allows different types of measurements in situ and in real time, recording

SPR or XAS signals while scanning other parameters such as time, energy, etc. This device

is currently available for future experiments at the ESRF beamline BM25A-SpLine.20
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With this SPR-XAS setup, SPR spectroscopy has been used to study the changes in

the refractive index induced by X-rays on glasses and CoPcs. For the case of glasses, Au

films are grown on glass substrates using two types of glass substrates: soda-lime and

silica substrates. In soda-lime glasses, X-ray irradiation induces color centers: HC1 and

HC2 centers.21,22 Comparing the experimental results with simulated data, we observe

that both the real and the imaginary parts of the refractive index of soda-lime glasses

change upon irradiation in time intervals of a few minutes. After X-ray irradiation, the

effects are partially reversible and the defects responsible for these modifications fade by

recombination with electrons. The kinetics of the defect formation and fading process are

also studied in situ and real time, obtaining a slow process with a characteristic time of

the order of months and a fast process with a characteristic time of the order of minutes,

which has not been previously reported.23 This component has been measured thanks

to the device developed, which allows monitoring changes during and immediately after

irradiation. For the case of silica glasses, defects that modify their refractive index have

been identified, but they are not detected at the laser wavelength used in the device.

However, slight variations, of the order of 0.01%, are observed and attributed to changes

where the Au thin film is involved.

With respect to the study of CoPcs irradiated with hard X-rays using SPR as a probe,

CoPc/Au samples are grown on silica substrates varying the CoPc thickness (from 2 to

10 nm) and the growth temperature: room temperature (RT) and 200 oC.24 X-ray irradia-

tion generates modifications on SPR spectra depending on CoPc thickness and growth tem-

perature. The changes of SPR reflectivity and the full width at half maximum (FWHM)

are larger for samples grown at RT than for those grown at 200 oC and independently

of the growth temperature, thicker CoPc films show larger FWHM modifications of SPR

spectra. Monitoring the reflectivity as a function of time, in real time and in situ, we ob-

serve that the induced reflectivity changes on samples are accumulative with the time and

slowly recover. Comparing the experimental results of SPR spectra with simulated data,

we observe that the refractive index of the CoPc layers changes around 1.5-5% depending

on their thickness and growth conditions. These modifications of the refractive index are

not related to structural changes and they are associated with electronic modifications

induced by the irradiation.19

The main conclusions related to this work are:

• The annealing of Au films or Au/Fe bilayers grown on glass substrates provides a

method to modulate the morphological properties of the samples and with that, a

process to tune the plasmonic properties in a wide a range of applications and over



IV Abstract

large areas not easily achievable by other methods. Specifically, annealing of Au/Fe

bilayers allows fabricating complex nanostructures combining plasmonic properties

with others as catalytic or magnetic ones.

• Development of an experimental setup to study the effect of X-rays in real time

and in situ. Useful information of the refractive index is obtained comparing the

experimental results of SPR with simulated spectra: about the formation and fad-

ing processes of color centers in glasses and about the electronic changes varying

parameters such as the thickness or the growth temperature of CoPc layers.



Resumen

En este trabajo se ha empleado la espectroscoṕıa de resonancia de plasmones de

superficie (SPR) para estudiar modificaciones en sistemas nanoestructurados basados en

Au. Estas modificaciones incluyen: a) cambios estructurales y morfológicos inducidos

mediante tratamientos térmicos y b) modificaciones electrónicas bajo irradiación con rayos

X. El uso de la espectroscoṕıa de SPR para seguir la evolución de modificaciones en

nanoestructuras (especialmente, in situ y en tiempo real) ha sido escasamente explorado

y su estudio resulta interesante y relevante para el campo de la plasmónica. Para llevar a

cabo la realización de este trabajo, varios experimentos han sido planteados y realizados:

• Fabricación de nanoestructuras a partir de peĺıculas de Au y bicapas Au/Fe tratadas

térmicamente bajo diferentes condiciones. Estudio mediante espectroscoṕıa de SPR

con el fin de analizar los cambios morfológicos inducidos en las muestras al variar

parámetros como el espesor y las condiciones del tratamiento térmico.

• Diseño y desarrollo de un sistema experimental de SPR basado en la configuración

de Kretschmann-Raether y compatible con la espectroscoṕıa de absorción de rayos

X (dispositivo SPR-XAS).

• Estudio de los efectos inducidos por los rayos X en vidrios y en Ftalocianinas de

Co (CoPcs) usando el dispositivo SPR-XAS. Para el caso de los vidrios, dos tipos

diferentes son empleados como substratos: sodicocálcicos y de śılice. Por otro

lado, las CoPcs analizadas son crecidas variando su espesor y las condiciones de

crecimiento.

Para la realización de este trabajo, las muestras han sido fabricadas mediante evapo-

ración térmica y su caracterización ha sido realizada usando diversas espectroscoṕıas

y microscoṕıas. Concretamente, para el estudio de los plasmones de superficie (SPs),

espectroscoṕıa de absorción óptica y un sistema experimental basado en la configuración

Kretschmann-Raether, diseñado y desarrollado para este trabajo, han sido empleados.

V
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Con respecto a la primera parte de los experimentos llevados a cabo, la espectroscoṕıa

de SPR se ha empleado para estudiar las modificaciones estructurales de peĺıculas de

Au y bicapas Au/Fe tratadas térmicamente bajo diferentes condiciones. Para el caso

de las peĺıculas de Au con diferentes espesores, éstas son depositadas sobre substratos

sodicocálcicos y tratadas en aire a diferentes temperaturas, desde 300 oC hasta 500 oC.

Un estudio de las peĺıculas de Au sin tratar térmicamente muestra que éstas exhiben

plasmones de superficie extendidos (ESPs), los cuales vaŕıan fuertemente con el espesor

de la peĺıcula.1,8 Cuando las muestras son tratadas térmicamente, éstas pasan de ser

una peĺıcula continua a abrirse formando islas de Au, cuyas caracteŕısticas morfológicas

dependen de tanto el espesor inicial de la peĺıcula de Au como de la temperatura del

tratamiento.9–11 Como consecuencia de estos cambios morfológicos inducidos en las

peĺıculas de Au al tratarlas térmicamente, los SPs se ven modificados, siendo posible

seguir la transición de ESPs de las láminas de Au iniciales a plasmones de superficie

localizados (LSPs) de las nanopart́ıculas finales. Además, en este trabajo, mostramos una

correlación de la SPR con las modificaciones morfológicas de las muestras. Concretamente,

para peĺıculas con espesores menores de 30 nm, las nanoestructuras obtenidas tras el

tratamiento térmico exhiben LSPs mientras que para las peĺıculas con espesores mayores,

las islas de Au son lo suficientemente grandes (dimensiones más grandes que la longitud

de onda de la luz visible) y ESPs pueden ser excitados.12

Por otro lado, para el caso de las bicapas Au/Fe, éstas son crecidas sobre substratos de

śılice bajo diferentes configuraciones y posteriormente son tratadas térmicamente en aire

o bajo vaćıo, bajo diferentes condiciones del tratamiento. Los tratamientos térmicos de

bicapas suponen un nuevo método de fabricación de nano y microestructuras complejas que

es presentado aqúı por primera vez. Las caracteŕısticas morfológicas de estas estructuras

dependen de parámetros tales como el espesor inicial, la colocación de las bicapas o de las

condiciones del tratamiento térmico (temperatura, atmósfera, rampa del tratamiento).9,13

En este caso, el tratamiento térmico también induce la oxidación del Fe.14 Por tanto,

dependiendo de la atmósfera del tratamiento, en este trabajo obtenemos estructuras de

Au/α-Fe2O3 y Au/α-Fe2O3-γ-Fe2O3. Mediante esta metodoloǵıa de fabricación es posible

promover la obtención de nanoestructuras Au and FeOx separadas o el crecimiento de

d́ımeros complejos, usando las condiciones apropiadas en cada caso. Con respecto a

los SPs, observamos que su resonancia se ve modificada dependiendo de las diferentes

estrategias llevadas a cabo para la obtención de las estructuras complejas, ya que tanto

las estructuras de Au como las de FeOx exhiben diversas propiedades morfológicas que

influyen en las caracteŕısticas de los SPs.
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Con el fin de estudiar modificaciones inducidas en la materia mediante alguna fuente

externa usando la SPR como sonda, elegimos la espectroscoṕıa de absorción de rayos

X (XAS) para combinar con la SPR, ya que es bien conocido que los rayos X generan

modificaciones en algunos materiales.15,16 La combinación de ambas técnicas, hasta

nuestro conocimiento, no ha sido nunca lograda. Por tanto, en este trabajo, hemos

diseñado y desarrollado un sistema combinando SPR y XAS: dispositivo SPR-XAS, el cual

permite diferentes tipos de experimentos in situ y en tiempo real, midiendo las señales XAS

o SPR mientras que otros parámetros tales como la enerǵıa o el tiempo son escaneados. En

la actualidad este sistema está disponible para futuros experimentos en la ĺınea española

BM25A-SpLine del ESRF.20

Una vez desarrollado el dispositivo experimental SPR-XAS, la espectroscoṕıa de SPR

es usada para estudiar cambios en el ı́ndice de refracción inducidos mediante rayos X en

vidrios y en CoPcs, ya que en muchas ocasiones es necesario que estos materiales respondan

correctamente bajo radiación.17–19 Para el caso del estudio de los vidrios, peĺıculas de Au

son crecidas sobre dos tipos de substratos de vidrio: substratos sodicocálcicos y de śılice.

En los substratos sodicocálcicos, la irradiación con rayos X duros induce centros de color

en los vidrios que son identificados como huecos en ox́ıgenos no puente entre tetraedros

SiO4: defectos HC1 y HC2.21,22 Comparando los resultados experimentales obtenidos con

las curvas de SPR simuladas observamos que, tanto la parte real como la parte imaginaria

del ı́ndice de refracción de los vidrios sodicocálcicos, cambian cuando las muestras son

irradiadas en intervalos de unos pocos minutos. Después de la irradiación, los defectos

se recombinan con electrones y los efectos son parcialmente reversibles. Con respecto

a la cinética del proceso de formación y decaimiento de los centros de color, éstas son

estudiadas en tiempo real e in situ, obteniendo un proceso lento del orden de meses y

otro rápido del orden de minutos. En este trabajo, hay que resaltar que la componente

rápido no ha sido publicada previamente en la literatura.23 Para el caso de los substratos

de śılice, con el dispositivo SPR-XAS no se identifican defectos que modifiquen su ı́ndice

de refracción. Sin embargo, ligeras modificaciones son observadas del orden de 0.01% y

atribuidas a cambios inducidos en los que la peĺıcula de Au se encuentra involucrada.

En cuanto al estudio de las CoPcs irradiadas con rayos X duros, empleando la SPR

como sonda, bicapas CoPcs/Au son depositadas sobre substratos de śılice. CoPcs son

crecidas variando el espesor de 2 to 10 nm y la temperatura de crecimiento: temperatura

ambiente (RT) y 200 oC.24 Los rayos X generan modificaciones en los espectros de SPR

dependiendo del espesor del las CoPcs y de la temperatura de crecimiento. Los cambios en

la reflectividad de la SPR y de la anchura total a mitad de máximo (FWHM) son mayores



VIII Resumen

para las muestras crecidas a RT que para esas crecidas a 200 oC, e independientemente de

la temperatura de crecimiento, CoPcs con mayor espesor muestran mayores modificaciones

del FWHM en la curva de SPR. Midiendo la reflectividad en función del tiempo, in situ

y en tiempo real, encontramos que los cambios de reflectividad generados por los rayos X

son acumulativos con el tiempo y se recuperan lentamente. Comparando los resultados

experimentales de los espectros de SPR con los datos simulados, observamos modificaciones

en el ı́ndice de refracción de las CoPcs alrededor de 1.5-5%, las cuales dependen del

espesor del las CoPcs y de la temperatura de crecimiento. Estas modificaciones del

ı́ndice de refracción no son relacionadas con cambios estructurales y son asociadas con

modificaciones electrónicas inducidas por la irradiación.19

Las principales conclusiones extráıdas de este trabajo son:

• El tratamiento térmico de peĺıculas de Au y bicapas de Au/Fe crecidas sobre

substratos de vidrio da lugar a un método para cambiar las propiedades morfológicas

de las muestras y con ello, un proceso para modular las propiedades plasmónicas

en un amplio rango de aplicaciones. Este método permite obtener grandes

áreas de muestras, algo que no se consigue fácilmente mediante otros métodos.

Concretamente, el tratamiento térmico de bicapas de Au/Fe permite fabricar

nanoestructuras complejas combinando propiedades plasmónicas con otras como las

cataĺıticas o magnéticas.

• El desarrollo de un dispositivo experimental para estudiar el efecto de los rayos

X a tiempo real e in situ. Valiosa información sobre los cambios en el ı́ndice de

refracción se obtiene comparando los resultados experimentales con los espectros de

SPR simulados: sobre la formación y el decaimiento de centros de color en vidrios

y sobre los cambios electrónicos de las CoPcs variando su espesor o la temperatura

de crecimiento.



Chapter 1

Introduction: surface plasmons

This chapter presents a review of sur-

face plasmons in nanoparticles and thin

films. The fundamentals of surface plas-

mons as well as their application fields

are summarized. This chapter also in-

cludes the objectives of the work and

an overview of the organization of the

manuscript.
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2 Introduction: surface plasmons

1.1 Introduction

Surface plasmons (SPs) are one of the most outstanding properties of metallic

nanostructures. They consist of a collective oscillation of conduction electrons at the

interface between a metal and a dielectric medium. While SPs can be excited at the surface

of bulk metals, they are particularly important in the case of nanostructures.8,25,26 The

large surface to volume ratio of nanostructures allows that SPs determine their optical

properties, providing new phenomena not achievable in bulk materials.

Depending on the geometry of the nanostructure, there are different types of SPs. In

nanoparticles (NPs) with 0−dimension (i.e., the dimensions of the nanoparticles are much

smaller than the wavelength of the incident light), SPs consist of charge density oscillations

in phase within NPs. These plasmons are characterized by a resonant frequency and they

are called localized surface plasmons (LSPs).27 For the case of thin films (with dimensions

in plane much larger than wavelength of the incident light), SPs are propagating waves

with certain dispersion relation and they are known as extended surface plasmons (ESPs).1

Finally, for mesoscopic systems (with dimensions similar to the light wavelength), SPs

are stationary waves at the interface.8,26 The interference of the initial waves with

those reflected at the edge of the nanostructures is, on average, destructive, except for

certain wavelengths that are an integer number of times the nanostructure dimension. For

these particular wavelengths, the interference yields stationary waves, known as plasmon

modes.8,25,26

We can make an analogy between SPs and mechanical oscillations: LSPs, ESPs and

plasmon modes should correspond to a mass with a spring, an infinite rope and an

oscillating string, respectively. Only LSPs and ESPs are studied in this thesis.

1.2 Brief history

Long since LSPs have been used by artists to generate brilliant colors in glass artefacts

and artwork, where for example, the inclusion of metal NPs with different size or shape

into the glass created a large variety of colors.8 One of the most famous examples is

the Lycurgus cup dating from the 4th century A.D., which shows a green color when

it is illuminated from outside and observed with reflected light and shines in red when

it is illuminated from inside in transmitting light conditions. Other examples can be

found in window glasses of churches or cathedrals (see Figure 1.1). However, the first

documented scientific studies about LSPs are found in 1904, when the bright colors
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observed in metal doped glasses28 were described by Maxwell Garnett using the theory of

Paul Drude for metals, proposed in 1900. Later, in 1908 Gustav Mie developed his theory

of light scattering by homogeneous spherical particles.29 The expansion for spheroidal

particles was published in 1912 by Richard Gans for Au NPs and nowadays, the Mie-Gans

theory is currently being applied in the field of nanotechnology.30 For the case of more

complex NPs, in 1964 Howard DeVoe introduced the discrete dipole approximation (DDA)

method.31

On the other hand, the first documented studies about ESPs date from 1902,

when Robert Woods observed anomalies in optical reflection measurements on metallic

gratings.32 Later, the anomalies observed by Woods were studied by Ugo Fano and these

were associated with electromagnetic waves on the surface of the metallic gratings.33 In the

fifties (1956), David Pines theoretically described the features of energy loss experienced

by fast electrons traveling through metals and attributed them to collective oscillations

of free electrons in the metal, which were called plasmons.34 In 1957, Rufus Ritchie

proposed the concept of SPs in the context of electron energy losses in thin films, showing

that plasmon modes can exist near the surface of metals. The experimental verification

was provided two years later by Powell and Swan.35 Later, in 1968, Ritchie observed

Wood′s anomalies and described them in terms of surface plasmon resonances excited on

the gratings.36 However, the major advance in the study of ESPs was made in 1968 when

Andreas Otto,37 Erich Kretschmann and Heinz Raether38,39 presented methods, easily

accessible, for the optical excitation of SPs on metal films.

(a)  (b)  Reflected light  Transmitted light  

Figure 1.1. (a) Lycurgus cup dating from the 4th century A.D. and (b) a glass

window in Cathedral of León dating from the 13-14th century A.D.

At that time, great advances in the SPs of metal nanostructures were achieved by

authors as Uwe Kreibig and Peter Zacharias40 in 1970. In 1974, the term surface plasmon

polariton (SPP) was introduced by Stephen Cunningham41 and the surface enhanced
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Raman scattering (SERS) was detected by Martin Fleischmann.42 Since 1990, the growth

of the field of plasmonics is clearly reflected in the bibliography, where an exponential

growth is found, as Figure 1.2 shows. Since then, the extended use of SERS, the possibility

to tune the optical properties of metal nanostructures and the development of sensors based

on SPs, are responsible for that quick growth into a wide range of applications.8
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Figure 1.2. Number of articles published annually containing the phrase ”surface

plasmon” in either title or abstract. Data provided from http://www.scopus.com.

1.3 Theory: surface plasmons

Most of the optical properties of bulk metals can be properly described using the

Drude model, assuming that the metal is formed by a lattice of ionic cores and an

ensemble conduction electron moving freely inside the metal. These conduction electrons

can exhibit collective oscillations known as bulk plasmons, which in the framework of

quantum mechanics are quantified. The quantum of the volume plasmon has an energy

~ωp = ~
√

4πne2

m0
of the order of 10 eV, being ωp the plasma frequency and n the electron

density.1,43

An important extension of the plasmon physics has been achieved by the concept

of SPs, where Maxwell theory, with the proper boundary conditions, shows that

electromagnetic waves can propagate along a metallic surface with a broad spectrum

of frequencies from ω = 0 up to ω = ωp/
√

2, depending on the wavevector k.1,25 The

dispersion relationships of different types of plasmons are illustrated in Figure 1.3. It is

possible to observe that the dispersion relationship of SPs falls to the right of the light

line with a larger wavevector than the light waves for same frequency values, propagating

along the surface. Therefore, SPs are non radiative and they describe fluctuations of
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the surface electron density. SPs have their maximum intensity at the surface and their

electromagnetic field decays exponentially in the direction perpendicular to the surface,

which is characteristic of surface waves.1 In the case of 0D systems (i.e., NPs), the electron

oscillations cannot propagate and they do not exhibit a dispersion relationship but just a

resonance frequency.

Figure 1.3. Scheme of the dispersion relationships of different plasmons in a solid.

(1) Volume plasmons, (2) surface plasmons, (3) plasmons in a 2D electron gas, (4)

plasmons in a 1D system. The upper scale is valid for (1) and (2) and the scale below

is valid for (3) and (4). ll is the light line. Figure adapted from Raether et al.1

1.3.1 Surface plasmons in metal nanostructures

For the case of metallic NPs with a size that is significantly smaller than the wavelength

of the excitation light, the electromagnetic field of the light exerts a force on the conduction

electrons moving them towards the NP surface, Figure 1.4. Thereby, a negative charge is

accumulated in one side and a positive charge in the opposite, creating an electric dipole.

This dipole creates an electric field inside the NP opposite to that of the light, which acts

as a restoring force to the equilibrium position. The situation is similar to that of the

linear oscillator. If the electrons are displaced from the equilibrium position and later

the field is removed, they oscillate with a frequency called resonance frequency (plasmonic

frequency), which for most transition metals falls in the ultraviolet-visible (UV-Vis) region

of the optical spectrum.8,26,27,44
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In NPs, the electrons suffer damping during their movement due to the scattering

process with the ionic cores and the NP surface, so the situation is similar to a damped

oscillator, reducing the oscillation amplitude.8,26

E light 

- - - 

+ + + 

E rest 

Light Light 

(a) (b) 
E light 

Figure 1.4. (a) A metallic NP is illuminated with light and (b) when this NPs

is illuminated the electric field displaces the conduction electrons yielding a charge

accumulation at the NP surface. This charge creates a restoring field opposite to that

of the light pushing the electrons towards the equilibrium position conditions.

Consequently, metallic NPs show absorption bands in the optical spectrum associated

with the SPs. The NP absorption can be measured by the extinction cross section

coefficient, σext, which provides an estimation of the fraction of photons that are absorbed

and scattered from the incident beam when it passes through the NPs.27 Thus, σext

depends on both size and the absorption efficient of NPs. Figure 1.5 illustrates the

wavelength of SP absorption band and the σext for some metallic NPs with 10 nm
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Figure 1.5. Extinction cross section coefficient versus the wavelength of the SP

absorption band for some metallic NPs with 10 nm size embedded in silica. Figure

adapted from M. A. Garćıa.2
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size. The extinction cross section for a particle is expected to be its geometrical size

at most. However, experimentally for metallic NPs at the SP resonant frequency, the

extinction cross section can be up to 1000 times larger than the geometrical size of

particles. The origin of these huge values for SP excitation in NPs is related to the nature

of surface plasmon resonance (SPR). When SPR is excited, the light is not just absorbed

to promote a transition from a ground state to an excited one (as in semiconductors or

organic molecules). The electric field generated by the displacement of electrons interferes

with that of the light, being at some points a destructive interference that yields light

absorbtion. Since the field created by the displacement of electrons is not limited to the

NP volume but it spreads out, the effective absorbtion takes place in a volume much larger

than the NP one.2

The metallic NPs with higher extinction cross section coefficient are the Mg, Na, Ag

and Au NPs. Specifically, the Mg and Na NPs are easily oxidized and thus, the Ag and Au

NPs are the most interesting. However Ag is susceptible to sulphuration by atmospheric

pollution or it can also be oxidized. Au shows appealing properties such as chemical

stability, high biocompatibility and easy functionalization.2,25 Therefore, Au is the most

frequently used element and the material employed for this thesis work.

The proper analysis of the SPs requires solving the Maxwell equations of electro-

magnetism in the metallic NPs with the proper boundary conditions for the surrounding

medium.25,29 For that purpose, some theories and approximations are usually employed.

• Mie theory

Gustav Mie found the exact solution to the Maxwell equations for the optical response

of spherical NPs of arbitrary size that are non-interacting, immersed in a homogeneous

medium and illuminated with a plane monochromatic wave. The Mie theory describes

the NP as a spherical object characterized by a dielectric function in an infinite dielectric

medium.25,29

According to Drude model,45,46 frequency dependent dielectric function can be

described by the following expression:

ε(ω) = 1− wp
w2 − iωγ

(1.1)

where ωp is the plasma frequency and γ is the damping constant due to the dispersion of

the electrons. The damping constant is given by:
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γ = γ0 + a
vF
R

(1.2)

where γ0 represents the damping due to the scattering of the oscillating electrons with the

ionic cores, a is a material dependent constant, vF is the Fermi velocity and R is the NP

radius. Therefore, including the damping term to the Drude model, the dielectric function

can be expressed as:

ε(ω,R) = 1− wp
w2 − iω(γ0 + avFR )

(1.3)

NPs can absorb energy through the following mechanisms: (i) collective excitations

of the free electrons, SPs (ii) electron transitions of electrons from occupied to empty

bulk bands, interband transitions and (iii) surface damping due to inelastic scattering

processes.2,47

The optical spectrum for noble metal NPs presents the absorption ascribed to SPs plus

an additional feature due to the interband transitions, εinter.
2,46 Taking into account the

contribution of the interband transitions, the dielectric function is given by the following

expression:

ε(ω,R) = 1− wp
w2 − iω(γ0 + avFR )

+ εinter (1.4)

The absorption ascribed to interband transitions is clearly resolved in the case of Ag

NPs since it falls at lower energies than SP band. However, in the case of Au NPs, it

overlaps with the SP absorption band as Figure 1.6 illustrates.
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Figure 1.6. Absorption spectra for (a) Ag and (b) Au NPs with 40 nm size

(embedded in a silica matrix with ε=2.25). For Ag NPs, the contribution of interband

transitions and SPs are clearly resolved while for Au they overlap.
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• Discrete dipole approximation

The discrete dipolar approximation provides equations to perform calculations on SPs

in NPs assuming that they are spherical, isolated and their size is small compared with the

wavelength of excitation light (besides the Mie theory). In this case, the electric field inside

the NP can be considered as uniform most of the time and the particle can be described by

an electric dipole.2,47 In this case, the solution of Maxwell equations becomes simplified

and the extinction cross section coefficient is given by:25,48

σext =
24π2R3ε

3/2
d

λ

ε2

(ε1 + 2εd)2 + ε2
2

(1.5)

where R is the NP radius, λ is the light wavelength, εd is the dielectric constant of the

surrounding medium and ε1 + iε2 is the complex dielectric function of the metallic NPs,

which depends on the wavelength.

1.3.1.1 Features of surface plasmons in metal nanostructures

Parameters such as the frequency (i.e., absorption maximum or color), bandwidth and

the intensity of LSP absorption bands are characteristic of the type of material. Besides,

these absorption bands are very sensitive to the size, distribution, shape, surrounding

medium as well as interaction effects of metallic NPs.2,47,49

• Size effects

The NP size affects on the SPR, distinguishing two size ranges: small NPs of less than

50 nm of diameter where the NP absorbs energy dominantly and larger NPs where the

scattering effects dominate the response of NPs.2,47

For NPs smaller than 50 nm, when the size of homogeneous spherical nanostructures

is fairly smaller than the wavelength of the incident light, the NPs feel the electromagnetic

field and the displacement of the charges is mostly uniform. Thus, the NPs can be

described by a dielectric dipole. In this case, only one resonance band is found. Parameters

such as the width and the intensity of SPR band are modified by the NP size while the

effect on the resonance frequency is quite reduced.2,25,47

The size effect can be related to the damping of the electron oscillations. When SPs

are excited, the electrons are damped in their movement by the scattering with the ionic
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cores and the surface. The relationship between the NP size and the full width at half

maximum (FWHM), Γ, of the SPR band is given by:

Γ = a+
b

R
(1.6)

where a and b are material dependent constants and R is the NP radius. As the NP size

increases, the fraction of electrons in the shell close to the surface represents a smaller

fraction of the oscillating electrons and thus, the total effective damping is reduced. The

FWHM results inversely proportional to the NP radius.

Figure 1.7 shows the optical absorption spectra of Ag NPs embedded in silica (n=1.5)

with different sizes. The absorption band intensity increases with NP size, while the

FWHM of the resonance peak decreases with the NP size. Figure 1.7b illustrates the law

1.6 for the Ag NPs with radius below 25 nm.
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Figure 1.7. (a) Optical absorption spectra for Ag NPs with different sizes in a

medium with a refractive index n=1.5 calculated according to the Mie theory and (b)

linear relationship between FWHM and the inverse of the radius.

For the case of NPs larger than 50 nm, these cannot be considered much smaller than

the wavelength of incident light and the radiation effects are more important. In this case,

the displacement of the electronic cloud is not homogeneous, even for spherical particles,

and high multipolar charge distributions are induced.47 NPs cannot be described as a

dipole. Due to the radiation effects, the electrons lose energy experiencing a damping

effect. In this way, the radiation damping reduces the intensity and makes SPR peaks

broader and asymmetric.47 Figure 1.8 shows the optical absorption spectra and the

contribution of different terms (L=1 dipolar term, L=2 quadrupolar term and L=3

octupole term, where L represents the terms of the multipolar expansion) for Au NPs

with radius of 80 and 100 nm.
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Figure 1.8. Optical absorption spectra for Au NPs with radius of 80 and 100 nm in

a medium with a refractive index n=1.5 calculated according to the Mie theory and

the contribution of the different multipolar terms.

Despite the fact that the fabrication of NPs has been improved in the last years, there

is always certain size dispersion. Due to this, the optical absorption spectrum of metallic

NPs will correspond to an average of the optical absorptions of all NPs. As Figure 1.9

shows, a broadening of the absorption band is induced by the size dispersion of NPs.

Therefore, the NP size cannot be obtained just from the FWHM of the absorption band,

since it depends on both average size and size distribution width.
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Figure 1.9. Optical absorption spectra for Ag NPs ensembles with average

10 nm size with different size distribution in a medium with a refractive index n=1.5

according to Mie theory. The size distributions of NPs are illustrated as insets.
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• Shape effects

The SPR is strongly dependent on NP shape. Specifically, for the case of metal

nanoellipsoids, there are three plasmon resonances corresponding to the oscillation of

electrons along the three axes of the nanostructures. The resonance frequency depends on

the orientation of the electric field relative to the NPs, therefore changing the axes length,

the SPR of the nanostructures can be tuned.47 A specific case can be the nanorods,

which show two equal axes and where the charge accumulation at the NP surface will be

different for electron oscillations along the rod axis (longitudinal plasmons) that in the

perpendicular direction (transversal plasmons), as Figure 1.10a illustrates. For nanorods,

the SPR of transversal plasmons falls at similar position than for spherical NPs (at

wavelengths slightly smaller than for spherical NPs) while the resonance of longitudinal

plasmons is shifted towards larger wavelengths when the aspect ratio of nanorods increases,

as Figure 1.10b shows. When the non-spherical NPs are macroscopically oriented in the

same direction, it is possible to distinguish between the different resonances using polarized

light.2,47 If the nanoellipsoids or nanorods are not oriented, an average of the different

resonance modes is observed. NPs with other geometries, as triangular or cube shapes,

show more complicated effects obtaining the plasmon resonance towards larger wavelength,

if it is compared with that of the spherical NPs.2,48
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Figure 1.10. (a) Scheme of charge accumulation region for longitudinal and

transversal SPs and (b) calculated optical absorption spectra for Au nanorods with

different aspect ratio indicated in the figure.

• Medium effects

The SPR depends on the surrounding medium besides the NPs features, shifting

the plasmon resonance towards larger wavelengths when the dielectric function of the
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surrounding media increases, as Figure 1.11 illustrates. The surrounding medium has

a limited effect on the bandwidth that is mainly related to the NP size and the size

distribution.27 According to Equation 1.5 (i.e., in the approximation dipolar for small

NPs), the plasmon resonance intensity depends on both the dielectric function of the

surrounding medium and the imaginary part of the dielectric function of the metal NPs,

for the resonant condition ε1 = −2εd. Specifically, for Au, the resonance band intensity

increases with the dielectric function of the medium, as shown Figure 1.11.
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Figure 1.11. Optical absorption spectra for Au NPs with 10 nm size in a medium

with different dielectric function, indicated in the figure. Spectra are calculated

according to the Mie theory.

Other interesting case is when the physical environment of the NP changes, for

example when NPs lie on a substrate or are capped with organic molecules to prevent

agglomeration.46 In this case, electromagnetic interactions of the bonds between NPs and

molecules should be considered,25,50 since the modification of the electronic configuration

changes the electron oscillation and thus the SPR.

• Interaction effects

When disordered NPs are close enough, the local field at a NP will be that of the

external incident light plus the field created by the rest of NPs. The field created by a NP

decays distances of the order of nanometers. Thus, this field generated by a NP in the rest

is not uniform, inducing non-uniform charge distributions inside the NP and yielding

an extra damping of the electron oscillations, consequently. In general, interparticle

interaction shifts the resonance band of SPs towards larger wavelengths and increases

the FWHM.51,52 For the case of arranged NPs with particular geometries, it is possible to

create controlled interferences of the electromagnetic field that allow additional tuning of

the SPR.53
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1.3.2 Surface plasmons in metal films

As previously indicated, for metallic films, SPs consist of oscillating waves of

free electrons that travel at the interface between a metal and a dielectric. These

electromagnetic waves, with p polarization or magnetic transversal, are associated with

waves that travel perpendicularly to the metal/dielectric interface and decay exponentially

into both media, as shown Figure 1.12. The field amplitude of SPs is maximum at the

metal/dielectric interface. SPs that couple to electromagnetic waves are called surface

plasmon polaritons (SPPs).1

++++ ++++ - - - -  
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Figure 1.12. SPs at the interface between a dielectric medium and a metal.

1.3.2.1 Evanescent waves

Evanescent waves are electromagnetic waves that travel along the interface between

two media with different dielectric constants. These waves penetrate into the adjacent

media decaying exponentially with the distance from the interface. SPs are evanescent

waves that can be excited when a medium is a dielectric and the other one is a metal.54

In order to understand the SPs, a mathematical description of evanescent waves is

necessary.54 An electromagnetic plane wave, that propagates in a medium with a certain

refractive index, can be expressed by the electric field E if the exponent is complex:1

E = E0e
(iωt−i

−→
k ·−→r ) = E0e

(iωt−ikxx−ikyy−ikzz) (1.7)

where E0 is the amplitude of the electric field, ω is the angular frequency,
−→
k is the

wavevector, −→r ≡ (x, y, z) is the position vector and i =
√
−1.
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The propagation direction of the wavevector is parallel to the propagation of the

electromagnetic wave, thus:

k2 = k2
x + k2

y + k2
z = (n

2π

λ
)2 = (n

ω

c
)2 =

ω2

c2
εµ (1.8)

where λ is the wavelength, c is the light propagation velocity in vacuum, ε is dielectric

constant of the medium and µ is the magnetic permeability.

Considering the electromagnetic wave is refracted at the interface between two media

with refractive indexes n1 and n2 and the system is two dimensional with ky = 0, using

the Snell’s law n1sinθ = n2sinβ (kx1 = kx2 = kx)54 and Equation 1.8, the component of

the wavevector kz2 perpendicular to the interface is given by:

k2
z2 = n2

1(
2π

λ
)2(

n2
2

n2
1

− sin2θ) (1.9)

assuming than n1sinθ > n2sinβ. From Equation 1.9, when sinθ > n2/n1, kz2 is purely

imaginary.
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Figure 1.13. Refraction of light at an incident angle θ, at the interface between

two media with refractive indexes n1 and n2.

Taking into account Equation 1.7 and Equation 1.9, in medium 2, only longitudinal

waves (i.e., waves with p polarization) traveling perpendicularly and decaying exponen-

tially to the interface are obtained. This field is called evanescent field (Figure 1.14).1,54

E2 = E0e
−ikzei(ωt−kxx) (1.10)
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Figure 1.14. A scheme of (a) a refracted incident wave and (b) an evanescent wave

at an interface.

1.3.2.2 Dispersion relation of surface plasmons

The relationship between the angular frequency, ω, and the wavevector, k, is known

as the dispersion relation. For the interface between two media (see Figure 1.14), a set

of solutions of evanescent waves can be obtained. Using Equation 1.9 and Equation 1.10,

evanescent waves travel in the medium 1 (dielectric medium) and medium 2 (metallic

medium) according to the following expressions:1,3

For medium 1:

E1 = E0e
(k2x−ε1 ω

2

c2
)1/2zei(ωt−kxx) (1.11)

For medium 2:

E2 = E0e
−(k2x−ε2 ω

2

c2
)1/2zei(ωt−kxx) (1.12)

with (k2x − ε1
ω2

c2
)1/2 and (k2

x − ε2
ω2

c2
)1/2 > 0 in order for the field to decay exponentially

and being ε1 ≡ n2
1 and ε2 ≡ n2

2 the complex dielectric constants of the dielectric and

metallic media, respectively.

The boundary conditions require continuity of the tangential components of electric

field,
−→
E , and magnetic field,

−→
H , at z = 0. For that, the following constraint is necessary:

(k2
x − ε1

ω2

c2
)1/2 = −(k2

x − ε2
ω2

c2
)1/2 (1.13)



Theory: surface plasmons 17

This expression can only be true if ε2 < 0 (i.e., a metal) and from Equation 1.13, the

dispersion relation for surface waves is obtained:

kSP = kx =
ω

c

√
ε1ε2

ε1 + ε2
(1.14)

being valid for |ε2| < ε1, remembering that medium 1 is the dielectric medium and medium

2 is the metallic medium.

When dielectric medium 1 is air (ε1 ' 1) and medium 2 is a metal, the dielectric

function of free electron gas for metals is given by:

ε2(ω) = 1− (
ωp
ω

)2 (1.15)

where ωp is the plasma frequency43 (see Section 1.3).

Using Equation 1.14 and Equation 1.15, the dispersion relationship for surface waves

at the metal/air interface can be expressed by:

ω2 = (ckx)2[1 +
1

1− (ω2
p/ω)2

] =
ω2
p

2
+ (ckx)2 −

√
ω4
p

4
+ (ckx)4 (1.16)

For small kx (ckx << ωp), Equation 1.16 becomes:

ω2 ' (ckx)2[1− 1

2
(
ckx
ωp

)2]→ ωSP ' ckx (1.17)

and for large kx (ckx >> ωp), Equation 1.16 becomes:

ω2 '
ω2
p

2
[1− 1

4
(
ωp
ckx

)2]→ ωSP '
√

ωp
1 + ε1

(1.18)

For values kx > 0, SPs propagate along the metal/air interface placing on the right of

the dispersion relation for light in air, ω = ckx (or other dielectric medium, ω = ckx/
√
ε1)

as Figure 1.15 illustrates. When ω < ωp/
√

1 + ε1, SPs cannot transform into light and so,

SPs are non radiative waves that travel in the surface. For ω > ωp, the wavevectors (kx

and kz) take real values and the SPs radiate out of surface and they are called radiative

SPs.55
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Figure 1.15. Dispersion relation curves for air, any dielectric and SPs at interface

between a dielectric medium (ε1) and a metallic medium (ε2). Note that the SP curve

does not cross with that of light in air. Therefore, SPs cannot be directly excited by

light propagating from air to a metallic medium.3

1.3.2.3 Propagating length and penetration depth

SPs propagate with high attenuation in the visible and the near infrared spectrum

regions due to the high loss in the metal (Joule effect). Since the distribution of the

electromagnetic field is not symmetric with respect to the interface, mostly the field is

concentrated in the dielectric.1,56 SPs can propagate around a few of micrometers at

visible wavelength and up to 100 µm in the near infrared.56–58 The propagation length of

SPs along the dielectric/metal interface is given by the following expression:1,56

LSP =
1

2Im(kSP )
(1.19)

where Im(kSP ) represents the imaginary part of the wavevector of SPs.

The penetration depth or decay length explains the sensitivity at the interface of the

evanescent field. Only changes of the dielectric properties in the vicinity of the interface

between the dielectric and metal will affect the evanescent field and they will be observed.54

The decay into the metal is much shorter than into the dielectric, as shown Figure 1.16,

which depends on the resonance wavelength. The penetration depth into the dielectric

medium is of the order of half wavelength while into the metal is of a few tens of nanometers
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and is comparable to the skin depth.54,58,59 The penetration depth can be calculated

from:60,61

For medium 1 (dielectric medium):

δSP1 = δd =
1

kz1
=
c

ω

√
ε1 +Re(ε2)

ε2
1

(1.20)

For medium 2 (metallic medium):

δSP2 = δm =
1

kz2
=
c

ω

√
ε1 +Re(ε2)

Re(ε2)2
(1.21)

where Re(ε2) represents the real part of the dielectric function of the metal.

Dielectric 

Metal 

Figure 1.16. Penetration depth of the evanescent field in the dielectric and metallic

media. Figure adapted from Barnes et al.4

1.3.2.4 Excitation of surface plasmons

SPs can be excited by electrons or light. However, the excitation using light is

experimentally more affordable.1,62 As shown in Figure 1.15, the dispersion relation of SPs

and that of the incident electromagnetic wave (light) in air do not cross each other, thus

SPs cannot be excited when the light is incident from air. Moreover, when it is necessary

to illuminate the metal/air interface at a certain angle, the situation is even worse since the

wavevector of the light in the plane has to be multiplied by sinθ, kx=ksinθ, and it is, then,

smaller than that of the incident electromagnetic waves parallel to the metal/air interface

kx=k (see Figure 1.17). Therefore, a direct excitation of SPs from air is not possible and
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several experimental techniques have been developed to provide the necessary wavevector

conservation: prism coupling in attenuated total reflectance (ATR) conditions,4,37,38,63

grating coupling,32,36 waveguides using subwavelength protrusions or holes,64,65 etc.

• Prism coupling

As explained above, SPs cannot be directly excited by incident light from air since the

dispersion relations of SPs and that of evanescent field of the incident light do not cross.

In order to match the frequency, ω, and the wavevector, kx, of the SPs to those of the

incident radiation, the wavevector of the incident light must be increased. For that, it is

possible to place a dielectric medium with a refractive index n > 1, such as a glass. In this

way, the wavevector, kx, of the incident light will increase in a factor n and the dispersion

relations of the SPs and the evanescent field of the incident light will intersect each other,

as shown Figure 1.17.

There are different configuration using prism coupling, as dielectric medium with a

refractive index n > 1, to excite SPs with incident light: the Otto,37 the Kretschmann-

Raether38 and the Sarid63 configurations, being the first two the most employed (see Figure

1.18). These configurations use the ATR in a prism, as medium with a high refractive

index, which is placed near or coupled to a metal surface. ATR is a technique that uses

the total internal reflectioni to produce evanescent waves (see Figure 1.14). The use of a

prism involves the coupling of the SPs and the evanescent field, which is formed upon total

internal reflection of the incident light at the prism/metal interface. The evanescent field

of the incident light travels through the metal (from the prism) up to the metal/dielectric

(air) interface, where the SPs can be excited as shown Figure 1.17 (intersection point),

verifying the resonance condition:

kSPs = kx =
ω

c
nsinθ =

ω

c

√
ε1ε2

ε1 + ε2
(1.22)

From the Equation 1.22, it is possible to calculate the incident angle corresponding to

the coupling between the evanescent field of the incident light and the SPs:

θSPs = arcsin

√
ε1ε2

(ε1 + ε2)εp
(1.23)

where the dielectric constant of prism is given by εp = n2.

iThe total internal reflection occurs when the incident angle of the light is higher than the critical angle,

θc = sin−1 n2
n1

, which is the minimum angle for the total internal reflection occurs. In this way, the light is

totally reflected,66 penetrating into the medium with the higher refractive index.
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Figure 1.17. Dispersion relation curves for SPs, light in air (kx = ω
c ), light in air

at a certain incident angle (kx = ω
c sinθ) and light in a dielectric medium such as a

glass at a certain incident angle (kx = ω
c nsinθ). Note that the SP curve crosses with

that of the light passing for a dielectric medium with a refractive index n (prism).

◦ Kretschmann-Raether configuration

In the Kretschmann-Raether configuration,38 a metal film is coupled to a glass prism.

In this case, the film is illuminated through the prism at an incident angle θ > θc and

the wavevector of the incident light is increased. The evanescent field of the incident

light, created at the prism/metal interface, propagates through the metal film reaching

the metal/dielectric interface. At a certain incident angle, the in-plane wavevector of the

evanescent field crosses with that of the SPs at the metal/dielectric interface and the SPs

are excited,54 as shown Figure 1.18a.

Under the resonance conditions, a minimum is observed in the reflected light when

the evanescent field of the incident light is coupled to SPs. However, this method is

very limited by the thickness of metal film to a narrow window ∼ 50 ± 10 nm, if the

optimal absorbance is required.1,67 For films thicker than 80 nm, the evanescent field of

the incident light reaching the other side of the metallic film is very weak because it decays

exponentially with the distance. For thinner films than 40 nm, the electron oscillations

are damped due to confinement effects.1,67 Despite this, SPs can be excited easily and

this configuration is widely accepted. Thus, the Kretschmann-Raether configuration is

employed in this work and is explained in detail in the following chapter (see Chapter 2).
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Figure 1.18. (a) Kretschmann-Raether and (b) Otto configurations for the

excitation of SPs at a metal/dielectric interface, where kx = knsinθ being n the

refractive index of the prism, k the light wavevector and θ the incident angle of the

light.

◦ Otto configuration

In the Otto configuration,37 a metal surface is placed near a glass prism, where the

metal surface and the prism are separated a certain distance through a dielectric medium,

as shown Figure 1.18b. In this case, the prism/dielectric interface is illuminated with

light at a certain angle θ > θc and the evanescent field of the incident light propagates

through the dielectric medium reaching the dielectric/metal interface. At a certain incident

angle, the in-plane wavevector of the field evanescent crosses with that of the SPs for that

frequency at the dielectric/metal interface and the SPs are excited,54 as Figure 1.18b

illustrates.

Within this method, a minimum is also observed in the reflected light when the

evanescent field of the incident light is coupled to SPs. The Otto configuration is suitable

to excite plasmons in metal crystal surfaces and it is not limited by the thickness of the

metal film as in the prior configuration. However, the coupling strength is determined

by the width of dielectric medium between the prism and metal film, which has to be

of the order of half wavelength to give a deep minimum. This is difficult to achieve for

experiments at visible radiation, being easier at infrared radiation.

◦ Sarid configuration

The Sarid configuration63 is similar the Otto configuration37 but using a metal thin

film of the order of 20 nm.68 In this case, it is possible to excite a long-range SP (symmetric
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mode) and a short-range SP (asymmetric mode), while in the Kretschmann-Raether38 and

the Otto37 configuration just short-range SPs can be excited.

• Grating coupling

SPs can be excited using diffraction effects at a grating pattern on a metal surface,

as Figure 1.19 shows. A rough metal surface corresponds to a superposition of different

gratings, thus SPs can propagate at the rough interface between the metal and a dielectric

medium with a refractive index n.69

k Incident light 
Diffracted light 

Metal  

Dielectric, n 

b 

SPs 

+1 
0 

+2 

Figure 1.19. Grating coupling of the incident light with the wavevector kx on a

metal grating surface of period b.

Incident light at an incident angle θ with respect to the normal of the average plane of

the rough surface can be diffracted, increasing or decreasing the wavevector kx=ksinθ and

forming a series of diffracted modes. SPs can be excited if the incident light wavevector

along the interface of a diffracted order is equal to that of SPs, according to the coupling

condition:69

kSPs = nksinθ + kgrating = nksinθ ±mG (1.24)

where m = 1, 2, 3... and G = 2π
b is the reciprocal vector of the grating, being b the lattice

constant.

By this configuration, the excitation of non radiative SPs is also detected as a minimum

in the reflected light.

• Waveguide coupling

Waveguides can manipulate and propagate light at the nanoscale, and can be used in

addition to excite SPs by modes in a dielectric waveguide.4,62
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In this case, light guided modes propagate along a waveguide using the total

internal reflection, generating an evanescent field at the waveguide/metal interface. This

evanescent field propagates through the metal film and can be coupled to SPs,70 as Figure

1.20 shows. SPs are excited when the wavevector of the evanescent field intersects with

that of the SPs at the metal/dielectric interface. Optical fibers can be used to excite

the SPs in an easy and flexible way and can be easily integrated with other optical and

electrical components.4,62,70

Metal  

Dielectric 
SPs 

Metal 
Waveguiding  

layer 

Substrate 

Guided  

mode 

Figure 1.20. Scheme of a waveguide coupling of SPs with light waveguide modes

at the metal/dielectric interface.

1.3.2.5 Field enhancement

The electromagnetic field of the light is much more intense at the metal/dielectric

interface where the reflected light shows its lowest value. If the dielectric medium is air,

ε1 ' 1, the enhancement value is given by the ratio of the field intensity on the metal

surface at the air side (|Hz(1/2)|2) divided by the incoming field intensity (|Hz0(1/2)|2):1

|Hz(1/2)|2

|Hz0(1/2)|2
=

tp02t
p
21e

ikz2d

1 + r02r21e2ikz2d
(1.25)

where tpik correspond to the Fresnel transmission coefficients being the medium 0 = prism,

medium 2 = metal film and medium 1 = air, k2z is the wavevector of evanescent field

perpendicular to the surface and d is the metal film thickness.

This behavior can be observed in Figure 1.21a, which presents the electromagnetic field

as a function of the distance from the prism in z direction at three different incident angles.

At resonant conditions, 45.2o, the electromagnetic field associated with SPs is much larger

than the evanescent field of the incident light, so the final field intensity decreases from

the air towards the prism. Outside the resonant conditions, 50o, the only appreciable

electromagnetic field inside the metal is the evanescent field of the incident light, which

decreases exponentially from the prism towards the air. Finally, for an intermediate
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(a) 

(b) 

 

Figure 1.21. (a) Intensity of the relative electromagnetic field as a function of the

distance from the prism towards the air and (b) enhancement factor of Ag thin film

with different thickness indicated in the figure. Figure adapted from Raether et al.1

situation, 45.4o, both fields may have similar values and the intensity profile shows a

minimum inside the metal layer.1

Moreover, the field enhancement also depends strongly on the incident angle. Figure

1.21b shows that at resonance conditions, the enhancement factor of the field can reach

values up to 80 for Ag. Au films take values up to 50.67

1.4 Surface plasmons today

SPs are employed in a wide range of fields such as energy,71–73 biomedicine,27,48,74,75

environment,76,77 information technology,4,26,78 nanoelectronic79 and sensors.80,81

Nowadays, the growth of plasmonics is clearly reflected in the literature, as shown

Figure 1.2. Despite SPs have been known for over a century, the number of related

publications has rapidly grown in the last years due to the development of powerful tools

for fabricating nanomaterials in a controlled way and measuring SPR, with the ability to

manipulate the light at the subwavelength scale.8,81

SPs show interesting features and their applications are mainly based on two properties.

On the one hand, as described above, SPs allow overcoming the diffraction limit of
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traditional optics and can concentrate and amplify the light electric field at subwavelength

scale in more than one order of magnitude, increasing the resolution and the sensitivity

of optical probes and optoelectronic devices.4,82,83 On the other hand, SP is as well

a very weakly attenuated resonance, so SPs are highly sensitive to modifications in the

surrounding media close to the metallic nanostructures. Thus, usually, SPR devices are

used as sensors in a wide range of fields.27,80,81 The first sensor based on SPR was

reported in 1983.84 Since then, sensors based on SPR have been developed and used to

identify elements or for analyzing some molecular interactions. For example, BIAcore

technology uses SPR to investigate specific interactions at the surface of a sensor chip.85

Furthermore as sensor, SPR is widely used as probe to study the features of metallic

nanostructures in many different approaches as well as the characteristics of the adjacent

dielectric media.24,86,87

Nowadays, research and development have been carried out to incorporate the SPR

technology into many different fields, in order to use the unique properties of the SPs.54

Thanks to the development of the SPR technology, this phenomenon may be incorporated

to other techniques and may be used to analyze diverse systems. However, despite rapid

growth of the field of plasmonics in the last years, large amount of work remains to be

done.

1.5 Aims of this work

The extreme sensitivity of SPR to the features of metal nanostructures and surrounding

dielectric media, makes SPs are an extraordinarily useful tool to characterize materials in

different fields.24,86,87 However, the use of SPs to follow the evolution of modifications

in nanostructures has not been almost explored. Usually, this spectroscopy is limited to

study characteristics of materials or to analyze molecular interactions. Thus, in this thesis

we present a set of experiments where SPs are used to follow modifications induced in

nanomaterials based on Au under different ways, namely:

• Structural modifications of Au films and Au/Fe bilayers annealed under different

conditions for promoting their transition from a continuous film to nanoparticles,

modulating their optical properties. In the case of Au films, we can follow the

transition from ESPs to LSPs.

• Modifications induced on matter using hard X-ray irradiation, specifically, on glasses

and organic films (Co-phthalocyanine films) in contact with a Au film. For this
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purpose, we designed, mounted and tested a new set-up that allows measurements

of SPR in situ and in real time, while the samples are being irradiated with hard

X-rays in a synchrotron beamline (SPR-XAS setup).

The particular interest and potential applications of each proposed experiment and

analyzed system are addressed in the corresponding chapter of this thesis work.

In order to achieve the aims exposed here, a careful and systematic work is carried out

both for the fabrication of samples and for their characterization.

1.6 Organization of the work

This work is divided in eight chapters. This chapter shows a review of the surface

plasmons both in nanoparticles and metallic films, the current use of SPs and the objectives

of this work. In the following chapter (Chapter 2), the fabrication of samples and the

experimental techniques employed for their characterization are detailed. Specifically,

great attention is placed on the experimental setup based on the Kretschmann-Raether

configuration to measure SPR. In Chapter 3, variations of SPs in Au thin films annealed in

air at different temperatures are studied, changing the initial film thickness.12 In Chapter

4, we show the fabrication of Au/FeOx NPs over silica substrates from thin films and

bilayers evaporated and treated thermally. Subsequently, SPR modifications are studied

changing the film thickness, configuration of samples and annealing conditions. Chapter

5 presents the design and development of a SPR system based on the Kretschmann-

Raether configuration, compatible with a X-ray absorption spectroscopy beamline (SPR-

XAS setup). In Chapter 6, a study of soda-lime and silica glasses irradiated with X-rays

by the SPR-XAS setup is presented, analyzing the possible modifications on the optical

properties of the glass substrates. In Chapter 7, effects of X-ray irradiation on the optical

properties of CoPc layers, grown at RT and 200 oC onto Au film/silica substrate system,

are evaluated using the SPR-XAS setup. In all cases, a deep characterization of samples

is carried out using different microscopies and spectroscopies. Finally, in Chapter 8, the

most significant conclusions of this work are summarized.
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Chapter 2

Experimental techniques

The fabrication of samples and the experi-

mental techniques employed for their char-

acterization are detailed in this chapter.

Particular attention is paid to the exper-

imental setup based on the Kretschmann-

Raether configuration for measuring sur-

face plasmons in thin films.

29
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2.1 Introduction

This chapter describes in detail the preparation of samples and experimental techniques

used to characterize them. Initially, the methods used for the fabrication of samples

are explained. Their final properties depend on the growth parameters and conditions.

Later, both structural and spectroscopic experimental techniques are described. A good

understanding of these techniques allows a correct analysis of the samples and the

results. Particularly, greater attention is paid to the designed and mounted system to

measure surface plasmon resonance in metallic thin films under the Kretschmann-Raether

configuration.1

2.2 Sample growth

In this work, thin films and bilayers were grown by thermal evaporation and some of

the samples were treated thermally, in order to obtain different kinds of nanostructures.

Next, the fabrication of the different samples is described in detail.

2.2.1 Thin film growth by thermal evaporation

The thermal evaporation is a technique of physical vapor deposition (PVD),88 which

consists of heating a material at high temperature to increase its vapor pressure. The

material vapor finally condenses on the substrate surface forming a thin film.89,90

Usually, in this technique, low pressures below 10−4 torr are used to avoid reaction

between the vapor material and chamber atmosphere. At these low pressures, the mean

free path of vapor atoms is the of same order as the vacuum chamber dimensions, so these

particles travel in straight lines from the evaporation source towards the substrate.89

This can originate shadowing phenomena with 3D objects, especially in those regions

not directly accessible from the evaporation source. Besides, in thermal evaporation

techniques, the average kinetic energy of vapor atoms reaching the substrate surface is

low (i.e., for Au, where the Tevap=1400oC, the average kinetic energy per atom is around

0.2 eV89) and thus, it is smaller than the binding energy of atoms in a material (of the

order of 5-10 eV). It implies that the atoms reach the substrate surface with low energy,

affecting the morphology of the films, and often obtaining low density films and with low

adhesion on the substrate surface. When the binding energy is smaller than the average

kinetic energy of vapor atoms, the formation of the thin films is more homogeneous.88,89,91
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The film growth is a complex process, where a number of steps occur at microscopic

level: arrival of atoms onto the surface, adsorption and subsequent surface diffusion,

nucleation, formation of new layers, etc. Each of these steps, shown in Figure 2.1, depends

on both the previous step and the parameters of deposition process: deposition rate,

temperature, evaporated material, etc. All these steps determinate the growth and the

morphology of evaporated films. Besides this, intrinsic parameters such as the interaction

between the evaporated material and the substrate (i.e., interface energy) and the substrate

cleaning, play an important role in the film morphology.

Adsorption / 
Desorption 

Reflected 
atom 

Desorbed 
atom 

adatom 

Arrival of 
atoms  

Substrate  

Vapor 
source  

Superficial 
difussion  

Nucleation  
Growth of film 

Figure 2.1. Steps involved in the growth of thin films by PVD techniques.

In thermal evaporation techniques, different methods can be applied to heat the source:

by resistance heating or bombardment with a high energy electron beam (usually to several

keV) from an electron beam gun.89 In this work, all films were thermally evaporated by

resistance heating, using a power supply of low voltage and high current to avoid the

formation of electrical discharges between the contacts. Resistance heating is the process

by which an electric current passes through a conductor, releasing heat (Joule effect,

Q ∝ I2 ·R being Q the amount of heat released, I the intensity and R the resistance). A

simple scheme of thermal evaporation by resistance heating is shown in Figure 2.2.

Different heating elements can be employed to evaporate by resistance heating. The

most used is a spiral-shaped or ”V”-shaped conductor filament (i.e., W, Mo), in order

to generate deformed regions with a high concentration of defects, where the resistance

increases (the heat increases) when the electric current passes through the filament.

Usually the filament is used to evaporate material forming a wire and the electric current is

increased, rising the temperature, until the wire is melted. For materials forming powders,
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Figure 2.2. Scheme of thermal evaporation by resistance heating.

metal boats or ceramic crucible surrounded by a filament are usually used. The powders

are deposited in the boat or crucible and the electric current passes through the metal boat

or filament, heating until the powder is evaporated. For materials that may react with

the resistance or with a melting point close to that of the resistance, ceramic crucibles are

used.89 A scheme of different elements for evaporating by resistance heating is shown in

Figure 2.3. In this work, ”V”-shaped tungsten filaments were used to grow metallic films

from metal wires and a ceramic crucible was used to evaporate organic molecules.

(a)  (b)  (c)  

Figure 2.3. Scheme of different heating elements to evaporate by resistance heating:

(a) tungsten filaments, (b) metal boat and (c) ceramic crucible.

In this work, samples were fabricated in different vacuum systems:

• A home-made evaporation chamber, which was designed and mounted in the

Departamento de Electrocerámica at the Instituto de Cerámica y Vidrio (CSIC)

of Madrid. Figure 2.4 displays some pictures of the vacuum system. This chamber

contains, among other elements, of a large area where placing substrates of up to

20×20 cm2, a Q-microbalance (see Figure 2.4b) in order to control the film thickness

and a glass window to follow the deposition of the films on substrates (see Figure

2.4c). The Q-microbalance is located close to the substrates in order to obtain thin
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films with similar thicknesses to those values detected by the microbalance, which is

calibrated using X-ray reflectivity (see Section 2.6).

(a) 

(b) 

(c) 

Figure 2.4. Photographs of the home-made evaporation chamber mounted in the

Departamento de Electrocerámica at the Instituto de Cerámica y Vidrio (CSIC) of

Madrid: (a) front view, (b) view from top observing the chamber opened and (c) view

from a glass window observing the deposition of a film.

• Commercial Pfeiffer 306 auto coater located in the Departamento de F́ısica de

Materiales at the Universidad Complutense of Madrid. This chamber (see Figure

2.5) contains, among other elements, of a shutter to cover the substrates and to

control parameters such as the time deposition or the homogeneity of the material

vapor to deposit. The shutter is always open after a certain time, from which the

possible impurities have been evaporated. Besides this, the system has a glass bell

jar, which is very useful to follow the evaporation and see the deposition of the

films on substrates. With this chamber and the previous one, it is possible to grow

metallic thin films (i.e., Au, Fe, Ag, Al films).

• A home-made evaporation chamber in the Schuller Nanoscience Group, at the

University of California, San Diego. Figure 2.5b shows a picture of the vacuum

system. This chamber consists of a Molecular Beam Epitaxy system and includes,

among other elements, a Q-microbalance in order to control the thickness of the

samples and a shutter to cover the substrates and to control the film deposition.

Besides, with this chamber a homogeneous deposition can be achieved by a moderate
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rotation of substrate plate during the evaporation. With this chamber, it is possible

to grow organic molecules in addition to metallic films.

Figure 2.5. Photographs of (a) commercial Pfeiffer 306 auto coater in the

Departamento de F́ısica de Materiales at the Universidad Complutense of Madrid

and (b) the home-made evaporation chamber in the Schuller Nanoscience Group, at

the University of California, San Diego.

Soda-lime and silica substrates were used in this work. Their features are the following:

- Soda-lime: commercial soda-lime glass substrates (Sigma-Aldrich) composed of SiO2

73 %, Na2O 14 %, CaO 7 %, MgO 4 %, Al2O3 2 %, with a thickness of 1 mm and

a refractive index n=1.513 (λ =645 nm).92

- Silica: commercial silica glass substrates (UQG Optics) composed of SiO2 99.9% and

Al2O3, Fe2O3, Na2O, K2O ppm, with a thickness of 1 mm and a refractive index

n=1.457 (λ =633 nm).93

Prior to deposition of films, glass substrates were cleaned by a subsequent immersion

in trichloroethylene, acetone, ethanol and distilled water and finally dried with N2 flux

or using soap and water and then dried with dry air flux. Later, substrates were placed

at a controlled distance from the evaporation source (see Figure 2.2). Subsequently, Au

films, Fe films, Fe/Au bilayers and Co-phthalocyanine (CoPc)/Au bilayers were thermally

evaporated on the substrates, using resistance heating.89 For thermal evaporation of Au

and Fe films, Au or Fe wire (from Goodfellow) was placed onto a ”V ”-shaped tungsten

filament in the vacuum chamber (see Figure 2.2). The tungsten was chosen because

presents a higher melting point (Tevap=3410 oC) than that of Au and Fe. The Au and
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Fe wires were initially melted to form a ball at the filament. Au films were grown using

Aui wire of 99.99% purity and a 0.5 mm diameter. Au films were fabricated with the

Commercial Pfeiffer 306 auto coater in the Departamento de F́ısica de Materiales at the

Universidad Complutense of Madrid. The thickness of the Au films was controlled with

the deposition time and a shutter to cover the samples of the Au evaporation source. This

was calculated using the optical absorption of films and integrating in the range between

400 and 700 nm (see Section 2.6). Fe films were grown using Feii wire of 99.99% purity

and a 0.5 mm diameter. Fe films and Fe/Au bilayers were grown using the home-made

evaporation chamber in the Departamento de Electrocerámica at the Instituto de Cerámica

y Vidrio (CSIC) of Madrid. The thickness of the Fe films and Fe/Au bilayers was controlled

by the Q-microbalance. These depositions were performed at room temperature and under

a 10−6 torr pressure, where the currents and deposition rates were varied depending on

material and the type of deposition.

On the other hand, for the preparation of the CoPc/Au bilayers, CoPc films were

evaporated from Cobalt(II) phthalocyanine (C32H16CoN8) in powder, using a ceramic

crucible. Before the CoPc evaporation, Au films were grown on substrates as indicated

above. Prior to inserting the CoPcs into vacuum chamber to evaporate them, commercial

CoPcs (from Sigma-Aldrich) were purified via sublimation in a vacuum furnace at 10−3

torr and 300 ◦C. The growth of CoPc thin films on Au films was carried out at 45 oC

in two steps: first, a degasification of Pcs to remove possible impurities while the Au

films are covered by a shutter; second, the evaporation of CoPcs under a 10−9 torr

pressure where the shutter is opened and the molecules are evaporated on the Au films.

Homogeneous deposition was achieved by a moderate rotation of substrate plate. CoPc

films were grown at room temperature (α-CoPcs) or at 200 oC (β-CoPcs). For this work,

CoPc/Au bilayers were fabricated by the home-made evaporation chamber in the Schuller

Nanoscience Group, at the University of California, San Diego. The thickness of the

CoPc/Au bilayers was controlled by the Q-microbalance and a shutter was used to cover

the samples between the deposition of each layer (Au and CoPc layer).

2.2.2 Fabrication of nanostructures by annealing of thin films

Metallic thin films grown on substrates with poor adhesion are known to exhibit

substantial modifications when annealing in air or vacuum, including the formation of

iAu shows a crystalline structure face-centered cubic (FCC) with a lattice constant of 4.080 Å.
iiCommonly, Fe is found in its body-centered cubic (BCC) crystalline structure, with a lattice constant

of 3.515 Å.
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hillocks or strain-free extrusions, nucleation and growth of holes and agglomeration of

islands leading to a discrete structure.9–11,94–96 The difference in thermal expansion

coefficient between the metal and the substrate can lead to the formation of hillocks

due to the relaxation of the thermal stress during the course of the annealing process. The

formation of hillocks triggers the dewetting process, which is given by the minimization of

surface and interface energies: the surface energy of the film and the substrate, and that

of the film/substrate interface.13,97 The hillock formation depends on the film thickness:

when increasing the film thickness, the density of hillocks decreases and their average

diameter increases. The decrease of the hillock density can be explained by the increase

of the grain size in thicker films, since the process of the grain-boundary diffusion is a

controlling mechanism for the hillock formation.98 Higher annealing temperature favors

the nucleation and growth of holes by surface diffusion. For larger temperatures, the holes

percolate leading to the formation of islands, which can coalesce during the annealing

changing and increasing the average island size in order to reduce the surface energy.

This last stage of the process is known as recrystallization for individual particles and/or

coalescence if multiples particles join together.99 An example of the process is illustrated

in Figure 2.6 for a 45 nm Au film annealed at different temperatures.

Figure 2.6. Reshaping process for a 45 nm Au film annealed at 400 oC by

recrystallization and coalescence when the sample is annealed at 500 oC.

This method to obtain nanostructures depends mainly on the high surface energy

anisotropy13 and the final nanostructure morphology can be modified and altered by

different parameters, such as the film initial thickness, the morphology of substrate99,100

and annealing conditions. The formation process of nanostructures is more likely under

presence of oxygen due to the relaxation of thermal stress by surface diffusion.95,101

This phenomenology was initially considered as a problem in the fabrication of

microelectronic devices,98 but it has been recently used successfully to obtain noble metal

nanoparticles.11,71
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In this work, Au, FeOx and Au/FeOx nanostructures were fabricated by annealing

of thin films and bilayers grown by thermal evaporation. The fabrication process, initial

parameters (i.e., film thickness, substrate) and the annealing conditions (i.e., annealing

time, temperature, atmosphere) for each kind of nanostructures are described later, in

Chapters 3 and 4. Table 2.1 shows the melting points and the thermal expansion

coefficients10,102 of the materials and substrates used, which were taken into account for

the fabrication of the different nanostructures.

Material Melting point (oC)
Thermal expansion coefficient

at 20 oC (10−6/K)

Au 1063 14.2

Fe 1534 11.8

Soda-lime glass 700∗ 7.5

Silica glass 1600∗ 0.49

Table 2.1. Melting point and thermal expansion coefficient for different materials.
∗ Softening point.

2.3 Reflected light optical microscopy (RLOM)

The first optical microscope is usually associated with Zacharias Janssen, in

Middleburg, Holland, around the year 1595.103 No doubt that the invention of the optical

microscope (as the invention of the telescope by Galileo) has signified a revolution in

human knowledge. The optical microscope, as called light microscope, is an instrument

that uses visible light to produce a magnified image of an object (or specimen) that can

be observed by the eye or by an imaging device. Nowadays, optical microscopes can

be very simple. However, they usually present many complex designs aimed to improve

sample resolution and contrast. Two microscope components are of critical importance

for forming the image. The condenser lens, which focuses light from the illuminator onto

a small area of the specimen, and the objective lens, which collects light reflected by the

specimen and forms a magnified real image at the real intermediate image plane near

the eyepieces.104,105 The microscope resolution is limited by the diffraction limit and is

defined as:106

d =
0.61λ

NA
(2.1)

where d is the minimum resolved distance, λ is the wavelength and NA is the numerical

aperture of the objective lens.



38 Experimental techniques

In this work, reflected optical microscopy images were obtained by a polarized light

Zeiss Axiophot microscope, using the digital camera AxioCam MRc5 for taking the

micrographs. These measurements were carried out at the Instituto de Cerámica y Vidrio

(CSIC).

2.4 Scanning electron microscopy (SEM)

The electron microscope was developed by Max Knoll and Ernst Ruska in 1931.107

The scanning electron microscopy (SEM) is a type of electron microscopy that uses a

focused beam of electrons to generate a variety of signals at the surface of samples. The

types of signals that derive from electron-sample interactions include secondary electrons,

backscattered electrons, X-rays, cathodoluminescence, specimen current and transmitted

electrons, which reveal information about the sample (morphology, chemical composition,

crystalline structure and orientation).108 Most of the work done on a SEM is for obtaining

topographical information, which is mainly provided by secondary electrons.

The main components of an electronic microscope are: a vacuum system (it is required

when using an electron beam because electrons will quickly disperse or scatter due to

collisions with other molecules); an electron beam generation system (usually, a tungsten

filament) that provides the beam of electrons known as the primary electron beam; an

electron beam manipulation system that consists of electromagnetic lenses and coils that

control the size, shape and position of the electron beam that reaches the sample surface;

and the beam-specimen interaction system that involves the interaction of the electron

beam with the sample and the types of signals that can be detected.109

In this work, samples were studied by a TM-1000 Tabletop Microscope using Hitachi

at the Instituto de Cerámica y Vidrio (CSIC). This electron microscope permits to obtain

images without a special sample preparation, working with an accelerating voltage of

15 kV.

2.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was developed in 1986 by Binning, Quate and

Geber .110 AFM is a powerful tool that is used to study the morphology and structure of

samples, allowing to characterize and manipulate a wide group of materials at the atomic

level.111–113 Easily, the AFM operation is based on measuring interactions between a tip

and sample. Figure 2.7 shows the main interactions as a function of tip-sample distance.
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Figure 2.7. Interaction forces between tip and sample in AFM.

The basic components of this system are a cantilever with a sharp tip (probe), a

laser beam, a photodiode detector and a scanner, as illustrated in Figure 2.8. The tip

is attached to the free end of a cantilever and is approached very close to the surface of

a sample. Attractive or repulsive forces, resulting from interactions between the tip and

the surface, cause the bending of the cantilever. It is detected by means of a laser beam,

which is reflected from the back side of the cantilever and collected in a photodiode. The

variations on the topography of the sample will induce changes in the interactions between

the tip and sample,111,112 which will be detected by the bending of the cantilever. Figure

2.8 shows the basic concept of AFM, which can work in different modes of operation:

contact mode, noncontact mode and tapping mode (intermittent contact mode).

Tip 

Laser beam   Cantilever  

Photodiode 
detector  

Piezoelectric scanner 
X-Y-Z 

Sample   

Forces between  
sample surface  
and tip 

Tip 

Sample   

Figure 2.8. Scheme of AFM.

The AFM can provide useful information through phase measurements, which collect

the changes in the phase signal of the oscillating cantilever operating in noncontact

or tapping mode of the microscope. Phase measurements are obtained simultaneously
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with the topography data and provide interesting information on localized tip-sample

interactions on heterogeneous materials that present different surface properties, such

as the composition, viscoelasticity or surface adhesion.114 For materials with different

properties, a shift in the phase signal between tip and sample is obtained, generating

images with phase contrast,115 from which it is possible to distinguish the different local

compositions.

In this work, topography and phase AFM images were taken with a Nanotec

instrument of the Surface Science Group at the Universidad Complutense of Madrid.

AFM measurements were performed in air, using silicon tips (with a resonant frequency

of 200-300 kHz and an average tip radius ≤ 10 nm), in noncontact mode (the cantilever

oscillates near its resonance frequency and the oscillation amplitude remains constant by a

feedback system) and at room temperature. The images were analyzed using the WSxM

software package from Nanotec.116

2.6 Thickness determination of the films

The thickness of films was evaluated by different methods, depending on the vacuum

chamber used to fabricate the samples:

• On the one hand, the thickness was determined using a quartz crystal microbalance,

which was calibrated using X-ray reflectivity (XRR) performed on similar samples.

The film thickness, in this case, is a nominal thickness. The chambers used

in this way were: the home-made evaporation chamber in the Departamento de

Electrocerámica at the Instituto de Cerámica y Vidrio of Madrid (CSIC) and

the home-made evaporation chamber in the Schuller Nanoscience Group, at the

University of California, San Diego.

• On the other hand, film thickness was evaluated using a linear relation obtained

by the thickness (calculated using XRR) of similar films and their integrated

absorbance in the range between 400 and 700 nm, obtained by the optical absorption

spectra. Thicknesses calculated by this method correspond to Au films grown in the

commercial Pfeiffer 306 auto coater, in the Departamento de F́ısica de Materiales at

the Universidad Complutense of Madrid.
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2.6.1 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is a technique based on the X-ray diffraction phenomenon.117

XRR provides information about the thickness, density and roughness of each layer of a

thin film.118

For the X-rays, the refractive index, n, of materials is slightly less than 1 and is given

by:117,118

n = 1− δ + iβ (2.2)

where δ and β represent the dispersion and the absorption, respectively. For incident

angles larger than the critical angle, the X-rays penetrate inside material (see Figure 2.9).

In this way, reflection occurs at the top and the bottom surface of the film. By measuring

the total reflection intensity (reflectivity) from grazing incident X-ray beam as a function

of the incident angle with respect to the thin film surface, a XRR profile can be obtained.
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d 

Reflected  beams  
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Figure 2.9. Reflection and refraction of X-rays at material surface with the incident

angle > total reflection critical angle.

The XRR profile shows oscillations caused by the X-ray interference that occurs

between the X-rays reflected from the sample surface and the sample/substrate interfaceiii.

The oscillations of the XRR profile depend on the film thickness: the shorter period of the

oscillations, the thicker films. From the reflectivity profile as a function of the incident

angle, it is possible to determinate the film thickness using the following linear fit:

αm
2 = αc

2 + (m+ ∆m)2 λ
2

4d2
(2.3)

where m indicates the maximum or minimum order of the oscillations, ∆m is 0 for minima

or 1
2 for maxima, λ is the wavelength of incident beam (in this work, λ=1.54 Å for Cu-Kα

iiiFor convectional θ−2θ measurements, we obtain information from the lattice planes that are parallel

to the sample surface.
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X-rays), αm corresponds to the angle of the maximum or minimum, αc corresponds to the

critical angle and d is the film thickness.

2.6.2 Relation between the thickness of films and their integrated

absorbance

In order to know the thickness of thin films using a fast and accessible route, a linear

relation between the thickness of Au thin films (just Au thin films were grown in the

commercial Pfeiffer 306 auto coater) and their integrated absorbance, in the range between

400 and 700 nm, was determined. First, the thickness of a set of samples was obtained

using XRR (see Figure 2.10a), according to Equation 2.3. Table 2.2 shows the thicknesses

obtained by XRR for four Au films. Later, the integrated absorbance, obtained by the

optical absorption spectra, was calculated in the range between 400 and 700 nm (range

marked with arrows in Figure 2.10b).
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Figure 2.10. (a) XRR curve and (b) optical absorption for a Au thin film with a

width of 36±3 nm.

Sample Thickness (nm)

1 36± 3

2 45± 1

3 54± 1

4 59± 1

Table 2.2. Thickness obtained by XRR, according to Equation 2.3, for four Au

thin films.
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Finally, representing the integrated absorbance in the range between 400 and 700 nm

as a function of the Au thin film thickness obtained by XRR (see Figure 2.11), we obtain

the following linear relationship:

d(nm) =
I.A.+ 4.988

5.781
(2.4)

where d and I.A. represent the thickness and the integrated absorbance, respectively.

35 40 45 50 55 60

200

240

280

320

 

 

In
te

g
ra

te
d
 a

b
s
o
rb

a
n
c
e

(4
0
0
-7

0
0
)n

m
 

Thickness (nm)

y=5,78066 x - 4,98843

R
2
=0,99926

Figure 2.11. Linear relation between the thickness and the integrated absorption

in the range between 400 and 700 nm.

In this way, the thickness of the rest of the Au films was evaluated by Equation 2.4,

measuring the optical absorption spectrum and calculating its integrated absorbance in

the range between 400 and 700 nm.

2.7 Raman spectroscopy

Raman spectroscopy is a non-destructive technique that studies the vibrational,

rotational and other low frequency transitions of molecules or crystal atoms. Raman

effect was discovered by C. V. Raman in 1928119 and it is based on the inelastic scattering

of monochromatic light, usually from a laser source. It depends on the polarizability of

the molecules and it requires a change in the frequency of photons from monochromatic

light upon interaction with a sample.89

When a light source (laser) is focused on a material, most of this energy will be

elastically scattered. In this case, the molecules of the substance are excited to a virtual

electronic state and immediately fall back to their original state by releasing a photon.
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If the photon energy of this scattered light is equal to that of the incoming light, the

process is called Rayleigh scattering. However, a molecule may also fall back from an

excited electronic state to an energy state that is higher (Stokes type scattering, photon

emission) or lower (anti-Stokes type scattering, photon absorption) than the original state

(see Figure 2.12). The difference of energy between the incoming and scattered photons

(Raman shift) corresponds to the energy difference between vibrational energy levels of

the molecule. The different vibrational modes of a molecule can, therefore, be identified

by recognizing Raman shifts (or bands) in the inelastically scattered light spectrum.120
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Figure 2.12. Mechanisms of various light-scattering processes involved in Raman

spectroscopy.

Raman spectroscopy is extraordinarily sensitive to the chemical nature and the physical

state of a sample. In the Raman spectra, the band position, intensity and bandwidth

are closely related to the order, crystal size and defects in the samples.121 The band

position is sensitive to the presence of stresses or strains: a tensile stress will determine an

increase in the lattice spacing and, hence, a decrease in the wavenumber of the vibrational

mode. In the case of compressive strain, the decrease of the lattice parameter yields a

corresponding increase of the vibrational frequency. The presence of crystalline disorder

also produces changes in the frequency of the band, usually towards lower wavenumbers.

These are related to the breaking of translational symmetry in the crystal, which can

be due to structural defects, such as grain boundaries in nanocrystalline materials or

dislocations. With respect to Raman bandwidth and bandshape, these are closely related
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to the crystalline order and the defect density. In principle, the bandwidth is related to

the lifetime of the phonons. The presence of crystalline disorder produces a decrease of the

phonon lifetime, generating an increase of the bandwidth. Other parameter very sensitive

to the structure of crystals is the intensity of the Raman bands. The amount of material

is directly related to the Raman intensity and a damage in the lattice leads to a decrease

in the intensity of modes, related to the breaking of bonds and changes in atomic force

displacements.121

Raman spectroscopy is employed to distinguish different materials and to determine

the kinds of species in a same sample. Material as the metals (i.e., Au) can lead to optical

emissions as the fluorescence phenomenon that can mask the Raman spectra of other

materials. Many efforts have been carried out in the last years to avoid the fluorescence or

to separate the Raman signal of a material from fluorescence emission.122 However, useful

information can be obtained by the fluorescence phenomenon, as we show in Chapter 4.

In this work, samples were investigated by a confocal Raman microscope123 using the

Witec Micro-Raman Confocal (ALPHA 300R). Measurements were carried out at room

temperature with a Nd:YAG laser (532 nm) in p-polarization. The optical resolution of

the confocal microscope in the lateral direction is of 200 nm and of 500 nm in the vertical

direction. The spectral resolution of the system is 0.02 cm−1, under the best measurement

conditions. Raman spectra were recorded in the spectral range 0-3600 cm−1. Samples were

mounted in a piezo-driven scan platform with a positioning accuracy of 4 nm in lateral

and 0.5 nm in vertical. In order to prevent any damage or oxidation in the samples,

laser excitation power was fixed at 0.7 mW. Raman measurements were performed using

a objective with a lens of numerical aperture, NA, of 0.9. Collected spectra were analyzed

by using Witec Control Plus Software.

2.8 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a technique that provides element-specific

information about the local geometric and/or electronic structure of a material. The

experiments can be carried out at synchrotron radiation sources, which provide intense

and tunable X-ray beams.

When the X-rays reach a material, the intensity of electromagnetic radiation is reduced

by different processes of interaction, such as scattering or absorption (see Figure 2.13).

For X-ray photons, with energies ranging from 100 eV to 500 keV, the photoelectric effect
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is dominating, where a X-ray is absorbed and a core level electron is promoted out of the

atom.124 Hard X-rays are termed so when the energy is of the order of tens of keV, while

those with lower energy are called soft X-rays.125 With soft X-rays, excited levels are

close to Fermi level and so they are more sensitive to electronic structure. However, hard

X-rays are more sensitive to crystallographic structures, since the excited levels are more

internal. When the monochromatic X-ray beam of intensity I0, passes through a sample

of thickness x, the intensity is reduced according to the Lambert-Beer law:

I = I0e
−µx (2.5)

where I is the transmitted intensity and µ represents the linear absorption coefficient,

which depends on the types of atoms and the material density and the energy.

Incident X-rays (Io) Transmitted X-rays (I) 

Scattered X-ray  

Fluorescence  
X-rays (If) 

Photoelectrons 

Sample 
  x 

Figure 2.13. X-ray absorption measurements: X-ray interaction with a sample.

At certain energies, due to the discrete character of electronic levels, the absorption

increases drastically and gives rise to an absorption edge. Such edge occurs when the

energy of the incident photons, E, is just sufficient to cause excitation of a core electron

of the absorbing atom to a continuum state, producing a photoelectron. In this process,

the energies of the absorbed radiation at these edges correspond to the binding energies

of electrons in the K, L, M, etc, shells of the absorbing elements.

An X-ray absorption spectrum (see Figure 2.6) is generally divided into 4 sec-

tions:124,126

• Pre-edge: where the E < E0, being the E0 the edge energy. The pre-edge together

the post-edge (E > 50 eV ) are used for normalization of XAS spectra.
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• Absorption edge: rapid increase of absorption at E0, which corresponds to the

electron excitation energy from core levels to Fermi level. This region is very sensitive

to the oxidation state of the materials, coordination number and it gives information

about the electronic structure of the atom.124,126 The absorption edge is used for

calibration of XAS spectra.

• X-ray absorption near edge structure (XANES) region: where the energy of the

incident X-ray beam, E, is around 10 eV before and up to 50 eV above the edge. In

the XANES region, transitions occur from core electrons to non-bound levels with

energy close to Fermi energy. This region shows narrow and intense peaks because

of the high probability of such transitions.

• Extended X-ray absorption fine structure (EXAFS) region, which is approximately

from 50 eV above absorption edge and continues up to 1000 eV above the edge.

This region shows soft oscillations of absorption coefficient due to the photoelectron

scattering with the neighbor atoms. Studying EXAFS region, interatomic distances

can be resolved as well as the identification of neighbor atoms.
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Figure 2.14. XAS spectrum at Fe K edge measured in transmission mode for a Fe

foil, at branch A of the BM25 SpLine beamline at the ESRF.

In this work, XAS measurements were performed at the branch A of the CRG BM25-

SpLine Beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble

(France).127,128 This beamline is split into two branches, A and B, each of them fully

equipped with focusing optics and experimental stations that are independently operated.
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Branch A enables the performance of XAS and high resolution powder diffraction

measurements. This branch is located on the soft edge of the D25 bending magnet with

a critical energy of 9.7 keV and energy resolution of 4E/E = 1.5 × 10−4. The X-ray

energy ranges between 5 and 45 keV and the flux is of the order of 1012 photons/s at

200 mA ring current. The beam spot size can be varied for the whole energy range between

300×100 µm2 and 40×10 mm2 in the horizontal and vertical directions, respectively. The

position and dimensions of the focused beam are kept constant during a ∼1 keV energy

scan, which represents standard conditions for EXAFS measurements. The XAS system is

arranged onto an optical table for optimum placement and alignment of the environmental

sample and the detection equipment components. The system is equipped with motors

covering all degrees of freedom, three translation stages (X, Y, Z) and three rotation stages

(θ, χ, ϕ) for centering the sample. The precision of such rocking cradle motors is 0.001o

and they can tilt the sample stage within a range of ±15o along the directions parallel and

perpendicular to the incident beam. While the beamline can operate in both transmission

and fluorescence modes, only the later is used in this work for studying the samples.

A gas ionization chamber (from Oken) working in the low-pressure range is placed for

monitoring the incoming beam intensity. Fluorescence is detected with a nitrogen-cooled

13-element Si(Li) detector (from e2v Scientific Instruments). The low temperature of the

Si(Li) and FET ensemble also diminishes leakage current and electronic noise. The Si(Li)

fluorescence detector allows performing fluorescence measurements in a range between 3

and 30 keV. The energy resolution at 6 µs peaking time is around 140 eV in every crystal.

The detector is also fully equipped with translation and rotation motors to optimize its

position, reducing in this way the solid angle for elastic diffuse scattering contributions.

In this work, XAS measurements were performed at Au L edge (E=11.919 keV), Fe K

edge (7.112 keV) and Co K edge (E=7.720 keV) at room temperature. Besides measuring

XAS spectra, the X-rays were used to induce modifications on different samples.20 The

measurements were analyzed with ATHENA software.129

2.9 Optical absorption spectroscopy

In a spectrophotometer of optical absorption, a monochromatic light source that is

varied in a wide range of wavelengths passes through a material, promoting an electron

from its fundamental state to a state of higher energy. In the process, electronic and

vibrational transitions of material and their impurities, defects, etc, absorb light at a

certain energy, showing zones in the absorption spectrum with high intensity, which are
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characteristics of each material.89 Absorption bands corresponding to localized surface

plasmons (LSPs) can be also determined by the optical absorption spectroscopy.

The absorbance (A) of a material can be defined as the logarithm of the ratio between

incident and absorbed light intensity:130

A = log
I0

I
= −log T (2.6)

where I0 represents the incident intensity, I represents the transmitted intensity and T is

the transmittance. The absorbance is adimensional.130

In this work, the optical absorption bands of different samples were studied using

two double-beam ultraviolet-visible spectrophotometers. A scheme of a double-beam

spectrophotometer is shown in Figure 2.15, where the beam from the light source is split

in two: one beam illuminates the sample and the other one illuminates the reference (i.e.,

a substrate). Afterwards, the intensity of both beams is compared and the transmittance

or absorbance of the sample can be obtained. Optical absorption spectra were recorded

with:

• A Shimadzu UV-1603 double beam spectrophotometer in the Departamento de

F́ısica de Materiales at the Universidad Complutense of Madrid.

• A V-670 UV-visible double beam spectrophotometer in the Dipartimento di Chimica

at the Università degli Studi di Firenze.
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Sample 

Detector 
Computer  

Reference 

Figure 2.15. Scheme of a double-beam ultraviolet-visible spectrophotometer.

The optical absorption measurements were carried out in transmission mode and at

room temperature. Baseline correction procedure (a spectrum in air was taken as baseline)

was executed prior to each measurement session.
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2.10 Surface plasmon resonance in the Kretschmann-

Raether configuration

The Kretschmann-Raether configuration1,38,131 is mostly employed for the excitation

of surface plasmons (SPs) in thin films. Figure 2.16 displays a scheme of the home-made

surface plasmon resonance (SPR) device designed and mounted in the Departamento de

Electrocerámica at the Instituto de Cerámica y Vidrio (CSIC) of Madrid, showing the

different elements of the experimental setup. Figure 2.17 shows a picture of the system.
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Figure 2.16. A scheme of SPR setup in the Kretschmann-Raether configuration.
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Figure 2.17. Photograph of the mounted SPR device in the Departamento de

Electrocerámica at the Instituto de Cerámica y Vidrio (CSIC) of Madrid, remarking

the different elements.
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In this geometry, SPs are excited in the attenuated total reflectance mode using a

HeNe (632.8 nm) linearly polarized laser in a p-polarization geometry, with respect to

the sample surface (the electric field in the plane of incident light). The laser is mounted

on a cradle equipped with yaw and pitch movements for an accurate orientation of the

beam on the sample. A linear polarizer is used to have a well-defined p-polarization.

Subsequently, a beam splitter132 deflects the laser intensity to a photodetector, in order

to record fluctuations in laser intensity during the experiments. These fluctuations are

of the order of 3 %, decreasing with time. Beyond the beam splitter, the laser beam is

modulated with an optical chopper, working at 479 Hz. Finally, the laser light reaches

the sample, which is coupled to a triangular quartz prism (semicircular prism can be also

used). The sample consists of a thin metallic film (typically 50 nm of Au or Ag, using in

this work Au films) grown on a glass substrate. Overlayers of dielectric materials can be

grown. Sample is fixed to the prism thought the substrate side using gel index matching

for a good coupling. Both (sample and prism) are mounted on top of a rotating motor that

allows varying the laser incidence angle (see Figures 2.16 and 2.17). The sample stage has

an independent XYZ translation stage for sample positioning. During the measurements,

the laser beam reflected at the sample is collected by an elongated photodiode (to avoid

moving the detector during the angle scan) as a function of the incident angle, by rotating

the sample.1 The photodiode signal is registered with a lock-in amplifier, using the optical

chopper frequency as reference frequency.

A detailed description of different elements employed in this experimental setup is

enumerated below:

• HeNe laser, 632.8 nm: a Thorlabs linearly polarized laser (power 0.8 mW) in a

p-polarization geometry with respect to the sample surface was used. The laser

spot diameter is 0.48 mm, measured as the full width half maximum (FWHM) of

Gaussian profile of the spot. The coherence length is around 30 cm.

• Beam splitter: a beam splitter optical device (microscope slide) was used to split

the light beam in two. The beam splitter deflects about 5 % of the laser intensity.

• Linear polarizer: this is an optical filter that can convert a light beam of undefined or

mixed polarization into a beam with well-defined polarization. In the experimental

setup, in the Kretschmann-Raether configuration, the light was p-polarized with a

Thorlabs linear polarizer, in order to excite the SPs.1

• Optical chopper: the MC2000 optical chopper from Thorlabs was used to modulate

the intensity of the light beam. Usually, it is a rotating slitted mechanical disc
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through which the laser source passes before reaching the sample. The laser beam

was modulated at 479 Hz.

• Photodetector: a photodetector operates for converting the incident light to a voltage

or current. In the experimental setup, a DET10A Thorlabs photodetector was used

to record fluctuations of laser intensity when it is split by the beam splitter (laser

intensity reference).

• Elongated Photodiode:133 the most common used photodetector is the photodiode.

In this device, the S2387-130R Hamamatsu Si photodiode was used working

in photoconductive mode (there are two modes of operating: photovoltaic and

photoconductive modes) with a load resistance of 10 kΩ and applying a voltage of

8 V. In this mode, the photodiode is reverse biased, obtaining a current proportional

to the light intensity. In the SPR measurements, the photodiode signal depends

on both the light intensity and the incidence angle, and therefore the photodiode

sensitivity changes along the SPR curve. Consequently, the measured SPR spectrum

can be distorted, affecting the fits and numerical analysis of SPR curves.134 To

avoid this, SPR measurements were carried out under the same conditions, with the

photodiode placed in the same position, parallel to the laser beam.

• Lock-in amplifier:135 the lock-in amplifier or phase-sensitive detector, SRS Model

SR830, was used to collect the photodiode signal. Usually, a lock-in amplifier is

employed to improve the signal-to-noise ratio. These devices are able to isolate the

signal of a specific frequency (i.e., reference frequency of chopper), so that noise

signals at different frequencies than that of reference are rejected and they do not

affect the measurement.

In the Kretschmann-Raether configuration, using triangular prisms, only the points

along the rotation axis remain at the same position when the sample rotates. If the

laser spot does not impinge at the sample on this rotation axis, its position will change

during the angle scan. This is not critical when samples are homogeneous. To avoid

misalignments, semicircular prisms are preferable since for triangular prisms the refraction

at the prism surface will induce a certain horizontal deviation of the laser beam, which is

dependent on the incident angle. For instance, for 1 cm side triangular quartz (n=1.457

at λ=633 nm93) prism, when scanning the incidence angle in a range of 10o, the spot will

move about 0.6 mm. However, the cross-section of a semicircular prism is not completely

semicircular and this must be reduced by the thickness of the glass substrate, using glass
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substrates with a specific thickness. Such limitation on the thickness of glass substrate

does not exit with triangular prism.136 Besides this, using semicircular prisms with a small

width comparable with the spot size of the laser, focalization problems can be obtained

due to the wavefront is no plane. For this reason, in this work, triangular quartz prisms

are used and measurements were carried out with the laser spot impinges at the sample

on this rotation axis.

As previously discussed in Chapter 1, in the Kretschmann-Raether configuration, the

glass/metal interface is illuminated with the laser beam in total reflection conditions.

In these conditions, the evanescent field of the incident light propagates though the

metallic film looking for the metallic/dielectric interface. For a certain incidence angle,

the dispersion relationship is coincident with that of the SPs and these are excited. In this

way, the reflectivity versus incident angle can be measured, obtaining the SPR spectrum.

Figure 2.18 shows a SPR spectrum for a 50 nm Au film. In the SPR spectrum, we can

distinguish the resonance angle (θR), which corresponds to the incident angle for which the

reflected intensity shows a minimum and the critical angle (θC) that is the incident angle

above which the total internal reflection occurs1 (see Figure 2.18). The resonance angle

and the whole SPR spectrum depend on different parameters, such as dielectric constants

and the thickness of both the metallic thin film and its surrounding media (substrate

and possible overlayers). However, the critical angle depends just on the refractive index

of the quartz prism and the air. The total reflection takes place at the substrate/Au

interface. When the laser passes from the prism to the substrate, according to Snell’s

law, the refraction keeps the component of the light wavevector parallel to the surface
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Figure 2.18. SPR spectrum for a 50 nm Au film grown on a silica substrate.
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in both media constant. As the substrate/Au interface is illuminated in total reflection

conditions, there is an evanescent field propagating through the second medium that does

not suffer refraction but keeps the wavevector of the incident medium. The main limitation

and advantage of the evanescent field is that it decays exponentially in the perpendicular

direction to the interface, so its effects are limited to a few nanometers (see Figure 1.14 in

Chapter 1).

As the critical angle depends just on the refractive index of the quartz prism and

the air, and these remain fixed in this work, we use this angle as parameter to adjust

and normalize the SPR spectra. A slight drift of the rotating motor, on which sample

and prism are mounted, was observed. In our measurements, this drift is corrected by

adjusting the θC of the SPR spectra to a same value: using a quart prism with a refractive

index of 1.457 for λ=633 nm and assuming the air refractive index as 1, θC is 42.61o,

taking into account the prism refractions.

In this work, this home-made device was used to measure and analyze the extended

surface plasmon resonance (ESPR) in Au thin films, in order to study the characteristics

of both the metallic film and the surrounding media.

2.10.1 Software to measure surface plasmon resonance spectra

Data of the laser beam reflected as a function of the incident angle were collected with

a computer using a home-made VISUAL BASIC code. This software allows observing the

SPR spectra while the measurements are performed (see Figure 2.19). Besides this, it is

Plasmon 1.1

Figure 2.19. SPR measurement with the home-made VISUAL BASIC code.
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possible to measure the laser intensity deflected by the beam splitter to a photodetector

during the experiments. Therefore, we can examine both the SPR reflectivity and the

same normalized by the laser intensity deflected (reference) as a function of the incident

angle. The software allows the modification of measurement parameters such as the step

per point, the integrating time in each measurement and the range of incident angle. This

software generates files in the ASCII code for the data processing.

2.10.2 Reproducibility of SPR spectra

Figure 2.20a shows five consecutive SPR spectra for a 52 nm Au film grown onto a

glass substrate, which have been collected in the same conditions. The relative difference

between the first and second spectra (see Figure 2.20b) is of the order of ∆R/R = 10−2 for

the whole region of the spectrum. Therefore, with this equipment, one can clearly detect

relative differences below 1 % with single scans. The resolution of the measurement can

be improved upon accumulation of scans (scans in Figure 2.20 take 20 minutes each one).

A drift of the SPR spectra was found due to the rotating motor, which was corrected

adjusting the SPR spectra at the θC , as previously explained.
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Figure 2.20. (a) Consecutive spectra for a 52 nm Au film grown onto a glass

substrate obtained with the SPR device shown in Figure 2.16 and (b) a detail of the

resonance region between the first and second scans and the difference in the scans

(multiplied ×20).
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2.10.3 Capabilities of the experimental setup

By means of the SPR device, different kinds of samples can be measured. Some

examples are presented here, in order to illustrate the information that can be extracted

from SPR spectra.

Figure 2.21 shows the SPR spectra for Au films with different thicknesses. We can

observe the dependence on the SPR spectra with the Au film thickness. For films thicker

than 80 nm, the transmission of the evanescent field of the incident light decreases

exponentially across the metallic film leading to a weak electromagnetic field at the

metal/dielectric interface, while films that are too thin (25 nm Au film) exhibit reduced

resonance due to SPR damping and there is no chance to excite them effectively.
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Figure 2.21. SPR spectra for Au films with different thickness: 25, 45, 70 and

90 nm.

The SPR setup can also be used to study organic and inorganic dielectric layers grown

on top of the metallic film, since SPR spectroscopy is extremely sensitive to the features of

the dielectric medium over the metallic film.1,67,80 Figure 2.22a shows the SPR spectra for

a 2 and 5 nm Co-phthalocyanine (CoPc) layer grown at RT on a 50 nm Au film deposited

onto a soda-lime substrate. We can observe the changes of the SPR spectrum depending

on the CoPc layer thickness: the larger the CoPc thickness, the larger the decrease of

the intensity and the larger is the shift of the θR towards larger angles. Figure 2.22b

shows the SPR spectra for a 5 nm CoPc layer grown at RT and 200 oC on a 50 nm Au

film deposited onto a soda-lime substrate. The sample grown at 200 oC shows a shift

towards smaller angles and a reduction in the reflectivity at the resonance, with respect

to the sample grown at RT with the same thickness. Literature reports that the growth
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temperature changes the morphology and grain size of CoPc layers,137 modifying their

dielectric permittivity. These modifications of SPR curves can be studied to determinate

the changes in both real and imaginary parts of the refractive index of CoPc layers with

great accuracy.24
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Figure 2.22. SPR curves of (a) CoPc layers of 2 (red line) and 5 nm (blue line)

nominal thicknesses grown at RT on a 50 nm Au film/soda-lime system and (b) CoPc

layers of 5 nm nominal thickness grown at RT (blue line) and 200 oC (green line) on

50 nm Au film/soda-lime system.

2.10.4 Software to simulate surface plasmon resonance spectra

Simulations of SPR spectra were performed with the software Winspall138 version 3.02,

a freeware software to calculate and simulate SPR spectra with great accuracy. This code is

based on the Fresnel equations, including the correction of both reflection and refraction

of the coupling prism. The software allows taking into consideration parameters such

as the kind of prism (i.e., triangular, semicircular), the excitation light polarization or

wavelength, the spectral range and the number of points.

Given a system, the calculation of SPR curves can be performed knowing the

parameters (thickness and dielectric constants) of each layer. The layers are the different

media of one system. For the case of a Au film grown on a silica substrate, we have a

four-media system: prism, silica substrate, Au film and air. If a dielectric overlayer is

grown on the metallic film, then a five-media system should be considered. On the other

hand, simulations of SPR spectra can be carried out for different systems. For that, we

can fix the known parameters and leave free the unknown ones. Manual and iterative
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simulations can be achieved. A manual simulation is considered good by visual inspection

while the iterative one shows a divergence, which represents the deviation between the

simulated and measured spectra.
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Figure 2.23. Calculated SPR spectra for Au films (ε1=-11.74 and ε2=1.25,

according to Johnson and Christy5) with different thickness onto silica glass (n=1.457

at λ=633 nm).

Figure 2.23 illustrates the calculated SPR spectra for Au films with different

thickness,138 showing the dependence of the resonance curve with the Au film thickness.

Parameters such as the resonance angle, reflected intensity and the bandwidth depend on
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Figure 2.24. (a) SP reflectivity as a function of the θR and (b) θR as a function of

the thickness for Au films with different thicknesses. Data obtained from calculated

SPR spectra.
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the film thickness. That can be observed in Figure 2.24a, which shows the variation of the

reflectivity at θR as a function of θR for Au films with different thicknesses, from calculated

SPR curves. We find that the reflectivity at θR decreases when the film thickness increases

up to a certain thickness, around 50 nm, where the reflected intensity increases. Figure

2.24b illustrates the decrease of the θR when the Au film thickness increases up to a

thickness of around 50 nm, from which the θR remains almost constant.

In this work, the software Winspall is employed to calculate SPR spectra for different

systems knowing the parameters of each layer (dielectric constants and thickness of each

media). Simulations of measured SPR spectra are carried out for systems that show

variations, in order to determine the modified layer and the new parameters23 after

modification. For each analyzed system, we show the kind of simulation, the free and

fixed parameters, the values of the dielectric constants and the thickness of each layer.
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Chapter 3

Extended and localized surface

plasmons in annealed Au films on

glass substrates

This chapter presents a study of surface

plasmons in Au thin films annealed in

air at different temperatures and starting

from different initial film thicknesses. The

thermal treatment promotes the transition

from a continuous film to an ensemble of

nanoparticles, which is manifested in the

extended or localized character of surface

plasmons.

61
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3.1 Introduction

As previously discussed, surface plasmon resonance (SPR) is probably the most

outstanding property of noble metal nanostructures. Nanoparticles exhibit localized

surface plasmons (LSPs)25,49 while thin films hold extended surface plasmons (ESPs).1,8, 26

Both kinds of surface plasmons (SPs) have been thoroughly studied, however scarce

research has been carried out at the cross-over region where LSPs and ESPs might

coexist.139,140

As explained in Section 2.2.2 of Chapter 2, metallic thin films deposited on substrates

with poor adhesion can exhibit substantial morphological modifications when annealing

is carried out in air. These modifications include the formation of hillocks, subsequent

growing of the holes and island agglomeration leading to a discrete structure.9–11,94,95 The

features of both LSPs and ESPs are extremely sensitive to the geometry of nanostructures,

exhibiting important changes in the resonant conditions when the size and shape of the

nanostructures are modified,25,51 thus providing a method to tune the optical properties of

a given system. Up to now, this method to change the film morphology has been scarcely

exploited11,71 and has been limited to very thin films to form small nanoparticles with

LSPs.

According to this, in this chapter we study changes of both extended and localized

surface plasmons resonance of Au thin films annealed in air at different temperatures.

The transition from a continuous to a discrete structure is reflected in the SPs, which

switch from an extended to a localized character. The features of the SPs are determined

by the initial film thickness and the annealing conditions.12

3.2 Fabrication of samples

Samples were prepared in two steps. First, Au films were grown onto soda-lime

glass substrates by thermal evaporation and second, thermal treatments of Au films were

performed. Used substrates were cleaned prior to deposition by subsequent immersion

in trichloroethylene, acetone, ethanol and distilled water, and finally dried with N2 flux.

Deposition of Au films was carried out using the commercial Pfeiffer 306 auto coater, in

the Departamento de F́ısica de Materiales at the Universidad Complutense of Madrid.

Substrates were placed 10 cm away from the tungsten filament and film deposition was

performed under a 10−6 torr pressure with currents of 34 Amps at a rate of 0.2 nm·s−1.

Varying the evaporation time, Au films with thicknesses of 18, 25, 45, 70 and 90 nm were

obtained. The thickness of the films was determined through the method explained in
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Section 2.6 of Chapter 2, using the optical absorption of Au films and integrating in the

range between 400 and 700 nm.

Thermal treatments of Au films were carried out in air in three steps:

a) an initial step of 2 hours, where temperature was gradually increased from 25 oC to

the target temperature

b) a second step of 3 hours at constant temperature (300, 400 or 500 oC)

c) a last cooling step of 2 hoursi, where temperature gradually decreased until the sample

reached room temperature

Some Au samples obtained by this process are shown in Figure 3.1. Samples with

larger thickness than 25 nm are not shown, because they did not exhibit localized surface

plasmons and the substrates did not look colored (apart from the golden color in reflection

mode).
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Figure 3.1. Photographs of samples grown by thermal evaporation with 18 and

25 nm thickness and after a thermal annealing at different temperatures.

3.3 Experimental details

Samples were characterized by atomic force microscopy (AFM) and reflected

light optical microscopy (RLOM). Extended surface plasmon resonance (ESPR) was

measured by the attenuated total reflection (ATR) method in the Kretschmann-Raether

configuration,1 using the setup described in Chapter 2. Optical absorption spectra of

samples were recorded with the Shimadzu UV-1603 double beam spectrophotometer

ranging between 300 and 1100 nm.

iIn the cooling step, the oven was programmed to reach the room temperature in 2 hours. However,

this was not achieved until 8 hours later, approximately.
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3.4 Morphological characterization of samples

The morphological features of the annealed films depend, mainly, on the initial film

thickness and annealing conditions such as time, temperature and atmosphere.9 However,

previous studies have shown that an almost stationary situation is achieved for annealing

times over 120 min.9,94,95 Thus, the time of our annealing processes is assumed to be

large enough to reach the almost stationary situation. Moreover, samples were annealed

in air accelerating the morphological modifications and favoring the surface diffusion

mechanism.94 Therefore, we focus our study on the effect of initial thickness and annealing

temperature.12

In AFM images, we could observe that all as-grown films presented a continuous

structure, while after annealing Au films exhibited a discontinuous structure with a similar

phenomenology, although showing different quantitative results, depending on the film

thickness and temperature of thermal treatment.

AFM images for the 25 nm Au film are shown in Figure 3.2. The as-grown sample

exhibits a polycrystalline structure with a grain size of about 30 nm and a root mean

square (RMS) roughness of 4.6 nm. After annealing at 300 oC, the film exhibits the

presence of grains with an almost continuous structure that can be resolved in the image.

Grain size distribution results very broad, with grains in the range from 100 to 400 nm.

At some points the glass substrate is observed, although the area of uncovered substrate

scarcely reaches 10 %ii of the total specimen. Annealing at 400 oC induces the grain

growth with an average size of about 300-400 nm, 80-120 nm height and an uncovered

area of around 20 % of the surface. Increasing the annealing temperature up to 500 oC

leads to even larger grains with a typical lateral size of 500 nm and a height of 100-120 nm.

A larger fraction of uncovered surface, of around 30 %, is seen as well. For this annealing

temperature, the uncovered areas percolate and the Au islands become mainly isolated.

The Au volume in the annealed samples differs less than 10 % with respect to the initial

volume of Au films and it does not show a clear tendency, suggesting that these differences

may be attributed to experimental uncertainties. Thus, we may conclude that there is no

significant Au removal during the annealing process within our resolution.

The AFM images corresponding to the film with 45 nm thickness are shown in Figure

3.3. The as-grown film exhibits morphology very similar to that of 25 nm thickness, with

a RMS roughness of 1.4 nm and a grain size of about 16 nm. Annealing of Au film at

iiThis is a minimum value of the uncovered surface due to convolution effects of the AFM tip with a

finite radius.
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Figure 3.2. AFM images of Au films with an initial thickness of 25 nm deposited

onto soda-lime substrates and annealed at different temperatures in air. Right panels

present height profiles measured along the lines indicated on AFM images.
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Figure 3.3. AFM images of Au films with an initial thickness of 45 nm deposited

onto soda-lime substrates and annealed at different temperatures in air. Right panels

present height profiles measured along the lines indicated on AFM images.
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300 oC leads to the formation of hillocks with hill-to-valley height differences of the order

of 20 nm. Due to the larger film thickness, at this temperature there is neither grain

separation nor holes nucleation, as evidenced by the AFM image. Annealing at 400 oC

promotes the formation and percolation of holes and the growth of Au islands leading to

a discrete structure of the film. For this temperature, the average size of the Au islands is

of the order of the micron, the uncovered area is roughly the 50 % of the sample surface

and most of the islands exhibit elongated shape with an average height of 150 nm. Finally,

Au film annealed at 500 oC shows an uncovered area up to 70 % of the sample, the island

height increases to an average value of 200 nm, the island size is of the order of the micron

and the Au islands become more rounded.

The islands formed from the Au films with the largest initial thicknesses can be

observed by optical microscopy. Figure 3.4 shows the optical images obtained by RLOM

for the 45 and 90 nm thickness samples annealed at 500 oC. The optical image of Figure

3.4a and the AFM image of Figure 3.3g correspond to the same sample.

25µm 
 

25µm 
 

(a) (b) 

Figure 3.4. Optical microscopy images of two Au films deposited onto a soda-

lime substrate and annealed at 500 oC with an initial thickness of (a) 45 nm and (b)

90 nm. As we work in reflective mode, bright areas correspond to gold while dark

areas correspond to the substrate.

Films with initial thicknesses of 18, 70, and 90 nm were also studied, although AFM

images are not shown. The main results derived from their analysis are shown in Figure

3.5.

In order to study quantitatively the effect of film thickness and annealing temperature

on the Au films morphology, we determined four parameters from the AFM images: island

size and height, uncovered surface and catchment area (Figure 3.5). Catchment area94 is
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defined as the area from where the metal atoms migrate to form a single island and is

approximately d2, being d the mean inter-island distance.
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Figure 3.5. Morphological parameters of the films derived from AFM images as a

function of annealing time and initial film thickness: (a) island size, (b) island height,

(c) uncovered surface and (d) catchment area.

As Figure 3.5 evidences, the morphological features of the samples depend mainly on

both annealing temperature and initial film thickness, being the later the most relevant

parameter. Modification of morphology in metallic thin films upon annealing has been

studied for long time.9–11,94,97,98,141 Briefly, the main responsible of the process is the

reduction of surface and interface energies, which is triggered by the difference in thermal

expansion coefficient between the substrate and the metal. As explained in Section 2.2.2 of

Chapter 2, the inhomogeneous stress distribution at the film/substrate interface promotes

the formation of hillocks, but the driving force for dewetting is the minimization of the

surface energy of the film and the substrate and that of the film/substrate interface.13,97
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Higher annealing temperature favors the appearance of holes and their subsequent growth

due to the surface diffusion.95 Finally, holes percolate leading to the formation of metal

islands. For annealing temperatures and time large enough, the surface coverage decreases

and the Au islands tend to modify their shape becoming more rounded, in order to reduce

their surface energy. This behavior is quite expected for metal-on-oxides systems. The

most general parameter controlling dewetting is:142

D = γs − γf − γi (3.1)

where γs is the substrate surface energy, γf is that of the film and γi is the interface energy

between both materials. If D < 0, the continuous film is not stable and dewetting will

occur if diffusion is favored. This indeed happens in our system. The surface energy of

metals is usually high. On the contrary, surface energy of oxide is usually raether low, as

well as that of the interface (adhesion between metals and oxides is poor quite often).13,142

γAu is around 1.5 J/m2, γSiO2 is around 0.3 J/m2 and γAu/SiO2
is around 0.6 J/m2.143–145

The formation of the holes becomes easier as Au film thickness decreases, because

the amount of material displaced to create a hole is smaller. Specifically, for the 18 and

25 nm films holes were observed after 300 oC annealing, while thicker films showed the

presence of holes just upon annealing at 400 oC. For the 18 and 25 nm films, a larger

number of holes nucleate and percolate leading to the formation of small islands with

limited size, height and catchment area and reducing the covered surface, as Figure 3.5

shows. However, for films thicker than 25 nm, the fraction of uncovered surface depends

mainly on the annealing temperature and it does not depend so significantly on the Au

film thickness, provided that the annealing temperature is high enough (see data at 500 oC

in Figure 3.5).

3.5 Optical characterization of samples

As we show in this section, the optical measurements present the existence of both

extended and localized surface plasmon resonance of samples. The transition from a

continuous to a discrete structure is observed in the optical properties switching from an

extended to a localized character. The features of the SPs are determined by the initial

Au film thickness and the thermal process. In the following sections we present the results

obtained.
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3.5.1 Extended surface plasmon resonance

Figure 3.6 shows the ESPR spectra for the as-grown and annealed Au films. As

explained in Chapter 1, the transmission of the evanescent field of the incident light

decreases exponentially across the metal film leading to an electromagnetic field at the

metal/dielectric interface. For films thicker than 70-80 nm the electromagnetic field

reaching the interface is too weak, while films that are too thin exhibit reduced resonance,

due to SPR is damped and there is no chance to excite them effectively.
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Figure 3.6. ESPR curves measured in the ATR mode in the Kretschmann-Raether

configuration for the Au films with different thickness (a) 25 nm, (b) 45 nm, (c) 70 nm

and (d) 90 nm, as-grown and upon annealing in air at different temperatures.

Comparing the as-grown samples with thicknesses of 25, 45, 70 and 90 nm, we observe

the SPR curve is more intense for the 45 nm Au film (the optimum thickness is around

50 nm) than for the rest of samples. For the 25 nm film, the resonance curve is very wide
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(the electron oscillation is damped) while 70 and 90 nm Au films exhibit a narrower but

weaker ESPR curve.

Calculating the ESPR curve for the Au films with the same thickness than the as-

grown samples,138 we can observe that the dependence of the measured resonance curve

upon film thickness is in agreement with the simulated spectra, shown in Figure 3.7. The

differences in intensity and width between the calculated and experimental spectra can

be explained by the surface roughness of the films. This roughness is known to damp to

ESPR bands reducing the intensity and widening the absorption band.26
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Figure 3.7. Calculated SPR spectra for Au films (ε1=-11.74 and ε2=1.25, according

to Johnson and Christy5) with different thickness onto soda-lime glass (n=1.513 at

λ=645 nm).

Samples annealed at 300 oC exhibit wider and weaker ESPR curves than the

corresponding to as-grown samples, for all the samples except that of 90 nm. The presence

of the ESPR band after annealing at 300 oC is in agreement with the AFM images showing

that films exhibited a continuous structure after annealing at this temperature. The

formation of hillocks at 300 oC increases the surface roughness leading to damped plasmons

and increasing of the width of the resonance. Specifically, for the sample of 90 nm the

thermal treatment at 300 oC increases the intensity but the absorption band is wider. The

increase in SPR intensity after annealing in the 90 nm Au film could be related to the

decrease of film thickness when hillocks are formed after annealing.

Upon annealing at 400 oC and 500 oC, the ESPR band is practically inappreciable

in the spectra, irrespective of the initial film thickness, as expected for films showing a

discrete structure with dimensions significantly smaller than light wavelength (see Figure

3.5). SPR measurements in the Kretschmann-Raether configuration can just excite the
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ESPR in continuous films, but the absence of resonance in these samples does not imply

that SPs cannot be excited in the obtained nanostructures by other methods. Actually,

patterned films exhibit SPR with features that depend on the patterning geometry.8,146

However, the spectra for 45 and 90 nm films annealing at 400 oC still exhibit an ESPR,

although the absorption band is very weak and wide (see Figure 3.6b and 3.6d). For these

samples, the island size is of 800 nm for 45 nm sample and 1400 nm for 90 nm sample,

and the height is of 90 nm for 45 nm sample and 160 nm for 90 nm sample (see Figures

3.5a and 3.5b). With these thicknesses, it is still possible to excite ESPR in the used

configuration. Moreover, the heights are an average of the AFM images, but there are

islands with smaller heights. The island sizes of 800 nm and 1400 nm are larger than

the light wavelength and the large anisotropy of the islands (see Figure 3.3e) can lead to

islands large enough to hold SPR in certain directions with a dispersion relation similar

to that of continuous films. Annealing at 500 oC leads to more rounded islands reducing

the larger dimension, therefore reducing the absorption due to ESPR.

3.5.2 Localized surface plasmon resonance

Figure 3.8 shows the optical absorption spectra of the studied samples. The absorption

edge at about 300 nm is due to the soda-lime substrate and cannot be identified with any

feature related to Au islands. The shoulder in the range 400-500 nm is due to Au interband

transitions, promoting electrons from the 3d band to the Fermi level,147 while the minimum

at about 500 nm is characteristic of bulk gold and responsible of the yellowish coloration

of this metal.146

For the 25 nm film annealed at 400 oC, the absorption band characteristic of Au

nanoparticles at about 540 nm is clearly observed. This result is in agreement with the

AFM images (see Figure 3.2e), showing that annealing at this temperature leads to a

discrete structure with Au nanoparticles. Annealing at 500 oC yields a blue-shift and a

narrowing of the absorption band. Main morphological differences between the 25 nm

thickness samples annealed at 400 oC and 500 oC are the inter-particle distance (see

Figures 3.2e, 3.2g and 3.8a). The short inter-particle distance in the sample annealed at

400 oC favors the dipolar interaction between adjacent particles, which is known to widen

and red-shift the localized surface plasmon resonance (LSPR).25,51 Annealing at 500 oC

increases the distance between particles, leading to a LSPR band more similar to that

expected for isolated Au nanoparticles.
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Figure 3.8. Optical absorption spectra for the Au films with different thickness (a)

25 nm, (b) 45 nm, (c) 70 nm and (d) 90 nm, after annealing at different temperatures.

Samples with initial film thickness 45 nm and above do not show LSPR absorption

band, regardless of the studied annealing temperature range. Moreover, we analyzed a

30 nm film, which neither showed the absorption band of LSPR upon annealing at same

temperature range. Possibly, at higher temperatures LSPR could have been observed

but the soda-lime substrate becomes soft at about 700 ◦C (see Chapter 2). Thus, in

these conditions we can establish 30 nm as the upper thickness limit to obtain Au islands

exhibiting LSPR using soda-lime substrates. For thicker samples (i.e., 45 nm and above),

the main effect of annealing is the decrease of the absorption coefficient in the whole

spectral range, which is clearly observed for those films annealed at 400 oC and 500 oC

(blue and green curves in Figures 3.8b, 3.8c and 3.8d). Moreover, a magnified view of

these spectra does not reveal any qualitative difference with respect to the corresponding

spectra before the annealing. The drastic modification of the absorbance is due to the

formation of holes, providing zones where the light beam crosses without interacting with

the Au nanostructures. Actually, the evolution of the absorption coefficient is inverse to
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that of the uncovered surface presented in Figure 3.9. Thus, we can conclude that the

islands exhibit a bulk character from an optical point of view and hence, they do not

exhibit the absorption associated with the LSPR.
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Figure 3.9. Integrated absorption between (400-700) nm versus the uncovered

surface for the films with 45, 70 and 90 nm thickness at different annealing

temperatures.

For the sample with 25 nm initial thickness, we observe a clear transition between

ESPR and LSPR. For this thickness, the cross-over region is achieved upon annealing at

300 oC. For this annealing temperature, the spectrum exhibits different features to those

expected for pure LSPR and ESPR. The optical absorption spectra of this sample (Figure

3.8a) does not exhibit the clear maximum at about 600 nm characteristic of LSPR (as

those observed for the samples annealed at 400 oC and 500 oC), but a plateau extended

up to the near infrared region (NIR) is observed. Cesario et al.139 recently demonstrated

that the interaction between LSPs and ESPs induces changes in the optical absorption

spectra for gold nanoparticles in the proximity of a continuous silver thin film due to SPR

interaction. Reducing the distance between the nanoparticles and the film, the absorption

spectra flattens, as we observe here. Concerning the ESPR, the unexpected shift towards

larger angles (i.e., larger k value) is observed for the 25 nm sample annealed at 300 oC

(Figure 3.6a), which can also be related to the interaction between LSPR and ESPR.

Murray et al.140 performed dispersion measurements on silver films with holes, ranging

from metal percolation to island percolation. They found important changes in the k

resonant values in the cross-over percolation region. Therefore, besides the well defined

regions of LSPs and ESPs, we find a region where both kinds of excitations may coexist,

interacting and providing a new phenomenology.
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3.6 Conclusions

Annealing of Au thin films deposited onto soda-lime glass substrates promotes a

transition from continuous films to a discrete structure of islands. The features of these

islands such as size, shape, height and inter-island distance depend on both the Au film

initial thickness and annealing temperature. The structural modifications of the samples

lead to substantial changes in their optical properties. The optical response depends

mainly on the relative size of Au islands and the light wavelength. Specifically, for films

with initial thicknesses up to 30 nm, the Au islands formed after the modification of

the film exhibit an optical absorption associated with LSPR. Thicker films lead, upon

annealing, to large islands (dimensions larger than visible light wavelength) able to hold

ESPR. Therefore, annealing of Au films deposited onto glass substrates provides a method

to tune the structural and plasmonic properties of the films in a wide a range and over

large areas, not easily achievable by other methods.
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Chapter 4

Complex Au/FeOx nanostructures

obtained from annealed bilayers

This chapter presents the fabrication of complex

nanoparticles from Au/Fe bilayers, under various

configurations and annealing conditions. This new

method is applied to obtain successfully Au/α-Fe2O3

and Au/α-Fe2O3/γ-Fe2O3 nanostructures. Their

morphological features depend on the layer initial

thicknesses and the annealing conditions, which mod-

ify the optical absorption band associated with the lo-

calized surface plasmons.

77
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4.1 Introduction

It is well known that nanoparticles (NPs) exhibit different properties than bulk

materials with the same chemical composition due to size, surface and proximity

effects.25,148 Therefore, these nanomaterials offer the possibility to tune their physical

properties, such as their optical properties, by controlling size, shape or aggregation

states, yielding many applications in different fields.25,149,150 Complex NPs as core-shell,

nano-agglomerates or nano-dimers, exhibit further advantages, since they can combine

the properties of their individual components with additional ones arising from their

interaction because of the interface and proximity effects.150,151 The fabrication of simple

NPs (i.e., with a single phase) by chemical or physical routes is relatively well established.

It is possible to obtain large amounts of NPs at reasonable cost and with a good control

of their size, shape or aggregation.152 However, fabrication of complex NPs is an open

issue not completely solved. Both chemical and physical methods have shown their ability

to obtain these complex nanostructures,153–155 but with high cost and low production

efficiency. Hence, the fabrication of large amounts of complex NPs at economically viable

costs is a milestone in the development of nanotechnology.

As already described in Chapter 2, a well known method to obtain large amounts

of NPs dispersed over a substrate consists in the deposition of a metallic thin film and

a subsequent annealing.9,94 The difference in thermal expansion coefficient between the

metallic film and the substrate induces mechanical stresses during the annealing process.

As a result, the metallic film undergoes morphological modifications in order to relax

this stress: formation of hillocks (decreasing the surface energy and that of the film-

substrate interface),13,97 hole nucleation with increasing temperature and subsequently

agglomeration leading to the formation of islands or nanostructures.9–11 Until now, this

method has been successfully used to obtain noble metal nanoparticles.11,71 However, few

works have explored the possibility to use it with other non-noble metals.156–158 Moreover,

to our best knowledge, this method has never been applied to obtain complex NPs with

more than one phase.

According to this, in this chapter, we address the fabrication and characterization of

complex NPs over silica substrates by deposition of bilayers or thin films and subsequent

annealing. We focus on the system Au/FeOx because of the outstanding properties of

each of the constituent elements. On the one hand, as indicated in Chapter 1, Au NPs

can exhibit intense optical activity associated with the surface plasmons (SPs), chemical

stability, high biocompatibility and easy functionalization.2,25 On the other hand,
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iron oxide (FeOx) can present ferrimagnetism, low toxicity and intense photocatalytic

activity.159 Besides this, the combination of those components may exhibit additional

features as enhanced photocatalytic activity for CO oxidation160 or coupling between

magnetic and optical properties of the elements161 due to surface or proximity effects.

Finally, the features related to SPs are evaluated as a function of the annealing conditions

and the thickness of initial films.

4.2 Experimental details

Au and Fe films were deposited onto silica substrates by thermal evaporation using the

home-made evaporation chamber mounted in the Departamento de Electrocerámica at the

Instituto de Cerámica y Vidrio (CSIC) of Madrid (see Chapter 2). Prior to the deposition,

substrates were cleaned with soap and water, and dried with dry air flux. Substrates were

placed about 25 cm away from the ”V”-shaped tungsten filaments, where Au and Fe wires

were initially melted to form a ball. One tungsten filament for each material was used with

its own evaporation source. The deposition was performed under a 10−6 torr pressure and

the deposition rate was about 0.02 nm/s, controlled with a Q-microbalance. Afterwards,

metallic films were annealed at different conditions (time, temperature, atmosphere), in

order to obtain Au/FeOx nanostructures. Thermal treatments consisted of an initial step

from room temperature (RT) to the target temperature, a second step where the target

temperature (which depends on each material) was constant for a certain time and a last

cooling step where the temperature decreased until RT.

Samples were characterized by atomic force microscopy (AFM), scanning electron

microscopy (SEM), reflected light optical microscopy (RLOM) and confocal Raman

microscopy. Optical absorption spectra of the samples were recorded using the V-670

UV-Visible double beam spectrophotometer.

4.3 Au/FeOx nanostructures obtained by annealing in air

4.3.1 Fabrication of samples prepared in air

The temperature required for breaking continuous thin films into nanostructures

depends on the particular metal, annealing process and substrates used.10 The difference in

thermal expansion coefficient between the film and the substrate induces thermal stresses

at the interface that are relieved breaking the film into NPs. For Au films onto glass

substrates, the large difference between linear expansion coefficient of metallic film and
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the glass substrate9,11,102,162 (see Chapter 2) can prompt the appearance of significant

stresses and the formation of NPs at temperatures as low as 200 oC. In the case of Fe

films, the formation of NPs by this method has not been almost studied.157 Fe has

a thermal expansion coefficient similar to that of Au,102 but becomes oxidized in few

minutes upon annealing at 150 oC for 1 hour,14 a temperature too low to promote the

formation of NPs. Thus, prior to the formation of metallic Fe NPs, we have a FeOx

film. The thermal expansion coefficient of iron oxides is significantly smaller than that

of the metallic Fe (i.e., 8·10−6 K−1 for α-Fe2O3).102 Consequently, higher temperatures

are required to achieve the strains needed for the formation of the NPs from a Fe film

deposited on a glass substrate, in comparison with those for the fabrication of Au NPs.

Such stresses are only obtained above 900-1200 oC, in which a Fe film has completely

transformed into iron oxide NPs, where the oxidation state depends on the atmosphere

(O2 pressures) during the thermal treatment.163 At these temperatures, the Au is melted,

making difficult the fabrication of Au/FeOx NPs. Due to the high temperatures required

to obtain iron oxide NPs, for these experiments, we chose silica substrates because they

present a higher softening point (1600 oC) than the soda-lime substrates (700 oC) used in

the previous chapter (see Section 2.2.2 of Chapter 2).

Annealing in high vacuum or reducing atmospheres in order to prevent iron oxidation

is not a chance. The mass transport mechanism for the formation of NPs is mainly the

surface diffusion.9 The surface diffusion coefficient of metals is increased several orders of

magnitude by the oxygen adsorbed on the metal surface.95,164 Therefore, NPs cannot be

obtained following this method without oxidising the Fe film.

The large difference in the temperatures required to obtain Au (from 200 oC) and

FeOx NPs (from 900 oC) determines the strategy to fabricate the hybrid nanostructures.

Thus, two different approaches were followed to obtain complex Au/FeOx nanostructures

by thermal treatments in air:

• First approach: initially, Fe films were grown on silica substrates and annealed at

1050 oC for 4 hours in air to obtain the FeOx NPs. Afterwards, Au films were

deposited over the FeOx nanostructured film and a second thermal treatment at

500 oC for 3 hours in air was carried out. As the temperature of this second annealing

is significantly smaller than the initial one, the FeOx NPs do not suffer appreciable

modifications during the annealing process. Within this approach, the heating and

cooling steps of the thermal treatments were carried out in 2 hours until or from the

corresponding target temperature. Thermal treatments were similar to those used
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to obtain Au NPs in Chapter 3. In this way, we prepared samples where the Fe

film thickness was varied: 5, 10 and 20 nm, while the Au thickness, 10 nm, and the

annealing conditions remained fixed.

• Second approach: Fe/Au bilayers, where the Au films are in contact with the silica

substrates, were grown and a subsequent single annealing at higher temperature for

a short time was carried out, in order to obtain Au/FeOx nanostructures in just

one annealing. In this case, the annealing temperature was varied from 1050 oC to

1200 oC, in order to obtain more isolated nanostructures than in the first approach.

At 1200 oC, it is possible to obtain FeOx NPs. However, this temperature is too high

to fabricate Au NPs (the melting point of Au is 1064 oC, see Chapter 2) since the Au

would not be in solid state, which it is necessary to obtain NPs from films.13 For this

reason, we shorten the annealing time, which was of the order of minutes, instead of

hours and during the cooling step, the temperature was quickly decreased: in 6 min

from the target temperature of 1200 oC to 600 oC and from 600 oC to RT in 40 min.

The heating step was similar to the previous approach: in 2 hours, temperature

was gradually increased from RT to the target temperature. Besides, Au films were

deposited before the Fe films, fabricating Fe/Au bilayers instead of Au/Fe bilayers

in order to protect the Au films. With this configuration, the amount of oxygen that

reaches the Au is much smaller than when the Au layer is completely uncovered.

Thus, within this second approach, the annealing parameters were chosen since they

supposed a compromise to obtain both kinds of NPs. In this way, we prepared

samples varying the Fe film thickness: 2, 5, 10 and 20 nm and the annealing time: 3

or 30 min, while the rest of the parameters (i.e., annealing temperature at 1200 oC

and Au film thickness of 10 nm) remained fixed.

As indicated above, few works have explored the possibility of obtaining iron oxide

nanostructures from Fe films.156–158 Thus, prior the fabrication of Au/FeOx NPs, we

prepared FeOx NPs starting from Fe thin films annealed at 1050 oC for 4 hours in air.

These annealing conditions were chosen because Aggarwal et al. reported the fabrication

of α-Fe2O3 NPs from Fe films annealed at 1050 oC.157,165 For the obtention of FeOx NPs,

Fe thin films varying the thickness (5, 10, 15 and 20 nm) were grown. In both the heating

and cooling steps of the thermal treatments, temperature was gradually increased and

decreased in 2 hours.

The area of the substrates that were coated with the metallic films was of 1x1 cm2.

Table 4.1 shows a short description of the FeOx and Au/FeOx NPs obtained in air.
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FeOx NPs

Sample Description

Fe 5 1050 oC 4h 5 nm Fe film annealed at 1050 oC for 4 hours

Fe 10 1050 oC 4h 10 nm Fe film annealed at 1050 oC for 4 hours

Fe 15 1050 oC 4h 15 nm Fe film annealed at 1050 oC for 4 hours

Fe 20 1050 oC 4h 20 nm Fe film annealed at 1050 oC for 4 hours

Au/FeOx NPs - First approach

Sample Description

Fe 5 1050 oC Au 10 500 oC
5 nm Fe film annealed at 1050 oC for 4 hours plus 10 nm Au film

annealed at 500 oC for 3 hours

Fe 10 1050 oC Au 10 500 oC
10 nm Fe film annealed at 1050 oC for 4 hours plus 10 nm Au

film annealed at 500 oC for 3 hours

Fe 20 1050 oC Au 10 500 oC
20 nm Fe film annealed at 1050 oC for 4 hours plus 10 nm Au

film annealed at 500 oC for 3 hours

Au/FeOx NPs - Second approach

Sample Description

Au 10 Fe 2 1200 oC 3 min 2 nm Fe/10 nm Au bilayer annealed at 1200 oC for 3 min

Au 10 Fe 5 1200 oC 3 min 5 nm Fe/10 nm Au bilayer annealed at 1200 oC for 3 min

Au 10 Fe 10 1200 oC 3 min 10 nm Fe/10 nm Au bilayer annealed at 1200 oC for 3 min

Au 10 Fe 20 1200 oC 3 min 20 nm Fe/10 nm Au bilayer annealed at 1200 oC for 3 min

Au 10 Fe 2 1200 oC 30 min 2 nm Fe/10 nm Au bilayer annealed at 1200 oC for 30 min

Au 10 Fe 5 1200 oC 30 min 5 nm Fe/10 nm Au bilayer annealed at 1200 oC for 30 min

Au 10 Fe 10 1200 oC 30 min 10 nm Fe/10 nm Au bilayer annealed at 1200 oC for 30 min

Au 10 Fe 20 1200 oC 30 min 20 nm Fe/10 nm Au bilayer annealed at 1200 oC for 30 min

Table 4.1. FeOx and Au/FeOx NPs fabricated from Au and Fe films with different

thickness and under different annealing conditions in air.

4.3.2 Morphological characterization of samples prepared in air

• FeOx nanostructures

Figure 4.1 shows the AFM images corresponding to the sample of FeOx NPs obtained

by deposition of a 15 nm Fe film and a consequent annealing at 1050 oC for 4 hours in

air, sample Fe 15 1050 oC 4h. The annealing process induces quite rounded NPs, which

are distributed homogeneously throughout the whole substrate surface. Some areas of the

silica substrate can be distinguished. The NP size ranges between 100 and 500 nm, and

the NP height is of 50 nm. For the rest of fabricated FeOx NPs using the same annealing

conditions and varying the initial Fe thickness between 5 and 20 nm, the morphology

is qualitatively quite similar to that of sample Fe 15 1050 oC 4h, but NPs are more

agglomerated and their sizes and heights increase as initial Fe thickness increases. In
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Figure 4.1. (a) and (b) AFM images of 15 nm thickness Fe film deposited onto a

silica substrate and annealed at 1050 oC for 4 hours in air. (c) Height histogram taken

from the AFM image (a) and (d) height profile measured along the line indicated on

AFM image.

general, structural features such as the size, shape or aggregation state of FeOx NPs could

be modified varying the annealing conditions besides the initial Fe film thickness.

After obtaining FeOx NPs from Fe thin films annealed in air, we followed the two

approaches described above to obtain complex Au/FeOx nanostructures by thermal

treatments in air.

• First approach: Fe film + first annealing + Au film + second annealing

Figure 4.2 shows SEM micrographs of two samples prepared following this approach,

samples Fe 5 1050 oC Au 10 500 oC and Fe 10 1050 oC Au 10 500 oC (see Table 4.1). These

images show the large homogeneity of NPs grown over the silica substrate surface, being

possible to distinguish two nanostructured films: a bottom layer consisting of gray color

nanostructures and a top film of white color NPs. Since the intensity of the backscattered

electron signal can be related to the atomic number of the specimen, it is possible to

identify the white NPs as those of Au and the gray NPs as FeOx ones. For both samples,

we can observe that the top layer (Au NPs) presents similar sizes and shapes. Moreover,
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sample Fe 10 1050 oC Au 10 500 oC shows Au NPs more separated than sample Fe 5

1050 oC Au 10 500 oC.

5µm 
 

(b) 5µm 
 

(a) 

Fe 5 1050ºC Au 10 500ºC Fe 10 1050ºC Au 10 500ºC 

Figure 4.2. SEM images for a Fe film with (a) 5 nm and (b) 10 nm thickness

annealed at 1050 oC for 4 hours plus a 10 nm Au film annealed at 500 oC for 3 hours

in air.
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Figure 4.3. (a) AFM image for a 10 nm Fe film annealed at 1050 oC for 4 hours

plus a 10 nm Au film annealed at 500 oC for 3 hours in air and (b) height profile

measured along the line indicated on AFM image.

Figure 4.3 shows an AFM image for the sample Fe 10 1050 oC Au 10 500 oC, where it

is possible to differentiate a bottom layer of NPs with a size in the range 50-300 nm and

10-40 nm height and a second type of larger NPs on top of the previous ones with average

size about 500 nm and height of the order of 100-130 nm. Figure 4.4a and Figure 4.4c

show a region of FeOx NPs for samples Fe 10 1050 oC Au 10 500 oC and Fe 20 1050 oC

Au 10 500 oC respectively, where it is possible to differentiate NPs with an average size

around 200 nm and 10-40 nm height for Fe 10 1050oC Au 10 500oC (see Figure 4.4b) and

NPs with an average size around 300 nm and 20-80 nm height for Fe 20 1050oC Au 10

500 oC (see Figure 4.4d). AFM image of sample Fe 5 1050 oC Au 10 500 oC is not shown

because it could not be obtained due to tip effects. However, for this sample, we observed
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that the FeOx film contains smaller NPs than samples grown from the 10 and 20 nm Fe

films (see Figure 4.4). Hence, samples fabricated with this approach show iron oxide NPs

smaller and more separated for the thinnest initial Fe films.
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Figure 4.4. AFM images for a Fe film with (a) 10 nm and (c) 20 nm thickness

annealed at 1050 oC for 4 hours plus a 10 nm Au film annealed at 500 oC for 3 hours

in air. (Right) height profiles measured along the line indicated on AFM images.

It should be noted that the Au NPs obtained on the FeOx NPs layer result larger

than those obtained for a Au film with the same thickness deposited directly on the glass

substrate (see Chapter 3). The discontinuous profile of the iron oxide nanostructured film

induces a more heterogeneous stress distribution than in a flat glass substrate. This favors

the nucleation of holes, leading to larger and more separated Au NPs in order to minimize

the interface energy between the FeOx NPs and the Au film (although the difference

between the expansion coefficients between the Au film and the FeOx nanostructured film

is smaller than that between the Au film and the silica substrate). Hence, parameters

as the size, shape and aggregation state of FeOx NPs also determine the morphological

features of the Au NPs, modifying their physical properties.

Therefore, with this approach, modifying the thickness of initial Fe films, the

morphology of both kinds of NPs and consequently their individual properties can be tuned

independently. Other parameters different from initial Fe thickness could be changed.
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• Second approach: Fe/Au bilayer + annealing

The coupling effects between the Au and FeOx NPs can be enhanced upon the formation

of dimmers with both components. The formation of these dimmers is quite difficult with

the first approach, in which each kind of NPs is processed in separated steps and at fairly

different temperatures. In order to promote the formation of these dimmers, a second

approach was used, which is described above.

Figure 4.5 shows the SEM micrographs of four samples prepared by this second

approach, consisting of Fe/Au bilayers annealed at 1200 oC for 3 min in air, fixing the Au

film thickness to 10 nm and varying the Fe film thickness: 2, 5, 10 and 20 nm (see Table

4.1). These images confirm that the NPs exhibit a homogeneous size distribution over the

substrate surface. Moreover, the NP morphology varies depending on the initial Fe film

thickness: the larger the Fe film thickness, the larger the complex nanostructures. In all

samples, the bare substrate can be observed. Besides this, we can distinguish NPs with
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Au 10 Fe 2 1200ºC 3min  
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Au 10 Fe 5 1200ºC 3min  

(c) 5µm 
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(d) 5µm 
 

Au 10 Fe 20 1200ºC 3min  

Figure 4.5. SEM images for samples obtained from Fe/Au bilayers annealed at

1200 oC for 3 min in air, with a 10 nm Au thickness and varying the Fe film thickness:

(a) 2 nm, (b) 5 nm, (c) 10 nm and (d) 20 nm.
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different color: white and gray NPs, which correspond to Au nanostructures and FeOx

ones, respectively.

AFM images for complex nanostructures fabricated with this approach for 3 and 30 min

are illustrated in Figure 4.6 and Figure 4.7, respectively. For both annealing times, the

morphological features such as the size, shape or aggregation state of hybrid NPs vary

largely when changing the Fe film thickness. Two kinds of NPs can be distinguished: one

type of nanostructures is higher than the other one. Phase AFM images (Figure 4.8 and

Figure 4.9) were analyzed and they evidenced the formation of complex dimmers. These

images were taken scanning on sample surfaces slowly, in order to avoid topographic effects

in the phase signal. A detail of AFM images illustrated in Figure 4.6 and Figure 4.7 (see

squares on AFM images) allows intuiting both species by phase contrast. The NPs exhibit

a dual distribution of phase contrast than can be associated with two chemical phases.

Due to the morphological features of nanostructures with smaller phase contrast (similar

for all samples fabricated with this second approach), these may be assigned to Au NPs

while those with higher phase contrast may be identified as FeOx NPs.

As shown Figure 4.6a, complex NPs in Au 10 Fe 2 1200 oC 3 min present an average

size between 50 and 300 nm and a height in the range from 10 to 60 nm, showing a large

percentage of bare substrate. Increasing the Fe film thickness from 2 to 5 nm, sample Au

10 Fe 5 1200 oC 3 min (Figure 4.6b), the NPs present a completely different morphology.

In this case, the highest NPs with a size between 200 and 600 nm and a height of 100-

150 nm are over a nanostructured film, which shows nanoparticles with an average size

around 100-200 nm and a height of the order of 20 nm. In the case of the sample Au 10

Fe 10 1200 oC 3 min (Figure 4.6c), NPs show a size ranging from 100 to 400 nm and a

height from 10 to 140 nm. For the sample with a 20 nm Fe thickness, sample Au 10 Fe

20 1200 oC 3 min (Figure 4.6d), NPs present an average size in the range from 100 to

500 nm and a height between 20 and 150 nm. For this batch, samples with an initial Fe

thickness of 5, 10 and 20 nm show the substrate surface more covered by NPs, around

5-10% is uncovered, than for the sample obtained from a 2 nm Fe film, which shows an

uncovered area of the order of 70% (see Figure 4.6).

Increasing the annealing time, from 3 to 30 min, does not alter significantly the NP

morphology (compare Figure 4.6 and Figure 4.7). For Au 10 Fe 2 1200 oC 30 min (see

Figure 4.7a), complex NPs present an average size in the range from 50 to 400 nm and

a height of a few nanometers to 80 nm. For sample Au 10 Fe 5 1200 oC 30 min (Figure

4.7b), two types of nanostructures can be distinguished: the highest NPs with a height

of 100-150 nm and an average size from 200 to 500 nm and the other ones with a height
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Figure 4.6. Topography AFM images for samples obtained from Fe/Au bilayers

annealed at 1200 oC for 3 min in air, with a 10 nm Au thickness and varying the Fe

film thickness: (a) 2 nm, (c) 5 nm, (e) 10 nm and (g) 20 nm. (Right) height profiles

measured along the lines indicated on AFM images.
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Figure 4.7. Topography AFM images for samples obtained from Fe/Au bilayers

annealed at 1200 oC for 30 min in air, with a 10 nm Au thickness and varying the Fe

film thickness: (a) 2 nm, (c) 5 nm, (e) 10 nm and (g) 20 nm. No significant changes

are observed with respect to Figure 4.6. (Right) height profiles measured along the

lines indicated on AFM images.
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Figure 4.8. (Left) a detail of topography AFM images shown in Figure 4.6 and

(right) phase AFM images for samples obtained from Fe/Au bilayers annealed at

1200 oC for 3 min in air, with a 10 nm Au thickness and varying the Fe film thickness:

2, 5, 10 and 20 nm.
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Figure 4.9. (Left) a detail of topography AFM images shown in Figure 4.7 and

(right) phase AFM images for samples obtained from Fe/Au bilayers annealed at

1200 oC for 30 min in air, with a 10 nm Au thickness and varying the Fe film thickness:

2, 5, 10 and 20 nm.
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around 20 nm and an average size of 100-200 nm. For sample obtained from a 10 nm Fe

film (Au 10 Fe 10 1200oC 30 min, Figure 4.7c), the NPs show an average size in the range

from 150 to 400 nm and a height between 20 and 100 nm. For the case of the sample Au

10 Fe 20 1200 oC 30 min (see Figure 4.7d), NPs present an average size between 150 and

500 nm and a height ranging from 20 to 120 nm (see roughness profiles in Figure 4.7).

For this second batch, samples show around 5-15% of the substrate surface uncovered

by NPs. Specifically, complex NPs obtained from Fe/Au bilayers with 2 and 5 nm Fe

thicknesses annealed for 30 min present different aggregation states and shapes to those

samples annealed for 3 min. NPs obtained from Fe/Au bilayers with 10 and 20 nm Fe

thicknesses show similar morphology for both annealing times.

This second method does not allow a complete control of the morphology and structure

of both species as the first approach, however it is possible to tune them at somewhat

extended in just one thermal treatment. Moreover, this method can favor the interaction

between the complex NPs since are shown as dimmers.

4.3.3 Confocal Raman characterization of samples prepared in air

As described in Chapter 2, using Raman spectroscopy it is possible to distinguish

different materials and differentiate species in a same sample. A common problem in the

Raman measurements is the fluorescence phenomenon of metals such as the Au. In the

literature, we can find many works to avoid the fluorescence or to separate the Raman

signal of a material from fluorescence emission.122,166 However, the fluorescence can also

be been used to differentiate materials that present this phenomenon from other materials

that do not show it. Taking this into account, a study by confocal Raman microscopy

of samples was performed mapping areas both on the plane (XY plane) and in depth

(XZ plane), in order to determine the phase of iron oxide NPs and trying to distinguish

between the different components, separating the fluorescence signal for Au NPs and the

signal of FeOx NPs by their characteristic spectrum. Both FeOx and complex Au/FeOx

nanostructures prepared by annealing in air were studied.

• FeOx nanostructures

Figure 4.10 shows the Raman spectra and images for FeOx NPs obtained from a 20 nm

Fe film annealed at 1050 oC for 4 hours in air, sample Fe 20 1050 oC 4h. In the whole

sample, we only identified a type of Raman spectrum. In-plane (10×10 µm2) and in-

depth (10×2.5 µm2) Raman intensity images were obtained mapping the FeOx Raman

spectra taken each 300 nm, integrating in the spectral range from 0 to 3600 cm−1. These
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mapped regions are marked with a purple square (in-plane image, Figure 4.10b) and a blue

line (in-depth image, Figure 4.10c) on the optical micrograph of the sample (see Figure

4.10a). In the in-plane Raman image, we can observe the homogeneous dispersion of the

FeOx NPs on the silica surface. Moreover, in the in-depth Raman image, it is possible to

differentiate clearly between the NPs and the substrate and estimate the sample thickness,

around 600 nm. The single Raman spectra, which represent a pixel in the Raman image,

were measured each 300 nm. Besides, the optical resolution of the confocal microscope in

the vertical direction is of 500 nm. This implies that the thickness value is larger than

the real one and the in-depth Raman image shows dispersion effects at substrate/sample

or sample/air interfaces. A magnification of the average Raman spectrum obtained from

the in-plane Raman image (Figure 4.10d), from 150 to 1550 cm−1, is compared with the

α-Fe2O3 spectrum measured by de Faria et al.,6 Figure 4.10e. The Raman bands can

be clearly associated with those of α-Fe2O3, identifying the seven phonon modes6 allowed
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Figure 4.10. Characterization by confocal Raman microscopy for Fe 20 1050 oC 4h:

(a) optical micrograph, (b) in-plane and (c) in-depth Raman intensity image obtained

from mapping the α-Fe2O3 Raman spectra taken each 300 nm and integrating in the

spectral range from 0 to 3600 cm−1, (d) average Raman spectrum obtained from

in-plane Raman image and (e) a zoom of the average Raman spectrum from 150 to

1550 cm−1 compared with that measured by de Faria et al.6
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(purple numbers), besides others (black numbers) that are not allowed in Raman, but they

have already been reported in the literature.167,167–172 This result agrees with those from

Aggarwal et al.157 who reported the fabrication of α-Fe2O3 NPs from a Fe film annealed

at 1050 oC. Samples with initial Fe thicknesses of 5, 10 and 15 nm were also studied and

Raman measurements showed qualitatively similar results to those obtained for sample Fe

20 1050 oC 4h.

• Au/FeOx nanostructures

Figure 4.11 and Figure 4.12 show the Raman characterization carried out for a sample

obtained from the first approach (Fe 20 1050 oC Au 10 500 oC, Figure 4.4a) and the second

approach (Au 10 Fe 5 1200 oC 30 min, Figure 4.7c), respectively. Two types of Raman

spectra were identified: one associated with the fluorescence of Au NPs and the other one

related to that of α-Fe2O3.6
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Figure 4.11. Raman characterization for Fe 20 1050 oC Au 10 500 oC: (a) optical

micrograph, (b) in-plane and (d) in-depth Raman intensity image obtained from

mapping the different single Raman spectra taken each 100 nm and integrating in

the spectral range from 90 to 3600 cm−1 for Au NPs (red circle) and from 1230 to

1380 cm−1 for α-Fe2O3 NPs (blue circle). (c) Single Raman spectra taken from in-

plane Raman image, distinguishing the integrated regions (red region for Au NPs and

blue region for α-Fe2O3 NPs) to obtain the Raman images.



Au/FeOx nanostructures obtained by annealing in air 95

Second approach

(b)
(a)

Y

1

X

Y

y 

 Fe2O3

Au
(c)

un
its

) 

1m
 

In
te

ns
ity

Au 

ns
ity

 (a
rb

. 

X
Z1m (d)

0 1000 2000 3000
Raman shift (cm-1)

In
te

n

Figure 4.12. Raman characterization for Au 10 Fe 5 1200 oC 30 min: (a) optical

micrograph, (b) in-plane and (d) in-depth Raman intensity image obtained from

mapping the different single Raman spectra taken each 100 nm and integrating in

the spectral range from 90 to 3600 cm−1 for Au NPs (red circle) and from 1230 to

1380 cm−1 for α-Fe2O3 NPs (blue circle). (c) Single Raman spectra taken from in-

plane Raman image, distinguishing the integrated regions (red region for Au NPs and

blue region for α-Fe2O3 NPs) to obtain the Raman images.

For both samples, in-plane (5×5 µm2) and in-depth (5×1.5 µm2) Raman intensity

images were obtained from mapping the different single Raman spectra measured each

100 nm and integrating in the spectral range from 90 to 3600 cm−1 to distinguish

the fluorescence of Au NPs (red color) and from 1230 to 1380 cm−1 to separate the

signal corresponding to α-Fe2O3 NPs (blue color). These mapped regions are marked

with a purple square (in-plane images) and a blue line (in-depth images) on the optical

micrographs of the samples (see Figure 4.11a for Fe 20 1050 oC Au 10 500 oC and Figure

4.12a for Au 10 Fe 5 1200 oC 30 min). Single Raman spectra, shown in Figure 4.11c and

Figure 4.12c, were taken from two regions marked with circles on the in-plane Raman

images, corresponding to α-Fe2O3 (blue circles) and Au NPs (red circles) (see Figure

4.11b and Figure 4.12b). In these spectra, the regions that were integrated to obtain the

Raman images are marked. The integration region chosen from 1230 to 1380 cm−1 for

α-Fe2O3 NPs can be assigned to a second order scattering process about 1325 cm−1, which
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corresponds to the band around 663 cm−1, relative to the first order scattering.167 This

band can be associated with infrared (IR) active longitudinal optical (LO) Eu mode and

forbidden in Raman scattering (as detailed below), which is activated by disorder in the

α-Fe2O3 crystals.168,169

Comparing the Raman characterization performed for both samples fabricated by the

two different approaches in air, we can observe that Au NPs of the sample Fe 20 1050 oC

Au 10 500 oC are more distributed on surface than those of the sample Au 10 Fe 5 1200 oC

30 min, where Au NPs are more agglomerated (Figure 4.11b, Figure 4.11d, Figure 4.12b

and Figure 4.12d). In the case of the α-Fe2O3 NPs of sample Fe 20 1050 oC Au 10

500 oC, we obtain NPs distributed along the whole surface detecting few regions of the

surface without covering. However, for the case of the sample Au 10 Fe 5 1200 oC 30 min,

the α-Fe2O3 NPs are more agglomerated and they can be clearly identified, finding a

higher number of regions on the surface without covering than in sample Fe 20 1050 oC

Au 10 500 oC. These results are analogues to those obtained by the microstructural

characterization (see Section 4.3.2). From in-depth Raman images (Figure 4.11d and

Figure 4.12d), we can estimate the thickness of samples, obtaining values around 400-

600 nm, larger than the real thicknesses. For these samples, the single Raman spectra to

obtain the Raman images were taken each 100 nm. However, the optical resolution of the

confocal microscope is of 500 nm in the vertical direction. This affects the Raman signal

inducing dispersion phenomena at the substrate/sample or sample/air interfaces (similar

to FeOx NPs, see Figure 4.10).

All samples obtained by both approaches were measured by confocal Raman

microscopy and in all cases, FeOx NPs were identified as α-Fe2O3 NPs and both the

Au and α-Fe2O3 nanostructures were distinguished.

• Analysis by Raman spectroscopy of FeOx nanostructures

We analyze FeOx NPs of three samples fabricated by the different approaches with the

same initial thicknesses of the Au and Fe films (Figure 4.13): Au/FeOx NPs obtained by

the first approach from a 20 nm Fe film annealed at 1050 oC for 4 hours in air plus a

10 nm Au film annealed at 500 oC for 3 hours in air (Fe 20 1050 oC Au 10 500 oC, Figure

4.4c) and Au/FeOx NPs obtained by the second approach from a 10 nm Au/20 nm Fe

bilayer annealed at 1200 oC for 3 and 30 min (Au 10 Fe 20 1200oC 3 min and Au 10

Fe 20 1200oC 30 min, Figure 4.6g and Figure 4.7g, respectively). In the Raman spectra,

it is possible to distinguish the seven phonon modes (2A1g + 5Eg) allowed in Raman for

α-Fe2O3 (hematite), besides other bands. Around 663 cm−1, IR active LO Eu mode can
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Figure 4.13. Single Raman spectra for FeOx nanostructures of Fe 20 1050 oC Au

10 500 oC (black line), Au 10 Fe 20 1200 oC 3 min (red line) and Au 10 Fe 20 1200 oC

30 min (blue line). Spectra were taken with an integrating time of 2 s.

be identified, which is forbidden in Raman scattering but is activated by disorder in the

α-Fe2O3 crystals,167–169 as noted above. This band could be attributed to magnetite,

which shows a peak around that wavenumber. However, high amounts of magnetite

should be detected in the Raman spectrum and this is unlikely, since the complex NPs

were obtained from thermal treatments at 1050 and 1200 oC, too high temperatures for

obtaining magnetite. Therefore, the appearance in the Raman spectra of that vibrational

mode may be explained by a non-perfect stoichiometry or by a small grain size, which

increases the relative amount of surface atoms with different coordination spheres,169,171

and thus the disorder. The vibrational mode at 820 cm−1 can be assigned to a magnon.

Hematite is an antiferromagnetic material with the spins slight canted above the Morin

temperature, thus a collective spin movement (magnon) can be excited.170,171 Other

modes around 950-1150 cm−1 may be due to the silica substrates, however their origin

is not clear.169,173 The bands attributed up here correspond to fundamental phonon and

magnon bands, however overtones of the first-order scattering can be observed. The band

around 1325 cm−1 can be assigned to an overtone or second order scattering process of

the band around 663 cm−1 (2×663=1326 cm−1), which is known to be strongly resonantly

enhanced.167 Moreover, at 1960 and 2630 cm−1, the second (3×663=1989 cm−1) and third

overtone (4×663=2652 cm−1) can be identified, respectively.167 Finally, Raman scattering

of two magnon mode may be identified at 1560 cm−1 (2×820=1640 cm−1).172 According

to this assignation of Raman bands for α-Fe2O3,6,167–175 Table 4.2 shows the wavenumbers

obtained from a lorentzian fitting of Raman spectra for the three samples fabricated by

the different approaches (see Figure 4.13).
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Raman modes
Fe20 1050oC Au10 500oC

ν (cm−1)

Au10 Fe20 1200oC 3min

ν (cm−1)

Au10 Fe20 1200oC 30min

ν (cm−1)

A1g(1) 226.9 228.0 228.7

Eg(1) 246.8 247.3 250.8

Eg(2) 290.9 294.3 294.4

Eg(3) 300.2 300.9 302.8

Eg(4) 412.3 414.3 417.3

A1g(2) 504.4 507.8 510.7

Eg(5) 612.9 614.8 619.8

Disorder 665.2 667.2 673.7

Magnon 827.8 830.1 831.1

965.3 963.6 971.9

1050.6 1051.2 1078.1

1101.0 1118.3 1119.1

Overtone 1320.7 1325.8 1331.9

Two magnon - 1558.9 -

Second overtone 1961.4 1967.5 1969.4

Third overtone 2628.8 2633.5 2643.6

Table 4.2. Raman modes and wavenumbers for α-Fe2O3 nanostructures of Fe 20

1050 oC Au 10 500 oC, Au 10 Fe 20 1200 oC 3 min and Au 10 Fe 20 1200 oC 30 min.

As evidenced Figure 4.13, variations on the full width half maximum (FWHM),

the Raman shift and relative intensities of the Raman modes can be observed. These

modifications can be due to the morphological features of α-Fe2O3 NPs. Hence, in order

to correlate the Raman signal with the size and the crystallinity of the nanostructures

obtained from different annealing conditions, three Raman modes are analyzed: Eg(5) and
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Figure 4.14. (a) First overtone of the LO mode and (b) LO and Eg(5) modes for

Fe 20 1050 oC Au 10 500 oC (black line), Au 10 Fe 20 1200 oC 3 min (red line) and

Au 10 Fe 20 1200 oC 30 min (blue line). Spectra were taken with an integrating time

of 2 s.
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LO bands and the first overtone of the LO mode. The wavenumber, FWHM and intensity

for the three Raman bands (Figure 4.14) are presented in Table 4.3 for the three samples

analyzed. Figure 4.14a illustrates the first overtone of the LO mode around 1325 cm−1,

where it is possible to observe that the peak is shifted towards smaller wavenumbers and

the FWHM increases (the rest of the modes show a similar behavior) for NPs fabricated at

lower temperatures by the first approach, which can be associated with a decrease in the

size of α-Fe2O3 nanostructures.176 For samples obtained by the second approach, we can

observe that the first overtone of the LO mode for NPs annealed for 30 min results shifted

towards larger wavenumbers with respect to those annealed for 3 min (the rest of the

modes show a similar behavior), which can be related to an increase in the size of α-Fe2O3

nanostructures.176 In general, wider Raman bands are observed for sample obtained by

the first approach (see Table 4.3). These results suggest that NPs fabricated at higher

temperatures and for larger annealing time present a higher crystallinity and larger NP

size, which is consistent with the morphological characterization (see Section 4.3.2). On

the other hand, the LO mode (Figure 4.14b) can be related to the disorder in the α-

Fe2O3 crystals.167–169 A high contribution from the LO component with respect to other

Raman modes can be attributed to a decrease in the crystallinity of hematite NPs.171

In the three samples fabricated under different conditions, analyzing the intensity ratio

for the LO and Eg(5) modes (see Table 4.4), a larger lattice disorder is found for Fe 20

1050 oC Au 10 500 oC, where the annealing temperature is lower than in the other samples

analyzed. For the samples obtained by the second approach at different annealing times

(3 or 30 min), the sample treated for 30 min presents larger order than that annealed for

3 min. Hence, at low temperatures and short times of sintering, the crystalline disorder

and the concentration of defects of nanostructures is higher, requiring high activation

energy.174 The lattice disorder can be also associated with the size of NPs, finding a high

disorder for smaller size NPs, which show broader Raman bands and those shifted towards

smaller wavenumbers. These effects increase as the nanocrystal size decreases, due to the

phonon confinement.171

Fe20 1050oC Au10 500oC Au10 Fe20 1200oC 3min Au10 Fe20 1200oC 30min

Raman modes ν (cm−1) FWHM (cm−1) Intensity ν (cm−1) FWHM (cm−1) Intensity ν (cm−1) FWHM (cm−1) Intensity

Eg(5) 612.9 21.1 819.1 614.8 20.0 628.7 619.8 22.8 436.3

Disorder/ LO 665.2 39.9 1138.7 667.2 33.9 644.6 673.7 43.4 380.5

Overtone 1320.7 78.0 2540.1 1325.8 61.2 2714.7 1331.9 60.9 2292.4

Table 4.3. Wavenumber, FWHM and intensity of three Raman modes for α-Fe2O3

nanostructures of samples: Fe 20 1050 oC Au 10 500 oC, Au 10 Fe 20 1200 oC 3 min

and Au 10 Fe 20 1200 oC 30 min.
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Intensity ratio Fe20 1050oC Au10 500oC Au10 Fe20 1200oC 3min Au10 Fe20 1200oC 30min

LO
Eg(5) 1.39 1.02 0.87

Table 4.4. Raman intensity ratio between the LO and Eg(5) modes for α-Fe2O3

nanostructures of samples: Fe 20 1050 oC Au 10 500 oC, Au 10 Fe 20 1200 oC 3 min

and Au 10 Fe 20 1200 oC 30 min.

Since Raman spectroscopy measures excitation of phonons along certain crystallo-

graphic direction, the intensity of Raman bands for each crystal depends on the relative

orientation of the light polarization and lattice axis. Therefore, confocal Raman mi-

croscopy can provide intensity images distinguishing the different orientations of α-Fe2O3

NPs. Figure 4.15a shows in-plane Raman intensity image (2.5×2.5 µm2) for Au 10 Fe

20 1200 oC 3 min, which was obtained from mapping the different single Raman spec-

tra measured each 50 nm and integrating in the spectral range from 90 to 3600 cm−1

to distinguish the Au NPs (red color) and from 266 to 312 cm−1 (blue color) and from

388 to 426 cm−1 (green color) to identify the α-Fe2O3 NPs with different crystalline ori-

entation. The spectral ranges to discriminate the hematite signal were chosen because

show Raman modes with different relative intensities. Single Raman spectra, shown in

Figure 4.15b, were taken from three points marked with circles on the in-plane Raman

image that correspond to hematite NPs with different crystalline orientation.
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Figure 4.15. (a) In-plane Raman intensity image obtained from mapping the

different single Raman spectra taken each 50 nm and (b) single Raman spectra taken

from three regions with different crystalline orientation of the α-Fe2O3 NPs for Au

10 Fe 20 1200 oC 3 min.

4.3.4 Optical characterization of samples prepared in air

Optical absorption spectra of the samples prepared by annealing in air, shown in Figure

4.16, were referenced to a silica substrate in order to obtain the net optical transitions of

Au/α-Fe2O3 NPs.
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Figure 4.16. (a) Optical absorption spectra for a Fe thin film of 5 (blue line),

10 (red line) and 20 nm (black line) annealed in air at 1050 oC for 4 hours, plus a

subsequent deposition of a 10 nm Au film and annealing in air for 3 hours at 500 oC.

(b) and (c) Optical absorption spectra for Fe/Au bilayers annealed at 1200 oC in air,

with a 10 nm Au thickness and varying the Fe film thickness: 2 (black line), 5 (red

line), 10 (blue line) and 20 nm (green line), for 3 and 30 min, respectively.

Figure 4.16a shows the optical absorption spectra for three samples fabricated starting

from a Fe thin film of 5, 10 and 20 nm annealed in air at 1050 oC for 4 hours, plus a

subsequent deposition of a 10 nm Au film and an annealing in air for 3 hours at 500 oC

(first approach). We can observe the surface plasmon (SP) band for the three samples,

which appears between 700 and 1000 nm depending on Fe film thickness. The changes

in the position of the absorption band related to SPs are due to the variations in the

surrounding medium of the Au nanostructures. As explained in Chapter 1, the SP band

shifts towards larger wavelengths as the dielectric permittivity of the surrounding medium

increases.2 The surrounding medium of the Au NPs is a mixture of air and iron oxide.

Since the dielectric constant of FeOx is larger than that of the air (for iron oxide is 2.3),177

more abundance of iron oxide will induce a larger shift of the SP band. However, sample

with a initial Fe film of 5 nm presents the SP band at 963 nm, a wavelength larger than

for samples with a initial Fe film of 10 and 20 nm. Therefore, we have to consider that SP

position is also modified by the different morphology of Au NPs. This interpretation is

consistent with the SEM images (see Figure 4.2), where we observed a short inter-particle

distance in the sample Fe 5 1050 oC Au 10 500 oC, which favors the dipolar interaction

between adjacent particles and is known to widen and red-shift the SP band,25,51 as

Table 4.5 shows. On the other hand, optical absorption spectra for samples consisting

of 10 nm Fe/Au bilayers with different Fe thicknesses ranging from 2 to 20 nm annealed

at 1200 oC for 3 and 30 min are shown in Figure 4.16b and Figure 4.16c, respectively
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(second approach). For this second approach, the absorption bands associated with the

SPs of Au NPs also shifts with the initial Fe thickness and they are clearly observed

between 500 and 600 nm. The plasmon resonance shifts towards larger wavelengths when

the initial Fe layer thickness increases, except for 2 nm Fe/10 nm Au bilayers, probably

due to size effects. This shift of the SP band can be explained because of the variations in

the dielectric permittivity of the surrounding medium of the Au NPs, as indicated above.

The formation of complex nanostructures modify the optical properties of Au NPs due to

proximity effects. Hence, the morphological features of Au/α-Fe2O3 NPs can also affect

to the SP position.

The SP width can be related to a high size dispersion of Au NPs (see morphological

characterization in Section 4.3.2). Samples fabricated by the first approach show SPs

with the FWHM larger than for samples prepared by the second approach, as Table 4.5

shows. This can be related to Au NPs obtained by the first approach present a higher

size dispersion. Within the first approach, we can observe that sample Fe 10 1050 oC Au

10 500 oC shows the resonance band intensity higher and the FWHM narrower than for

samples with a Fe film thickness of 5 and 20 nm (see Table 4.5). This could be related to

larger Au NPs for sample with a Fe film thickness of 10 nm, although by SEM images we

observed similar sizes (see Figure 4.2). For samples obtained by the second approach, the

SP intensity is higher for samples prepared starting from a 20 nm Fe film, which can be

related to larger Au NPs and the increase of the dielectric function of the medium. The

lowest SP intensity is for the samples with a Fe film thickness of 2 nm, suggesting smaller

Au NPs. These results agree with the morphological characterization (Section 4.3.2).

Sample Wavelength (nm) FWHM (nm) Intensity

Fe 5 1050 oC Au 10 500 oC 963 610 0.06

Fe 10 1050 oC Au 10 500 oC 745 382 0.11

Fe 20 1050 oC Au 10 500 oC 879 453 0.07

Au 10 Fe 2 1200 oC 3 min 552 181 0.04

Au 10 Fe 5 1200 oC 3 min 516 128 0.05

Au 10 Fe 10 1200 oC 3 min 562 143 0.06

Au 10 Fe 20 1200 oC 3 min 590 159 0.10

Au 10 Fe 2 1200 oC 30 min 570 110 0.02

Au 10 Fe 5 1200 oC 30 min 527 71 0.05

Au 10 Fe 10 1200 oC 30 min 564 125 0.05

Au 10 Fe 20 1200 oC 30 min 574 119 0.11

Table 4.5. Parameters corresponding to the gaussian fits of the SP bands for

samples prepared by both approaches in air.
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On the other hand, absorption bands that correspond to the electronic transitions

of iron oxide can be distinguished and identified according to the literature.159,178 The

absorption bands in the region between 200 and 400 nm result from ligand to metal charge

transfer transitions and partly from the contributions of Fe3+ ligand field transitions

6A1 →4T1(4P ) at 290-310 nm, 6A1 →4E(4D) and 6A1 →4T2(4D) at 360-380 nm.

For the region between 400 and 600 nm, the absorption bands correspond to the pair

excitation processes 6A1 +6 A1 →4T1(4G) +4 T1(4G) at 485-550 nm and the contributions

of 6A1 →4E,4A1(4G) ligand field transitions around 430-440 nm. The transition at

640 nm assigned to the 6A1 →4T2(4G) cannot be resolved because it is masked by the

bands associated with SPs, for all samples. Moreover, for samples obtained by the second

approach, it is possible to observe absorption bands related to the transitions of iron oxide

NPs less intense than those measured for NPs obtained by the first approach. Samples

with more surface without covering by NPs show lower absorption (see morphological

features in Section 4.3.2).

In summary, for both annealing approaches, we can distinguish the absorption band

associated with the SPs of Au nanostructures, which can be related to the initial Fe

thickness that is the only modified parameter. The optical measurements are a direct

confirmation of the coupling of both kinds of NPs (Au and α-Fe2O3 NPs) evidenced by

the AFM images (see Figure 4.3, Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9).

4.4 Au/FeOx nanostructures obtained by annealing in low

vacuum

4.4.1 Fabrication of samples prepared in low vacuum

The single iron oxide phase that we have been able to obtain by means of thermal

treatments in air has been α-Fe2O3, which exhibits an antiferromagnetic character,

different to γ-Fe2O3 or Fe3O4, which are ferrimagnetic materials, showing consequently

additional properties. Particularly, γ-Fe2O3 nanostructures have a great interest because

of their magnetic behavior159 and their fabrication by means of thermal treatments of thin

films have not been reported up to our knowledge. Besides, the fabrication of γ-Fe2O3 NPs

in combination with Au NPs results appealing since they can exhibit coupling between

the magnetic and optical properties of NPs161 due to surface or proximity effects.

It is well known that α-Fe2O3 can be reduced to Fe3O4 by annealing in nitrogen at

500 ◦C.157 However, our samples are constituted by α-Fe2O3 and Au NPs, thus a post-
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annealing at 500 oC in nitrogen may induce the transformation of α-Fe2O3 to Fe3O4 but

structural changes on Au NPs as well. Moreover, the fabrication of complex NPs in just

one step is more advantageous. As mentioned above, annealing of samples in high vacuum

or reducing atmospheres in order to prevent iron oxidation is not a chance. Therefore, in

order to fabricate nanostructures constituted by Au and FeOx NPs, where the iron oxide

is different to α-Fe2O3, we carried out thermal treatments of Fe/Au bilayers grown on

silica substrates at 1100 oC for 12 hours in low vacuum, around 10−3 torr. During heating

and cooling steps of annealing, the temperature increased and decreased 5 oC/min until

or from the target temperature. Since for thermal treatments in low vacuum the oxygen

concentration is lower than in air, the annealing time was increased at 12 hours in order

to favor surface diffusion.95,101 In the literature, there are few studies where NPs are

fabricated by annealing in vacuum. Therefore, in order to compare the results of complex

NPs with those of the individual components, we prepared samples with the configuration

shown in Figure 4.17. First, a 10 nm Au film was grown on a silica substrate, leaving

an uncovered substrate region. Later, a Fe film varying the thickness (5 and 10 nm)

was evaporated covering the bare substrate and leaving an uncovered Au film region.

In this way, Au, FeOx and Au/FeOx NPs on the same silica substrate and under the

same annealing conditions were obtained. The area of the substrate that was coated with

the metallic films was of 2x2 cm2. Table 4.6 shows a short description of the Au/FeOx

structures obtained.

+ annealing  

at 1100 ºC for 12 h 

in low vacuum  
Silica substrate  Silica substrate  

Figure 4.17. Sample configuration to fabricate Au, FeOx and Au/FeOx NPs in

low vacuum at 1100 oC for 12 hours.

First attempt

Sample Description

Fe 10 Au 10 1100 oC 12 h v 1 10 nm Fe/10 nm Au bilayer annealed at 1100 oC for 12 hours in low vacuum

Second attempt

Sample Description

Fe 10 Au 10 1100 oC 12 h v 2 10 nm Fe/10 nm Au bilayer annealed at 1100 oC for 12 hours in low vacuum

Fe 5 Au 10 1100 oC 12 h v 2 5 nm Fe/10 nm Au bilayer annealed at 1100 oC for 12 hours in low vacuum

Table 4.6. Samples fabricated from Fe/Au bilayers at two attempts in low vacuum.
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It should be noted that we repeated the experiment twice with nominally the same

annealing conditions. However, the results were different in both cases. At the first time

Au NPs were obtained while at the second time not. Besides, the FeOx and Au/FeOx

structures seemed more sintered at the second attempt. The experiments were repeated

several times and the results were always similar to those obtained at the second time.

We could not obtain the same results as at the first time. Since the morphology of

nanostructures obtained by both annealing attempts and their optical properties were

quite interesting, we show below the results for the different samples fabricated. Figure

4.18 shows samples prepared by this process at 1100 oC for 12 hours at both the first and

second attempt, together with the as-grown sample from 10 nm Fe and 10 nm Au.

As-grown First attempt Second attempt 

Figure 4.18. Photographs of sample grown from 10 nm Fe and 10 nm Au and

further annealed at 1100 oC for 12 hours in low vacuum at the first and second

attempt.

4.4.2 Morphological characterization of samples prepared in low vacuum

• First attempt

Fe 10 Au 10 1100 oC 12 h v 1

10 µm 
 

10 µm 
 

(a) (b) 

FeOx zone  Au/FeOx zone  

Figure 4.19. Optical microscope images for (a) FeOx and (b) Au/FeOx zones of

sample Fe 10 Au 10 1100 oC 12 h v 1 obtained from the first attempt.
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For the sample obtained at the first attempt in low vacuum, sample Fe 10 Au 10

1100 oC 12 h v 1, we could differentiate three zones that correspond to Au, FeOx and

Au/FeOx zone. Figure 4.19 shows the optical microscope images for FeOx and Au/FeOx

zones, where it is possible to observe structures with sizes of the order of several microns.

Specifically, for the FeOx zone, two kinds of structures can be distinguished: structures

around 3-5 µm and microwires with a length of 3 µm and a width around 500 nm. For the

Au/FeOx zone, structures between 1 and 10 µm can be observed. The Au zone was also
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Figure 4.20. Topography AFM images for the FeOx zone of sample annealed at the

first attempt, from 10 nm Fe and 10 nm Au grown on a silica substrate, at 1100 oC

for 12 hours in low vacuum, around 10−3 torr. Right panels present height profiles

measured along the lines indicated on AFM images.
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studied by the optical microscope but the Au structures were not observed, likely their

size was too small.

Figure 4.20 and Figure 4.21 show the AFM images corresponding to FeOx and

Au/FeOx zones of the sample Fe 10 Au 10 1100 oC 12 h v 1, respectively. In the case

of FeOx zone, structures show a height around 10 nm and these are nanostructured by

NPs with a size of the order of 40 nm and a height between 3 and 6 nm. It should be

noted that the microwires observed by optical microscopy in this zone (see Figure 4.19)

could not be observed by AFM. On the other hand, AFM images for Au/FeOx zone show
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Figure 4.21. Topography AFM images for the Au/FeOx zone of sample annealed

at the first attempt, from 10 nm Fe and 10 nm Au grown on a silica substrate, at

1100 oC for 12 hours in low vacuum, around 10−3 torr. Right panels present height

profiles measured along the lines indicated on AFM images.
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microstructures with a height around 10 nm, which are formed by NPs with a size of

30-50 nm and a height around 2-5 nm. NPs with a size between 50 and 100 nm and a

height of the order of 20 nm are also observed, finding them more clustered close to the

microstructures (see Figure 4.21c).

• Second attempt

As mentioned above, samples prepared at the second attempt under same nominal

conditions as at the first attempt, showed different morphological results. In this case,

samples varying the Fe film thickness, 5 and 10 nm, and fixing the Au film thickness to

10 nm were obtained, samples Fe 5 Au 10 1100 oC 12 h v 2 and Fe 10 Au 10 1100 oC

12 h v 2 respectively. They presented two zones that correspond to FeOx and Au/FeOx

zone, where structures are distributed homogeneously over the whole substrate surface, as

shown SEM images (Figure 4.22). In both zones of sample Fe 10 Au 10 1100 oC 12 h v 2

(Figure 4.22a and Figure 4.22b), structures present an average size below 1 µm. For the

5µm 
 

(d) 

(a) (b) 

(c) 

5µm 
 

5µm 
 

5µm 
 

FeOx zone  Au/FeOx zone  

Figure 4.22. SEM images for (a) and (c) FeOx and (b) and (d) Au/FeOx zones of

samples Fe 10 Au 10 1100 oC 12 h v 2 (a and b) and Fe 5 Au 10 1100 oC 12 h v 2 (c

and d), obtained in low vacuum at the second attempt.
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sample Fe 5 Au 10 1100 oC 12 h v 2 (Figure 4.22c and Figure 4.22d), structures with a

size below 500 nm can be differentiated. With this attempt, structures for both samples

in the Au zone were not obtained. The Au was evaporated from the substrate during

annealing.

AFM measurements for the sample Fe 10 Au 10 1100 oC 12 h v 2 were carried out in

order to compare with the sample obtained at the first attempt. For FeOx zone, Figure

4.23, nanostructures can be distinguished with a height of 5-30 nm and a lateral size from

100 to 800 nm. Moreover, a detail of the AFM image shows that nanostructures are

formed by rounded NPs with an average size of 100-150 nm and a height around 4-8 nm.

On the other hand, AFM image for Au/FeOx zone, see Figure 4.24, shows two kinds of

nanostructures: NPs with a size around 200 nm and others with a size between 500 nm

and 1 µm can be differentiated, showing an average height similar in both kinds of NPs,

around 10-40 nm. Sample Fe 5 Au 10 1100 oC 12 h v 2 was also studied by AFM and the

results were qualitatively similar to those of sample Fe 10 Au 10 1100 oC 12 h v 2.
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Figure 4.23. Topography AFM images for the FeOx zone of sample obtained at

the second attempt from 10 nm Fe and 10 nm Au grown on a silica substrate and

annealed at 1100 oC for 12 hours in low vacuum. Right panels present height profiles

measured along the lines indicated on AFM images.
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Figure 4.24. (a) Topography AFM image for the Au/FeOx zone of sample obtained

at the second attempt from 10 nm Fe and 10 nm Au grown on a silica substrate and

annealed at 1100 oC for 12 hours in low vacuum. (b) Height profile measured along

the lines indicated on AFM image.

For samples obtained at this second attempt, it is possible to observe more sintered

FeOx and Au/FeOx structures than those fabricated at the first attempt. Besides, single

Au NPs were only obtained for the sample fabricated at the first attempt (the substrate

looked colored in the Au zone, Figure 4.18). The experiments were carried out repeatedly

and at the following attempts, the results were always similar to those obtained at the

second time. A possible explication of these results could be that the vacuum during

annealing changed from the first to second time, acquiring a higher pressure. However, as

shown with the Raman characterization (see Section 4.4.3), a larger amount of γ-Fe2O3

than α-Fe2O3 is obtained in the sample prepared at the second attempt, suggesting a

lower oxygen proportion. Therefore, the process is not clear.

4.4.3 Confocal Raman characterization of samples prepared in low

vacuum

Samples fabricated in low vacuum were also studied by confocal Raman microscopy

using the same procedure than for the samples fabricated in air.

• First attempt

Figure 4.25 shows the Raman characterization for the FeOx zone of the sample Fe 10 Au

10 1100 oC 12 h v 1, in which we identified two types of Raman spectra: one associated

with γ-Fe2O3
179 and the other one related to that of α-Fe2O3

6 (see Figure 4.25d). In-plane

(16×16 µm2) and in-depth (8×2 µm2) Raman intensity images were obtained, which are

marked with a blue line (in-depth image) and a purple square (in-plane image) on the
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optical micrograph of the sample (see Figure 4.25a). Raman spectra, shown in Figure

4.25d, represent the average spectra corresponding to each phase of iron oxide obtained

from the in-plane Raman image. Figure 4.25e shows a zoom of the Raman spectra from

0 to 1550 cm−1, identifying the Raman bands for α-Fe2O3 (green numbers) and γ-Fe2O3

(blue numbers) nanostructures.6,179 For this zone, a larger amount of α-Fe2O3 than of

γ-Fe2O3 was obtained, around 70%.

ni
ts

) Fe2O3 (FeOx zone)

 Fe2O3 (FeOx zone)
(a)

(a
rb

. u
n

(d)
en

si
ty

 (
10m

0 1000 2000 3000In
te

Raman shift (cm-1)
X

Y (b)

728
664

1325

un
its

)  Fe2O3

 Fe2O3(e)

509 1

52 622

111 0

613

416

294
308

237

y 
(a

rb
. u

0 500 1000 1500

9

1187

430674

6

412
365
304

250
235

06
067980

826

500

nt
en

si
ty3m

0 500 1000 1500In

Raman shift (cm-1)1m (c)X
Z

Figure 4.25. Raman characterization for the FeOx zone of the sample Fe 10 Au

10 1100 oC 12 h v 1: (a) optical micrograph, (b) in-plane and (c) in-depth Raman

intensity images obtained from mapping the different single Raman spectra taken

each 200 nm and integrating in the spectral range from 700 to 760 cm−1 for γ-Fe2O3

and from 1260 to 1360 cm−1 for α-Fe2O3, (d) average Raman spectra for each phase

of iron oxide from in-plane Raman image and (e) a detail of the spectra from 0 to

1550 cm−1, identifying the Raman modes and distinguishing the integrated regions

(green region for α-Fe2O3 and blue region for γ-Fe2O3 NPs) to obtain the Raman

images.

For the case of the Au/FeOx zone of the sample Fe 10 Au 10 1100 oC 12 h v 1, in-depth

Raman intensity image (10×2 µm2) was measured (Figure 4.26b) and is marked with a

blue line on the optical micrograph of the sample (see Figure 4.26a). The Raman image

reveals the high Au fluorescence that masks the rest of signals that correspond to the iron
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oxides. This implies a complex distinction between the different species of iron oxide. For

this case, single Raman spectra, shown in Figure 4.26c, were taken on the in-depth Raman

intensity image instead of on the in-plane image (as for the Raman characterization of the

rest of the samples), which could not be obtained due to the high fluorescence. This high

Au fluorescence did not allow identifying clearly the iron oxide spectra. Thus, Raman

spectra corresponding to α-Fe2O3 and γ-Fe2O3 obtained from FeOx zone for the same

sample (see Figure 4.25d) are also shown, in order to identify the bands related to the

different species of iron oxide. Comparing spectra, we detect α-Fe2O3, γ-Fe2O3 and Au

NPs (see Figures 4.26b and 4.26c).
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Figure 4.26. Raman characterization for the Au/FeOx zone of the sample Fe 10

Au 10 1100 oC 12 h v 1: (a) optical micrograph, (b) in-depth Raman intensity image

obtained from mapping the different single Raman spectra taken each 100 nm and

integrating in the spectral range from 700 to 760 cm−1 for γ-Fe2O3, from 1260 to

1360 cm−1 for α-Fe2O3 and from 90 to 3600 cm−1 for the Au nanostructures, and (c)

single Raman spectra taken from Raman image and those of α-Fe2O3 and γ-Fe2O3

correspond to FeOx zone in order to distinguish the iron oxide phases. Integrated

regions (blue region for γ-Fe2O3, red region for α-Fe2O3 and green region for the Au

NPs) to obtain the Raman image are shown.

• Second attempt

Figure 4.27 shows the Raman characterization for the FeOx zone of the sample obtained

at the second attempt, Fe 10 Au 10 1100 oC 12 h v 2. For this region, we distinguished

the Raman spectra associated with γ-Fe2O3
179 and α-Fe2O3,6 similar to the first attempt.

In-plane (10×10 µm2) and in-depth (16×4 µm2) Raman intensity images were obtained

and are marked with a blue line (in-depth image) and a purple square (in-plane image)
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on the optical micrograph of the sample (see Figure 4.27a). For the whole FeOx zone

we identified mainly γ-Fe2O3 NPs, except some areas that are related to α-Fe2O3 NPs.6

Average Raman spectra taken from the in-plane Raman image for each iron oxide are

illustrated in Figure 4.27d, and an identification of Raman bands is shown in Figure

4.27e. In this case, the γ-Fe2O3 proportion is of the order of 99%.
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Figure 4.27. Raman characterization for the FeOx zone of the sample Fe 10 Au

10 1100 oC 12 h v 2: (a) optical micrograph, (b) in-plane and (c) in-depth Raman

intensity images obtained from mapping the different single Raman spectra taken

each 200 nm and integrating in the spectral range from 690 to 760 cm−1 for γ-Fe2O3

and from 1260 to 1390 cm−1 for α-Fe2O3, (d) average Raman spectra of in-plane

Raman image and (e) a zoom of the average Raman spectrum from 0 to 1550 cm−1,

identifying the Raman modes and distinguishing the integrated regions (green region

for α-Fe2O3 and blue region for γ-Fe2O3 NPs) to obtain the Raman images.

Finally, Raman characterization for Au/FeOx zone of the sample Fe 10 Au 10 1100 oC

12 h v 2 is presented in Figure 4.28. For this zone, it is possible to separate clearly

the Raman spectra corresponding to α-Fe2O3, γ-Fe2O3 and that associated with the

fluorescence of the Au nanostructures. In-plane (8×8 µm2) and in-depth (7.5×2 µm2)

Raman intensity images were obtained and the mapped areas are marked on the optical

micrograph of the sample (see Figure 4.28a). Single Raman spectra of α-Fe2O3, γ-Fe2O3
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and Au NPs, shown in Figure 4.28d, were taken from three points marked on the in-plane

Raman image. Around 80% of iron oxide in γ phase is obtained.
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Figure 4.28. Raman characterization for the Au/FeOx zone of the sample Fe

10 Au 10 1100 oC 12 h v 2: (a) optical micrograph, (b) in-plane and (c) in-depth

Raman intensity images obtained from mapping the different single Raman spectra

taken each 100 nm and integrating in the spectral range from 690 to 780 cm−1 for

γ-Fe2O3, from 1220 to 1390 cm−1 for α-Fe2O3 and from 70 to 3600 cm−1 for the

Au nanostructures and (d) single Raman spectra taken from in-plane Raman image,

distinguishing the integrated regions (blue region for γ-Fe2O3, red region for α-Fe2O3

and green region for the Au NPs) to obtain the Raman images.

For both attempts, Raman spectra of FeOx structures are associated to those of α-

Fe2O3 and γ-Fe2O3.6,179 In order to represent the intensity Raman images, the integration

region chosen around 1220-1390 cm−1 for α-Fe2O3 NPs was the same than for the samples

fabricated in air. As discussed above, this Raman band can be assigned to a second order

scattering process about 1320 cm−1, which corresponds to the observed band around

665 cm−1 (IR active LO Eu mode) relative to the first order scattering.167–169 On the

other hand, the integrated region around 690-780 cm−1 for γ-Fe2O3 NPs can be assigned

to a first order scattering process, about 725 cm−1, which corresponds to an A1g mode

that is allowed in the Raman scattering.176,179
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With these results obtained by confocal Raman microscopy for samples fabricated from

10 nm Fe and 10 nm Au grown on silica substrate and annealed at 1100 oC for 12 hours in

low vacuum, we have been able to distinguish the iron oxide and Au nanostructures present

in the samples, except for the Au/FeOx zone of the sample Fe 10 Au 10 1100 oC 12 h v 1

where a clear distinction of nanostructures was not possible due to high fluorescence of Au

NPs. From in-depth Raman images (Figure 4.25c, Figure 4.26b, Figure 4.27c and Figure

4.28c), we can estimate the thickness of samples, obtaining values around 600-1000 nm.

For FeOx and Au/FeOx zones, the single Raman spectra to obtain the Raman images were

taken each 200 nm and 100 nm, respectively. However, as explained above, the optical

resolution of the confocal microscope in the vertical direction is of 500 nm. Thus, this

resolution limit determines that the thickness values are larger than the real thicknesses.

A Raman characterization for the sample obtained at the second attempt starting from

a 5 nm Fe film, sample Fe 5 Au 10 1100 oC 12 h v 2, was also analyzed. For Au/FeOx

zone, we found α-Fe2O3, γ-Fe2O3 and Au NPs with a proportion of around 60% of iron

oxide in γ phase. This percentage of γ-Fe2O3 is a 20% smaller than for sample Fe 10 Au

10 1100 oC 12 h v 2, in which the initial thickness of Fe film was larger (10 nm instead

of 5 nm). Besides, a larger amount of uncovered substrate than for sample Fe 10 Au 10

1100 oC 12 h v 2 was observed. In all measurements, several Raman spectra were taken

to check that the γ-Fe2O3 was not transformed into α-Fe2O3 under laser heating.

For both attempts, although the morphology of the fabricated NPs is different, the

composition of the iron oxide NPs is not so much. However, the proportion of each iron

oxide phase in each sample is different depending on the attempt, observing a larger

amount of γ-Fe2O3 than α-Fe2O3 in the sample prepared at the second attempt than at

the first one.

• Analysis by Raman spectroscopy of FeOx nanostructures

By Raman spectroscopy, a more detailed analysis of the Raman signal for α-Fe2O3 and

γ-Fe2O3 NPs can be carried out, similar to that of samples fabricated in air (see Section

4.3.3). For that, both the α-Fe2O3 and γ-Fe2O3 detected in the FeOx zones of samples

Fe 10 Au 10 1100 oC 12 h v 1 and Fe 10 Au 10 1100 oC 12 h v 2, obtained at the first

and second attempts, were studied. The Au/FeOx zones were not analyzed since for the

sample Fe 10 Au 10 1100 oC 12 h v 1 a high Au fluorescence did not allow identifying

clearly the iron oxide spectra.

Figure 4.29 shows the α-Fe2O3 and γ-Fe2O3 average Raman spectra for the FeOx

zones of both samples. It is possible to distinguish the seven phonon modes (2A1g + 5Eg)
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allowed in Raman for α-Fe2O3, besides other bands.6,167–175 An assignment of the

Raman bands was achieved in Section 4.3.3. For γ-Fe2O3, besides the five phonon modes

(A1g + Eg + 3T2g) allowed in Raman, other peaks related to the breaking of symmetry

due to deviations at the stoichiometry are observed.180,181 The distinguished bands

coincide with those measured by Ohtsuka et al.182 Despite identifying a large number of

bands, according to the literature, it is only possible to assign three broad bands: around

365 cm−1 (T2g), 510 cm−1 (A1g) and at 720 cm−1 (T2g).
6,176,179,183 Table 4.7 presents the

wavenumbers of Raman modes obtained from a lorentzian fitting and assigned according

to the literature.6,176,179,183
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Figure 4.29. (a) α-Fe2O3 and (b) γ-Fe2O3 average Raman spectra for FeOx zones

of samples Fe 10 Au 10 1100 oC 12 h v 1 and Fe 10 Au 10 1100 oC 12 h v 2 obtained

at the first and second attempt, respectively.

Comparing Raman spectra, variations in the relative intensity, the wavenumber and

at the FWHM of Raman bands can be observed. For α-Fe2O3 structures obtained at the

first attempt (see Figure 4.29a), the LO mode is clearly more intense with respect to the

rest of bands than for α-Fe2O3 structures fabricated at the second attempt. As already

indicated in Section 4.3.3, the LO mode is related to the structural disorder in the α-Fe2O3

NPs,167–169 thus it can be attributed to a decrease in the crystallinity and an increase of

the concentration of defects, such as oxygen vacancies,184 for hematite structures obtained

at the first attempt.171,174 Besides, for both α-Fe2O3 and γ-Fe2O3 obtained at the first

attempt, Raman bands are shifted towards larger wavenumbers than those of α-Fe2O3

and γ-Fe2O3 prepared at the second attempt. This confirms a decrease in the size

of α-Fe2O3 and γ-Fe2O3 nanostructures176 for sample obtained at the second attempt

(see Figure 4.29). These Raman results agree with the AFM results (see Section 4.4.2),
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Raman bands

α-Fe2O3

First attempt

ν (cm−1)

Second attempt

ν (cm−1)

Raman bands

γ-Fe2O3

First attempt

ν (cm−1)

Second attempt

ν (cm−1)

A1g(1) 235.0 227.2 237.6 202.4

Eg(1) 250.2 243.1 304.5 274.7

Eg(2) 294.4 292.5 T2g 365.0 331.2

Eg(3) 308.1 303.2 412.1 382.5

Eg(4) 416.3 411.4 509.1 470.2

A1g(2) 500.2 502.3 Eg 523.7 498.8

Eg(5) 613.9 610.9 674.9 667.7

Disorder 664.7 671.3 A1g 728.2 721.2

Magnon 826.2 826.0 1187.1 1163.2

980.1 957.1 1430.6 1403.4

1067.3 1058.1

1106.1 1107.4

Overtone 1322.9 1316.7

Table 4.7. Raman bands and wavenumbers for α-Fe2O3 and γ-Fe2O3 of FeOx zones

of samples Fe 10 Au 10 1100 oC 12 h v 1 and Fe 10 Au 10 1100 oC 12 h v 2.

confirming that structures obtained at the second attempt show are smaller than those

obtained at the first attempt.

For these samples obtained in low vacuum, similar to nanostructures obtained in air

(see Section 4.3.3), changes in the relative intensities of Raman bands are observed in

α-Fe2O3 NPs, showing the different orientations. Figure 4.30a shows the in-plane Raman

intensity image (16×16 µm2) for the FeOx zone of the sample Fe 10 Au 10 1100 oC 12 h v 1

obtained at the first attempt (see Figure 4.25). The image was obtained from mapping the

different single Raman spectra measured each 200 nm and integrating in the spectral range

from 700 to 760 cm−1 to separate the signal corresponding to γ-Fe2O3 (blue color) and from

260 to 325 cm−1 (orange color) and 370 to 445 cm−1 (green color) to distinguish α-Fe2O3

structures with different orientation. The spectral range to discriminate the hematite

signal with different orientation was chosen since it shows different relative intensities

throughout the mapped area on sample. Single Raman spectra, shown in Figure 4.30b,

were taken from three points marked as 1, 2 and 3 on the Raman image that correspond

to hematite NPs with different crystalline orientation.

Raman measurements were performed using the laser (532 nm) in p-polarization, as

we explained in Chapter 2. Changing the polarization of the laser excitation on the

three points marked as 1, 2 and 3 on the Raman image, we can observe variations in

the relative intensities of Raman modes depending on the orientation of crystal planes.
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Figure 4.30c and Figure 4.30e shows that the Raman spectra measured on zone 1 and

3, which correspond to the microwires, are sensitive to the orientation of crystal planes.

However modifications in Raman spectrum on zone 2 are not observed (Figure 4.30d),

thus this region is not sensitive to changes in the laser polarization due to the spacial

orientation of α-Fe2O3 crystals.
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Figure 4.30. (a) In-plane Raman intensity image for the FeOx zone of the sample

Fe 10 Au 10 1100 oC 12 h v 1 obtained from mapping the different single Raman

spectra measured each 200 nm, (b) Raman spectra on three points marked as 1, 2

and 3 on the Raman image that correspond to hematite NPs with different crystalline

orientation and (c), (d) and (e) single Raman spectra on the three points changing

the polarization of the laser excitation.

4.4.4 Optical characterization of samples prepared in low vacuum

Figure 4.31 shows the optical absorption spectra of samples Fe 10 Au 10 1100 oC

12 h v 1 and Fe 10 Au 10 1100 oC 12 h v 2, referenced to a silica substrate in order
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to obtain the net optical absorption of Au, FeOx and Au/FeOx zones. For the sample

obtained at the first attempt (Figure 4.31a), it is possible to analyze the three zones

corresponding to Au, FeOx and Au/FeOx NPs. The absorption spectrum for the Au

NPs shows a shoulder in the range 400-500 nm that is due to Au interband transitions,

promoting electrons from the 3d band to the Fermi level.147 Besides, the absorption

band corresponding to the SPs, around 553 nm, is clearly observed. For FeOx zone,

the absorption bands related to electronic transitions can be distinguished and identified

according to the literature.159,178 An assignment of these bands was already carried

out in Section 4.3.4. Briefly, the absorption bands in the region between 200 and

400 nm results from ligand to metal charge transfer transitions and partly from the

contributions of Fe3+ ligand field transitions, and in the region between 400 and 600 nm,

the absorption bands correspond to the pair excitation processes and contributions of

ligand field transitions. Finally, for Au/FeOx zone, it is possible to differentiate the

absorption bands corresponding to the iron oxide and to the SPs around 571 nm. This

band is shifted towards larger wavelengths and is wider than the SP band obtained for

the single Au NPs of the Au zone. These modifications of the position of SP band are

due to the variations in the surrounding medium of the Au NPs. In the Au zone, the Au

NPs are surrounded by air while in the Au/FeOx zone, they are surrounded by air and

FeOx NPs. Since dielectric constant of the iron oxide is higher than that of the air,177 the

SP band is shifted towards larger wavelengths.2 The morphological features of Au NPs
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Figure 4.31. Optical absorption spectra for the different zones of samples obtained

at the (a) first attempt and (c) second attempt, from a 10 nm Au film and a 10 nm

Fe film annealed at 1100 oC for 12 hours in low vacuum. (b) The fit (blue line) to

two gaussian bands of the SP absorption band (red line) for Au/FeOx zone obtained

at the first attempt.
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can also affect to the SP position. On the other hand, the SP band of Au NPs in the

Au/FeOx zone can be decomposed into two gaussian bands corresponding to a SP band

around 554 nm associated with the Au NPs surrounded by air (SPs in the Au zone are

observed at 553 nm) and the other one related to Au NPs surrounded by FeOx NPs at

608 nm, as shown in Figure 4.31b. Thus, SP band is widened since it is composed of two

SP bands associated with two different media. A high size dispersion of Au NPs or small

Au NPs in the Au/FeOx zone can also widen the SP band. With respect to the intensity

of SP bands, we observe that the SP band in the Au zone is more intense (∼0.20) than in

the Au/FeOx zone (∼0.15). This can be related to smaller Au NPs in the Au/FeOx zone

of sample.

At the second attempt (see Figure 4.31c), we did not obtain Au NPs in the Au zone (see

4.18), thus in this case we analyze the optical absorptions of the two zones corresponding

to FeOx and Au/FeOx NPs. For both regions, similar spectra are observed, distinguishing

the transitions bands corresponding to the iron oxide NPs. Normalizing both curves to the

maximum (at 396 nm) and subtracting the signal of FeOx zone to that of the Au/FeOx

zone, an absorption band is obtained around 542 nm, which can be associated with the SP

absorption band of Au NPs. This weak SP band was hidden by transitions bands of the

iron oxide NPs due to the small amount of Au NPs present in the Au/FeOx zone. This

result confirms the Raman measurements (Section 4.4.3), where we observed Au NPs but

their fluorescence signal was lower than in the Au/FeOx zone of the sample fabricated at

the first attempt.

4.5 Conclusions

In summary, we have presented here a new method to fabricate large amounts

of complex nanoparticles covering large (several centimeters) substrates by thin film

deposition and annealing in air and low vacuum. Within this method, different strategies

were performed, which allow tuning the morphology of the nanoparticles independently or

promoting the formation of complex dimmers to enhance the coupling effects. In this way,

surface plasmons can be modified by tuning the morphological properties of complex NPs.

The method was successfully applied to the fabrication of Au/α-Fe2O3 and Au/α-Fe2O3-

γ-Fe2O3 nanostructures ensembles, although the method might be applied to a wide range

of composed materials.



Chapter 5

Combination of surface plasmon

resonance and X-ray absorption

spectroscopies. Experimental

setup

This chapter presents the development of a new

setup to combine surface plasmon resonance

and X-ray absorption spectroscopy. The system

allows the study of the interaction between

electromagnetic radiation and matter using one

type of radiation to modify the material and the

other one as a probe, performing the study in

real time and in situ. The design details and

the type of experiments that can be carried out

are showed in this chapter. The device has been

mounted at the SpLine BM25 beamline at ESRF

in Grenoble, France, and it is currently available

for experiments.
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Combination of surface plasmon resonance and X-ray absorption spectroscopies.

Experimental setup

5.1 Introduction

As already indicated in Chapter 1, surface plasmon resonance (SPR) in metallic thin

films is extremely sensitive to modifications in the properties and/or morphology of the

metallic film, the substrate and the top dielectric medium. Thus, SPR spectroscopy is

considered an optical sensor by means of an evanescent field87 and is commonly used as

probe to study in situ the growth or modifications of dielectric materials.67 Similarly,

X-ray absorption spectroscopy (XAS) is an invaluable technique that provides detailed

information on the electronic structure of materials.124,185 It is also known that X-rays

induce modifications in many kinds of materials.15,16 Therefore, the combination of both

techniques may be used to study the interaction between electromagnetic radiation and

matter by using one of the beams to modify the material and the other one as a probe,

performing the study in real time and in situ. Despite the very different energy ranges of

SPR and XAS (∼eV for SPR and ∼keV for XAS), both processes deal with the excitation

of electrons to about the Fermi level. Since SPR alters the electronic population of the

metallic film around the Fermi level, a modification of the XAS spectra could be expected.

Similarly, when electrons are pumped to above the Fermi level by X-ray absorption, one

might expect variations in the SPR spectra. Given the sensitivity of SPR, it can be also

used to study the effects induced by X-rays on a large variety of materials such as glasses,

crystalline oxides or organic matter.20

The combination of both techniques, to our best knowledge, has never been achieved

and is technologically challenging. Optical excitation of SPR can be performed only with

very special geometries (see Section 1.3.2.4 in Chapter 1), hindering its combination with

other techniques. Here, we show a SPR system compatible with a XAS beamline (SPR-

XAS setup). With this setup we have explored the combination of both techniques

and tried to determine the types of experiments that can be carried out and the

information we can extract from them. The device has been mounted at the SpLine

BM25 beamline at European Synchrotron Radiation Facility (ESRF) in Grenoble, France,

and is now available for experiments. This chapter describes the experimental setup and

its capabilities.20

5.2 Description of experimental setup

The SPR-XAS experimental setup is mounted on the branch A of the CRG BM25-

SpLine Beamline at the ESRF.127,128 A detailed description of the Branch A features is

shown in Chapter 2.
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Figure 5.1 shows a scheme of the experimental setup, where the Kretschmann-

Raether1,38,131 configurationi (see Chapters 1 and 2) is used for the optical excitation

of SPR. Briefly, for this configuration, a metallic film is grown on a glass substrate that

is coupled to a prism on the glass side (see inset in Figure 5.1). The glass/metal interface

is illuminated with a laser beam in total reflection conditions and an evanescent field

propagates through the metallic layer reaching the other side where surface plasmons (SPs)

are excited. As already indicated in Chapter 2, this configuration limits considerably the

thickness of the metallic film to a narrow window ∼ 50 ± 10 nm.1,67

Figure 5.1. Scheme of the SPR-XAS device for simultaneous SPR and XAS

measurements. The inset shows a detail of the illumination of the glass/metal

interface.

Figure 5.2 displays a photograph of the SPR-XAS device mounted in the experimental

hutch, showing the different elements of the experimental setup. Figure 5.3 shows more

pictures of the system viewed from different angles.

iThe Otto configuration1,37 is also widely employed for the excitation of SPR. However, it requires that

the metal surface and the prism are separated a certain distance. Therefore, it is almost impossible to

illuminate with X-rays the same region where the SPR is excited.
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Figure 5.2. Photograph of the SPR-XAS device mounted in the experimental

hutch at the SpLine beamline, with the different elements marked and named.

(a) (b) 

(c) (d) 

Figure 5.3. Photographs of the SPR-XAS experimental setup viewed from different

angles.
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In this device,20 the SPR system is mounted onto the optical table of the XAS system.

The translation and rotation motors enable an accurate positioning of the whole SPR

device system with respect to the X-ray beam. Excitation is performed with a HeNe

(632.8 nm) linearly polarized laser (power stabilized, CW 0.5 mW) in a p-polarization

geometry with respect to the sample surface. The laser spot size is 0.3 mm, measured

as the full width half maximum (FWHM) of the Gaussian profile of the spot. The laser

is mounted on an independent XZ translation stage and on a cradle equipped with yaw

and pitch movements for an accurate orientation of the beam on the sample. A beam

splitter deflects about 5 % of the laser intensity to a photodetector in order to record

fluctuations in laser intensity during the experiments. These fluctuations are less than

0.05 % over several hours. Beyond the beam splitter, the laser beam is modulated with

an optical chopper working at 479 Hz. The sample, consisting of a thin metallic film (in

our case Au thin films) grown on a glass substrate plus possible overlayers of dielectric

materials, is fixed to a triangular quartz prism using a gel index matching for a good

coupling. Sample and prism are mounted on top of a rotating motor that allows varying

the laser incidence angle (see Figures 5.2 and 5.3d). This sample stage has an independent

XZ translation stage for sample positioning. During the measurements, the laser beam

reflected at the sample is collected as a function of the incidence angle with an elongated

photodiode (to avoid moving the detector during the angle scan). The photodiode signal is

registered with a lock-in amplifier using the frequency of the optical chopper as reference.

All the elements that comprise the SPR device (motors, laser monitor and lock-in amplifier

signals) are integrated and synchronized in the software for the control of the XAS system

at the SpLine beamline. To avoid the X-ray passing through the optical prism and reach

the laser cavity, the laser and X-ray beams are slightly tilted (∼10o), as shown in Figures

5.1 and 5.2. Note that, for example, for 14 keV X-rays about 0.1 % of the radiation is

transmitted through 5 mm of silica. This small fraction may have significant effects in

the instrumentation due to the high intensity of the X-ray beam. Actually, it is observed

that without tilting both beams, the X-ray photons reaching the laser induce thermal

fluctuations leading to variations in laser intensity of the order of 0.5 %, despite its power

is stabilized.

On the other hand, the sample can be electrically isolated or grounded to avoid

its electrical charging, caused by the photoemission of electrons upon X-ray irradiation.

However, within the resolution of this experimental setup, no difference is found between

the spectra obtained with the sample grounded or not.
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All the elements employed in this SPR system, except to the laser, are the same

employed in the experimental setup mounted in the Departamento de Electrocerámica at

the Instituto de Cerámica y Vidrio (CSIC) of Madrid (see Section 2.10 in Chapter 2).

5.2.1 Alignment of the beams

As explained in Section 2.10 of Chapter 2, SPR spectroscopy in the Kretschmann-

Raether configuration is performed by collecting the reflected light as a function of the

incident angle while rotating the sample.1 In this configuration, just the points along

the rotation axis remain in the same position while the sample rotates (see Figure 5.4).

Additional difficulties arise when aligning properly both the laser and X-ray beams. If the

laser spot does not impinge at the sample at this rotation axis, its position will change

during the angle scan. This is not critical in standard SPR experiments when samples

are homogeneous. However, for this particular device, if the laser and X-ray beams do

not impinge both at the same position of the rotation axis, they will become misaligned

as the sample rotates, illuminating different points at the sample surface, as illustrated in

Figure 5.4. Thus, it is crucial to ensure that the laser spot illuminates the sample surface

at the rotation axis. This can be confirmed in a simple way using two lasers. If they are

Figure 5.4. Illustration of the possible misalignment of the laser and X-ray beams.

After the rotation of the prism, X-ray and laser beams illuminate the surface of the

prism at the blue empty circle and at the red filled circle, respectively. If both beams

are initially coincident at the rotation axis (case 1), they will remain aligned after the

rotation of the prism (dashed prism). This is the desired situation. If the beams are

initially aligned out of the rotation axis (case 2), they will intersect the prism surface

at different points after the rotation of the prism.
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properly aligned at the rotation axis, no misalignment will take place when the sample is

rotated.

Once the laser is properly aligned at the film surface, the X-ray beam must be aligned

at the same position. For this purpose, the whole SPR system is moved with respect to

the X-ray beam using the XAS system translation stage. The alignment can be performed

by using a thin phosphor film or screen and a camera viewing the sample to observe

simultaneously the X-rays and laser spots. A toggle-shutter for the incident laser beam

may be useful if its light overwhelms the X-rays spot on the phosphor. Alternatively, a

material sensitive to X-rays such as a photosensitive paper can be placed at the sample

position and checked after irradiation if the laser beam spot matches the spot induced

by the X-rays. The alignment can be also carried out taking advantage of the fact that

hard X-rays induce darkening of some glasses,15 as Figure 5.5 illustrates. After irradiating

for few minutes, the glass exhibits a dark spot that can be also used to check the proper

alignment with the laser. In our experiments, to perform the alignment of the beams,

photosensitive paper was used for samples with silica substrates and soda-lime glasses for

samples with this kind of substrates.

(a) 
(b) 

Figure 5.5. Photographs of the darkening effects induced by X-ray irradiation in

(a) a photosensitive paper and (b) a soda-lime glass.

Once the laser and X-ray beams are aligned, they can reach different regions of the

sample using the sample Z translation stage of the sample. Laser and X-ray beam will

remain aligned at different points of the sample but, since the displacement is vertical,

this new point will still be in the rotation axis. With this system, it is also possible to

change from one sample to another without modifying the alignment.

5.2.2 Spot size of the beams

As explained above, some misalignment between the spots of the laser and the X-rays,

when scanning the angle, is unavoidable for triangular prisms due to the refraction. This
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problem can be solved if it is ensured that the spot of the excitation beam (laser or X-ray

beam) is larger than the spot of the probe (laser or X-ray beam). In this way, we improve

the quality of the measurements and we are sure that we are probing an area which is

being completely excited or modified. To study the effect of X-ray irradiation on the SPR

curve, the X-ray spot must be larger than that of the laser, so that the SPR spectrum is

collected from a region fully illuminated with X-rays. In a similar way, to study the effect

of SPR excitation on the XAS spectrum, the spot of the X-ray beam must be smaller than

the laser spot, to ensure that the recorded XAS spectrum corresponds to a region where

SPR is excited (see Figure 5.6).

EXCITATION: X-RAYS EXCITATION: SPR

PROBE: SPR PROBE: X-RAYS

X-ray beam  X-ray beam  

Laser beam  Laser beam  

(a) (b) 

Figure 5.6. Scheme of X-ray and laser beams illuminating the sample. (a) X-ray

beam spot is larger than that of the laser beam and (b) laser beam spot is larger than

that of the X-ray beam.

5.3 Resolution of the experimental setup

The resolution of the SPR-XAS device depends on the type of measurement performed.

We can distinguish between reflectivity and XAS measurements.

5.3.1 Reproducibility of SPR spectra

Figure 5.7a shows five consecutive SPR spectra for a 45 nm Au film grown onto a glass

substrate and collected in the same conditions without X-ray irradiation. The relative

difference between the first and second spectra (see Figure 5.7b) is of the order of ∆R/R =
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10−3 for the region of the spectrum with highest slope and of the order of 10−4 for the rest

of the spectrumii. Therefore, with this equipment we can clearly detect relative differences

below 0.1 % with single scans. The resolution of the measurement can be improved upon

accumulation of scans (scans in Figure 5.7 take 30 minutes each one). Moreover, no drift

was found in the resonance position for ten consecutive scans up to a resolution of 0.01o,

which is the minimum shift that this setup could detect.
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Figure 5.7. (a) Consecutive spectra obtained with the SPR device shown in Figure

5.1; the curves overlap and are not distinguished in the graph. (b) A detail of the

resonance region between the first and second scans and the difference in the scans

(multiplied ×50).

5.3.2 Reproducibility of XAS spectra

Figure 5.8 shows two XAS spectra at the Au L3 edge relative to a 45 nm Au film grown

onto a glass substrate, without SPR excitation. In this case, the difference between both

scans is of the order of 10−2, which is the noise level for the integration time used (30 s per

point). The resolution of measurements can be improved changing the integration time,

accumulating more scans or using a laser with a spot size larger than 0.3 mm (spot size

of laser used).

iiFor the SPR-XAS setup, it is possible to detect relative differences in the SPR spectra of at least one

order of magnitude smaller than for the SPR setup developed at the Instituto de Cerámica y Vidrio of

Madrid.
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Figure 5.8. Consecutive XAS spectra measured at the Au L3 edge on a 45 nm Au

film without excitation of SPR and the difference between both scans.

5.4 Capabilities of the experimental setup

Combining SPR and XAS allows us to perform different kinds of experiments, recording

SPR or XAS signals while scanning other parameters such as time, energy, etc. Some

examples are presented here, in order to illustrate the different configurations that can be

used and the information that can be extracted from them. Some of those examples are

studied in detail in the following chapters.

5.4.1 Study of SPR upon X-ray irradiation

Figure 5.9 shows the SPR spectra for Au thin films grown on different glass substrates

measured before and after X-ray irradiation for 200 min using X-rays at E=11.95 keV

(above the Au L3 edge).

For soda-lime substrates (Figure 5.9a), we can observe that X-ray irradiation induces

a decrease in the reflected intensity for the whole SPR curve. The effect is accumulative

upon several scans and is not related to SPR of Au film but to the darkening of the

glass substrate upon X-ray irradiation.15 As mentioned above, SPR is very sensitive to

changes in the properties of the metallic film and the dielectric media close to the film.67,87

Therefore, modifications induced in the soda-lime substrates upon X-ray irradiation can

be tracked by SPR spectroscopy, as we show in the following chapter. It is well known that

hard X-ray irradiation induces color centers in soda-lime glasses.15,186,187 These defects

are commonly associated with network formers or modifiers (as Na or K in soda-lime and B

in the borosilicates) that change their coordination and oxidising state upon irradiation,

leading to the formation of color centers responsible of the glass darkening.188 Besides

the darkening, X-rays induce a slight modification in the SPR spectra, increasing the
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reflectivity about 0.003 and narrowing the resonance around 0.04o at FWHM, as shown

the inset of Figure 5.9a. Contrary to soda-lime substrates, for silica substrates (Figure

5.9b), no significant variations are found in the reflected intensity upon X-ray irradiation.

However, a detail of the resonance region (see inset in Figure 5.9b) reveals a small decrease

of the reflectivity around 0.001 and a widening of the curve around 0.02o at FWHM. These

modifications of SPR curves for both cases can be studied to determinate the changes in

both real and imaginary part of the refractive index with great accuracy.
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Figure 5.9. SPR curves for a 45 nm Au film grown onto (a) soda-lime and (b) silica

substrates before and after X-ray irradiation for 200 min using X-rays at E=11.95 keV

(above the Au L3 edge).

With this experimental setup, kinetics in real time and in situ can be also studied, for

example the kinetics of formation and fading of color centers in the soda-lime substrates.20

For that purpose, the incident angle is fixed at a certain value and the reflected intensity

is recorded as a function of the time. Switching on and off the X-rays, changes in the

concentration of color centers can be followed. Figure 5.10 shows the kinetics correspond

to the formation and fading of defects in the soda-lime substrates, switching on and off

the X-rays at E=11.95 keV. It is possible to observe that the reflectivity decreases upon

irradiation and partially recovers with time after irradiation, varying the concentration of

defects.

The measurements of reflectivity as function of time can be carried out without any

metallic film, by measuring the light transmission across a glass slide when it is irradiated.

However, the main advantage of measuring with this experimental setup (SPR-XAS

device) is that it is possible to study simultaneously the kinetics and variations of the

refractive index by an analysis of SPR curves.
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Figure 5.10. Evolution of reflectivity versus time at an incident angle of 45.6o for

a Au thin film grown on soda-lime glass, with and without irradiating with X-rays at

E=11.95 keV.

The setup can also be used to study the effect of X-ray irradiation on organic and

inorganic dielectric layers grown on top of the metallic film, since SPR spectroscopy is

extremely sensitive to the features of the dielectric medium over the metallic film.1,67,80

Figure 5.11 shows the SPR spectra for a 5 nm Co-phthalocyanine (CoPc) layer grown at

200 oC on a 50 nm Au film deposited onto a soda-lime substrate, measured before and

after X-ray irradiation for 360 min using X-rays at E=7.720 keV (at the Co K edge).

Upon irradiation with X-rays, a decrease of the intensity around 0.01, a shift towards

lower angles at the resonance around 0.2o and a widening of the SPR curve about 0.04o at
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Figure 5.11. (a) SPR curves for a 5 nm CoPc layer on a 50 nm Au thin films

grown on a soda-lime substrate, before and after X-ray irradiation for 360 min using

X-rays at E=7.720 keV (at the Co K edge). (b) A detail of the resonance region.
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FWHM are observed (see Figure 5.11b). These changes are related to the damage induced

by the X-rays on the CoPc layer, modifying its refractive index. The same experiment was

repeated in a sample with identical glass substrate and Au film but without CoPc layer,

and this phenomenology did not show up, confirming that the changes of SPR curve are

due to modifications of the CoPc film.

Figure 5.12 presents the SPR spectra for a 45 nm Au/5 nm FeOx
iii bilayer on a silica

substrate before and after the X-ray irradiation, for 330 min of irradiation, at E=7.112 keV

(at the Fe K edge). Upon X-ray irradiation, no significant variations are observed in the

reflected intensity, but a detail of the resonance region (see inset in Figure 5.12b) shows a

small decrease of the reflectivity about 0.001 and a wider resonance around 0.1o at FWHM.

A similar sample without the FeOx layer was analyzed and changes of the same order than

with the FeOx layer were found. Thus, the observed modifications can be related to the

Au thin film on silica substrate (see Figure 5.9b) and not to the FeOx film.
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Figure 5.12. (a) SPR curves for a 5 nm FeOx layer on a 45 nm Au thin films grown

on a silica substrate before and after the X-ray irradiation, for 330 min using X-rays

at E=7.112 keV (at the Fe K edge). (b) A detail of the resonance region.

Therefore, with these experiments we can conclude that the SPR-XAS system is

prepared to monitor changes induced by X-ray irradiation in the SPR spectra, tracking

both the real and imaginary part of the refractive index of different layers of the samples

and studying the kinetics of the process with great accuracy. A detailed study of soda-lime

and silica substrates and CoPc films irradiated with X-rays is shown in Chapter 6 and

Chapter 7, respectively.

iiiFeOx layer was prepared by evaporation of a 5 nm Fe film plus annealing in air at 100 oC for 1 h.
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5.4.2 Experimental setup to study instantaneous effects

The examples above described correspond to modifications in the structure of the

material induced by the X-rays, which are accumulative and mostly permanent. However,

this setup allows also studying changes in the electronic structure (modifications in the

electron population at the Fermi level) due to X-ray absorption, which are instantaneous

and reversible. To achieve the best possible resolution and separate the instantaneous

effects from the permanent ones, the configuration illustrated in Figure 5.13 is designed,

which is a modification of experimental setup shown in Figure 5.1 5.2 and 5.3. In this case,

the laser reaches the sample without any modulation (without chopper) while the X-rays

are modulated with a chopper. The signal generated by the reflected laser beam at the

photodiode is collected with the lock-in amplifier using as reference that of the chopper.

Since the laser is not modulated, in absence of X-rays, the signal measured at the lock-in

is zero. However, if the X-rays induce any instantaneous and reversible modification on

the material, the reflected laser beam would exhibit a component with the frequency of

the chopper that can be detected by the lock-in.

XYZ Stage 

XZ Stage 

Fluorescence Detector 

Laser (HeNe 632.8 nm CW 0.5 mW) 

Linear Polarizer 

Beam Splitter 

Optical chopper 

Lock-in 
Amplifier 

Reference in 

Photodiode 

Elongated 
Photodiode 

X-Ray beam 

Ionization chamber 

XZ Stage 

Computer  

Figure 5.13. Configuration used to detect instantaneous changes induced by X-rays

on the SPR spectrum. Note the different position of the chopper with respect to that

of Figure 5.1.
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Using this modified setup, possible electronic effects are studied for a Au film grown on

soda-lime glass when irradiating with X-rays at the Au L3 edge (11.919 keV). As shown

Figure 5.14, there is no detectable effect up to a relative value of 10−5 of the SPR signal,

which is the sensitivity of this setup (the background value is independent of the X-ray

irradiation). This result is consistent with calculations on the conduction electron density

in Au. Considering the X-ray photon flux of the beamline (1012 photons/s), the density

of conduction electrons for Au of 5.9·1022 electrons/cm3,43 the irradiated volume about

5·10−8 cm3 and the decay time of photoexcited electrons in the conduction band of the

order of 10-100 ns, we can estimate that the relative change of conduction electrons in

the Au film is of the order of 10−12. Taking into account that the plasma frequency

for Au189 is ωp=2.18·1015 s−1 and the wavelength of used laser is 632.8 nm (frequency

4.74·1014 s−1), we estimate a relative change in the dielectric permittivity of the order of

10−12. This variation can induce changes in the reflected intensity of SPR curve of ∼10−10

(see Appendix A), too small to be detected here. Nevertheless, the achieved resolution

(10−5) could be enough to observe changes in other materials with reduced density of

electrons at the Fermi level as it is shown below (see Figure 5.16).
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Figure 5.14. SPR curve for a Au thin film onto soda-lime glass and signal detected

by the lock-in amplifier in the configuration shown in Figure 5.13 (multiplied ×10000).

5.4.3 XAS measurements upon surface plasmon excitation

As indicated above, the SPR-XAS system permits also recording XAS spectra while

exciting SPR. Figure 5.15 shows XAS spectra at the Au L3 edge for a 45 nm Au film

grown on soda-lime substrate with and without exciting SPR. No difference is found up

to 10−2, which is the same order than the resolution of this setup (see Figure 5.8).
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Figure 5.15. XAS spectra measured at the Au L3 edge on a 45 nm Au film with

and without excitation of SPR and their difference.

With this experimental device, it is also possible to carry out combined experiments

by measuring simultaneously XAS and SPR signal while scanning parameters as time,

X-ray energy or incidence angle. For instance, XAS spectra upon excitation of SPR,

collecting simultaneously the reflectivity signal as a function of X-ray energy, can be

measured. To illustrate this procedure (Figure 5.16), we have recorded simultaneously the

XAS signal and the SPR reflectivity at the resonance condition for the 45 nm Au/5 nm

FeOx bilayer grown on a silica substrate, while scanning the X-ray energy across the Fe K
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Figure 5.16. XAS spectra measured at the Fe K edge for a 45 nm Au/ 5 nm

FeOx bilayer grown over a silica glass upon excitation of SPR (black line) and the

reflectivity signal of the SPR curve at the resonance during the energy scan (blue

circles).
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edge (7.112 keV)iv. A slight decrease can be observed in the SPR signal when the energy

crosses the Fe K edge. This feature is related to the X-ray absorption of the FeOx layer

although the mechanism is still not clear: it could be either due to a change in the electron

population around the Fermi level or be associated with a local increase of temperature.

5.5 Conclusions

In summary, we have designed and developed a setup combining surface plasmon

resonance and X-ray absorption spectroscopies: the SPR-XAS setup. With this

experimental device, SPR spectroscopy can be used to explore the interaction of X-

rays with matter and similarly, XAS can be used to study modifications of materials

while surface plasmons are excited. Moreover, the system versatility allows measuring

simultaneously SPR excitation and X-ray absorption while scanning different parameters.

The resolution of the measurements in this device is of the order of 10−2 to 10−5, depending

on the particular experiment. This setup is currently available for future experiments at

the ESRF beamline BM25A-SpLine.

ivThe profile of the XANES spectrum suggests that it is not a pure iron oxide film. The sample was

prepared by evaporation of a 5 nm Fe film plus annealing in air at 100 oC for 1 h. Thus, apart from a

mixture of iron oxides, we cannot discard the presence of some metallic iron in the sample.
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Chapter 6

In-situ study of glasses irradiated

with X-rays by surface plasmon

resonance

This chapter presents a study of the effects

of hard X-ray irradiation on glasses carried

out using the SPR-XAS device described in

the previous chapter. Two types of glasses

are analyzed: soda-lime and silica substrates.

Information on variations of the refractive

index of glasses upon irradiation and the

kinetics of the induced defects are obtained.
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6.1 Introduction

Glassy materials present very appealing optical and electrical properties for various

industrial applications including optical fibers, optical components, hot-cell windows or

reactors. Their advantages mainly rely on low cost and high optical transparency, which

extends from the infrared to ultraviolet regions.17,18,190,191 High energy ionizing radiation

(X-rays, gamma rays, electrons, etc.) can induce numerous changes in glasses, being the

visible coloration one of the most obvious.17,186,187,192 In particular, X-ray irradiation

can induce color centers in some glasses,21,188 leading to the formation of these defects

responsible of the glass darkening193 and prompting a great interest since these color

centers can be generated and bleached reversibly.22 These and other non-visible defects

generated with radiation have been investigated in a wide variety of glassy materials in

the last decades, being responsible of the alteration of some physical properties of the

glasses such as the optical absorption,21,22 refractive index,194 axial stress195 or thermal

expansion coefficient.192

It is often necessary that glassy materials properly respond under radiation17,18 for a

specific application. Therefore, studies on defects in glasses induced by X-ray irradiation

are important to determine their nature, the possible mechanisms during and after the

radiation and the changes on the glass properties. In the literature, some works have

studied the formation and fading dynamic of color centers and/or their possible effects on

physical properties when these defects are induced.17,186,192 Most of these studies devoted

to analyze the effect of X-ray irradiation onto glasses, are carried out by irradiating the

sample and analyzing later their optical properties.21,22,188,193 However, in situ and real

time studies are necessary for a deeper understanding of the process. Otherwise, processes

associated with fast dynamics can be missed. Hence, measuring the optical properties of

the glasses in situ and in real time while the glass is irradiated and immediately after

irradiation, results appealing. The latter study can contribute to the understanding of

fast processes related to the healing of the defects produced. Performing ellipsometric

measurements in combination with X-ray irradiation is complicated. Optical absorption

spectroscopy can be easier to combine with X-ray irradiation, but it just rends information

about the imaginary part of the refractive index. However, surface plasmon resonance

(SPR) spectroscopy provides simultaneously information on the modification of the real

and imaginary parts of the refractive index. As previously explained, SPR in metallic films

is very sensitive to the features of the surrounding media, and thus to the substrate.67

Measuring SPR curves of metallic films grown on glass substrates while irradiating with
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X-rays allows tracking variations in the real and imaginary parts of the refractive index

of the glass in real time.23

In this chapter, we present a study of SPR on Au thin films/glass substrates upon

X-ray irradiation. Using the SPR-XAS setup,20 described in Chapter 5, we can study in

situ and real time the effects of X-ray irradiation on the glasses by SPR.23 Two types of

glass substrates are analyzed: soda-lime and silica substrates. On the one hand, soda-lime

glass presents a structure with a high concentration of non-bridging oxygen defects196 and

they show a darkening when are irradiated with X-rays. On the other hand, silica glass

shows a negligible concentration of non-bridging oxygen defects196 and they do not present

visible defects when are irradiated with X-rays. Preliminary results of the effect of X-rays

on glasses were presented in Chapter 5.

6.2 Fabrication of samples

Au thin films with a thickness around 40 nm were grown onto soda-lime and silica

glass substrates by thermal evaporation. A detailed description of the glass composition is

shown in Section 2.2.2 of Chapter 2. Soda-lime and silica substrates were cleaned prior to

deposition with soap and water, and dried with dry air flux. The thermal evaporation of

the Au thin films was performed on the glass substrates using the home-made evaporation

chamber mounted in the Departamento de Electrocerámica at the Instituto de Cerámica y

Vidrio (CSIC) of Madrid (see Chapter 2, Figure 2.4). For the evaporation of Au metallic

films, substrates were placed about 15 cm away from the filament and the deposition was

performed under a 10−6 torr pressure with currents of 26 A at a rate of 0.02 nm·s−1,

controlled with a Q-microbalance.

6.3 Experimental details

Experiments were performed at the branch A of the BM25 SpLine beamline at the

European Synchrotron Radiation Facility (ESRF) in Grenoble (France), with the SPR-

XAS device,20 previously described in Chapter 5. Briefly, this experimental setup follows

the Kretschmann-Rather configuration1 and allows the simultaneous measurements of SPR

and XAS and studying the SPR in situ while the sample is being irradiated. For measuring

SPR upon X-ray irradiation, samples were simultaneously illuminated with the laser from

the prism side and the X-rays from the Au film side, making the spots coincident at the Au
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film side (see Chapter 5, Figure 5.1, Figure 5.2 and Figure 5.4). Although the X-ray beam

reaches the Au film, the skin depth for hard X-rays in Au is of the order of several microns,

so X-rays pass through the Au thin film reaching the substrate at the same position as

the laser spot.

Simulations of SPR spectra were performed with the freeware software Winspall .138

Numerical fits were carried out manually in order to control the modified layers by X-

rays. Optical absorption spectra were recorded using the V-670 UV-Visible double beam

spectrophotometer.

6.4 Study of soda-lime glasses by SPR-XAS setup

Au thin films grown onto soda-lime glass substrates were irradiated with X-rays around

the Au L3 edge at different energies: 11.80, 11.92 and 11.95 keV, which correspond to

energies below, at and above the absorption edge, respectively.

Figures 6.1a, 6.1b and 6.1c show experimental SPR spectra for a 42 nm Au film

grown onto a soda-lime substrate glass before, during and after X-ray irradiation at 11.80,

11.92 and 11.95 keV, respectively. In all cases, the irradiation induces a decrease in

the intensity of the reflected beam for the whole SPR curve. This behavior is due to

the darkening of the glass upon X-ray irradiation, which is observable with the naked

eye. When measuring SPR, the laser beam propagates through the glass substrate and

is partially absorbed reducing its intensity. The effect is accumulative: the larger the

irradiation time, the larger the decrease of the intensity. SPR spectra intensity decreases

about 48, 45 and 37% at 11.80, 11.92 and 11.95 keV respectively (see Table 6.1), after

230 min of X-ray irradiation. When switching off the X-rays, the reflected intensity of SPR

spectrum increases, pointing out that the irradiation effects are partially reversible: after

170 min without X-ray irradiation, the SPR spectra intensity increases from 48% to 51%

at 11.80 keV, from 45% to 49% at 11.92 keV and from 37% to 40% at 11.95 keV (see Table

6.1). The glass darkening is due to the formation of color centers upon irradiation. These

defects are unstable at room temperature, so the darkening is partially reduced with time

after irradiation. However, the initial reflectivity values are not completely recovered with

time (months are necessary).21 Figures 6.1d, 6.1e and 6.1f show the normalized reflected

intensity of the SPR spectra measured before, during and after irradiation, respectively.

We can observe that the shape of SPR curve changes at larger incident angles when the

sample is irradiated. This effect is not recuperated when the X-rays are switched off but

it is even deeper.
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Figure 6.1. (a)-(i) SPR curves for a 45 nm Au film on soda-lime glass before (black

line), during (after 230 min of X-rays, blue line) and after (after 170 min without X-

rays, red line) an irradiation with X-rays at 11.80, 11.92 and 11.95 keV, respectively.

(a)-(c) Spectra as measured, (d)-(f) spectra normalized at the critical angle (42.61o)

and (g)-(i) a detail of the resonance region for the normalized spectra.

The resonance angle of SPR spectra is extremely sensitive to any change on the

refractive index of the glass substrate. Upon irradiation, the resonance angle slightly

shifts towards lower angles and the full width half maximum (FWHM) is somehow reduced.

These effects increase with irradiation time. For 230 min irradiation, the shift is about
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0.035o at 11.80 keV (Figure 6.1g), 0.040o at 11.92 keV (Figure 6.1h) and 0.025o at

11.95 keV (Figure 6.1i). Neither the shift nor the narrowing of the resonance is reversible

after irradiation.

Reflectivity variation

E (keV)
No X-ray

irradiation
⇒

X-ray

irradiation
⇒

After X-ray

irradiation

11.80 230 min ↓ 48%
170 min ↑ 3%

11.92 230 min ↓ 45%
170 min ↑ 4%

11.95 230 min ↓ 37%
170 min ↑ 3%

Table 6.1. Intensity variation between SPR spectra measured before, during and

after X-ray irradiation at 11.80, 11.92 and 11.95 keV of Au films grown on soda-lime

glasses.

The critical angle does not change upon X-ray irradiation since it depends just on

the refractive index of the quartz prism and the air (see Figure 6.3d). As indicated in

Chapter 2, total reflection takes place at the substrate/Au interface. When the laser

passes from the prism to the soda-lime glass, according to Snell’s law, the refraction keeps

the component of the light wavevector parallel to the surface constant in both media. Since

the critical angle is determined by this component, it will not depend on the particular

value of the refractive index of the soda-lime glass.

It is well known that the refractive index in glasses increases by exposing them to X-ray

radiation194 or UV laser pulses.197 The glass presents, in this case, a profile density of the

induced defects which is maximum at the Au/glass interface and decreases exponentially

inside the glass (see Figure 6.3d). We could observe that the darkening comes across the

whole glass, being even transmitted (but with low intensity) into the prism. However,

simulations of the SPR spectra result too complicated if this gradient is fully taken into

account. Instead, a homogeneous darkening along the whole soda-lime substrate was

considered, which has a thickness of 1 mm (see Figure 6.3h). This approach has allowed

studying semi-quantitatively the modifications of the glass induced by the X-rays in the

optical properties of the glass. Therefore, the obtained values for the refractive index are

approximated and show a tendency rather than an exact value.
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In order to achieve the proper performance of the SPR simulations, we initially fitted

the SPR spectrum for a 42 nm Au film grown onto soda-lime glass with the X-ray switched

off, as shown Figure 6.2. The fit of SPR spectrum was achieved using nprism = 1.457 and

nAu = 0.1425 + 3.53 i at λ=633 nm. With these parameters, we can observe a good

agreement between the measured and simulated SPR spectra.
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Figure 6.2. Experimental (black line) and calculated (red line) SPR curves of a

42 nm Au film on soda-lime glass substrate without X-ray irradiation. The used fit

parameters are: nprism = 1.457 and nAu = 0.1425 + 3.53 i at λ=633 nm.

Subsequently, simulations of measured SPR were performed varying the refractive

index of the modified layer, in a four-media system, in order to reproduce the experimental

results presented in Figure 6.1. The simulations were carried out for measured SPR curves

of a 42 nm Au film on soda-lime glass irradiated with X-rays at 11.92 keV (Figures 6.1b,

6.1e and 6.1h). In these simulations, two glass media were considered: an infinite medium

described with the parameters of the unmodified quartz prism (i.e., nprism = 1.457) plus

a 1 mm layer (soda-lime glass substrate) with modified properties that are indicated in

Figure 6.3. The refractive index of soda-lime glass upon X-ray irradiation was determined

by fitting the experimental SPR curve. In this fit, the refractive index of the soda-lime

glass is the only free parameter, while the rest of parameters remain fixed with the same

values as those prior to X-ray irradiation.
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Figure 6.3. (a)−(c) SPR curves for a Au film on soda-lime glass before (black line),

during (blue line) and after (red line) irradiation with 11.92 keV X-rays. (a) Spectra as

measured, (b) spectra normalized at the critical angle and (c) a detail of the resonance

region for the normalized spectra. (e)−(g) Simulated SPR spectrum using the

parameters indicated in the legend. (e) Unnormalized spectra, (f) spectra normalized

at the critical angle and (g) a detail of the resonance region for the normalized spectra.

(d) and (h) represent a scheme of the four-media system (darkening is decreasing

inside the soda-lime glass) and the model used for the simulations (darkening is

homogeneous), respectively.
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Figure 6.3 shows the results of measured SPR curves (see Figures 6.3a (6.1b), 6.3b

(6.1e) and 6.3c (6.1h)) and the corresponding fits (see Figures 6.3e, 6.3f and 6.3g). A

very good agreement with the experimental results can be obtained assuming that the

refractive index of the modified layer upon irradiation changes from nSL = 1.513 (non-

irradiated value) to nSL = 1.613 + 1.5010−5i, (see Figures 6.3e, 6.3f and 6.3g). To

reproduce the fine changes in the structure of the resonance it is necessary to consider

also a slight modification of the Au effective refractive index of the order of 1%. A

modification of the Au intrinsic refractive index induced by the X-ray irradiation is not

likely. The modification might be rather due to structural or electric modifications at the

glass/Au interface upon irradiation. This could be also due to the adsorption, induced by

irradiation, of molecular or atomic species or impurities at the surface of Au, such as atomic

oxygen, when the surface is eventually exposed to the ozone198 produced by synchrotron

radiation in the experimental hutch. Note that, with the reported values, it is possible

to reproduce simultaneously the reduction in the intensity, the change of the spectrum

profile at large incident angles, the shift of the resonance angle towards smaller values and

the decrease of the FWHM (compare experimental results with simulations in Figure 6.3).

Regarding the partial recovery of the SPR signal after irradiation, the observed behavior

may be reproduced assuming that the modification of the real refractive index is totally

recovered, while the modification of imaginary one is almost permanent (recovery of only

a 10% after 170 minutes, for sample irradiated with X-rays at 11.92 keV).

As mentioned above, soda-lime glass darkening upon X-ray irradiation is due to the

generation of color centers.21 These color centers are attributed to the formation of

electron-hole pairs which, in turn, can yield the creation of defects, causing high absorbance

in the UV and visible region. According to the literature,17,199,200 radiation induces defects

on glasses associated with either oxygen excess or oxygen defect in the network. For

soda-lime glass, the most typically reported defects are non-bridging oxygen hole center

(NBOHC: ≡Si−O∗), E′ center (≡Si∗), peroxy radical (POR: ≡Si−O−O∗) and trapped

electron (TE), where the symbol ”≡” denotes three bonds with other oxygens in the glass

network and the ”∗” represents an unpaired electron.17,199

A proper identification of the type of color center can be obtained by optical

absorption spectroscopy, since each of these defects induces absorption bands at different

wavelengths.21,188 Figure 6.4 shows the result of an irradiated soda-lime glass (referenced

to non-irradiated soda-lime glass in order to obtain the net irradiation induced absorption)

measured one month after the irradiation. The spectrum can be decomposed into three

gaussian bands (with a coefficient of determination R2 = 0.99977). In this way, the three
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characteristic absorption bands with maxima around 623 nm, 412 nm and 297 nm (2.0 eV,

3.0 eV and 4.2 eV, respectively) are resolved. Table 6.2 summarizes the main features of

these absorption bands.
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Figure 6.4. Optical absorption spectrum for a soda-lime glass irradiated at

E=11.80 keV (black line) and the fit (red line) to three gaussian bands associated

with the induced absorptions. The measurement was performed one month after X-

ray irradiation. The bands at 623 and 412 nm correspond to NBOHC defects and the

band at 297 nm corresponds to TE defects. The wavelength of used laser in the SPR

experiments (632.8 nm) is indicated in the figure.

Wavelength (nm) Energy (eV) FWHM (eV) Defect

623.3± 0.2 1.990± 0.001 0.385± 0.002 HC1

411.7± 0.3 3.012± 0.002 1.347± 0.002 HC2

297.3± 0.1 4.171± 0.001 0.765± 0.002 TE

Table 6.2. Parameters corresponding to the three gaussian fits of the optical

absorption bands for soda-lime glass irradiated with X-rays at E=11.80 keV.

According to the literature, the bands at 623 and 412 nm are associated with the

induced defects of NBOHCs,17,199 being the responsible of the brown color, while the

band of 297 nm is identified as absorption of TEs.21 There are two types of NBOHC

defects, designed as HC1 and HC2, which are paramagnetic and dominate the optical

absorption spectra of glasses with low and high alkali contents, respectively.201 The band

at 623 nm (HC1) corresponds to a hole trapped in the 2p orbital of one non-bridging oxygen
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at those sites of the network where the SiO4 polyhedron contains three bridging oxygen

and one non-bridging oxygen, all bonded to a silicon atom. HC2 defects are responsible

of the absorption band around 412 nm, which is associated with a hole trapped in two or

three non-bridging oxygens bonded to the same silicon.22,202,203 In the SPR experiments

a 632.8 nm laser was used, and thus the observed absorption at this wavelength is due to

both HC1 and HC2 defects (see Figure 6.4).

The generation of NBOHC defects in a soda-lime glass upon X-ray irradiation starts

with the formation of electron-hole pairs. In silica-based glasses, the holes are trapped

by the non-bridging oxygen atoms yielding the formation of NBOHCs, while electrons are

diffused through the glass network until finding holes for recombining. Since these NBOHC

defects are unstable at room temperature, they can be eliminated after irradiation by

recombination with electrons or other NBOHCs according to the following reactions:17,21

≡ Si−O∗ + e− → Si−O− (6.1)

2 (≡ Si−O∗)→ Si−O −O − Si ≡ (6.2)

2 (≡ Si−O∗)→ Si−O − Si ≡ +
1

2
O2 (6.3)

Paramagnetic defects as NBOHCs decay obeying first order (i.e., an exponential

function) or second order kinetics (i.e., the inverse of defect concentration versus the

time is linear).21,204 In particular, when the decay is due to recombination with electrons

(Reaction 6.1), a first order kinetics is followed. On the contrary, NBOHCs that recombine

with each other (Reactions 6.2 and 6.3), exhibit a second order kinetics. Previous studies

on X-ray irradiated soda-lime glasses demonstrated that the fading of color centers after

irradiation presents a first order kinetics.21,22,205,206 However, these studies have been

performed ex situ and measured over long times (days and/or months). Hence, the study

of the kinetics in the order of seconds and/or minutes, which we can monitor with our

setup, is still missing.

Using the SPR-XAS device (described in Chapter 5), the reflectivity was measured

for a fixed incident angle close to the resonance (45.6o) when switching on and off the

X-rays. These measurements could, in principle, have been carried out without the Au

thin film or in transmission mode using the same setup. Figure 6.5 shows the effect of

X-ray irradiation on soda-lime glass at three different energies, 11.80, 11.92 and 11.95 keV,

which are below, at and above the L3 edge of Au, to discriminate if part of the effects
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are due to X-ray absorption by the Au film. The results confirm that the reflectivity

decreases upon irradiation and partially recovers with time after irradiation. Moreover,

it possible to observe that the kinetics of the process depends on the X-ray energy. In

particular, the decay results slower when using X-rays well above the Au L3 edge. These

differences in decay rate cannot be associated with the reduction of X-ray intensity when

passing through the Au film. Only 1% of the photons are absorbed in the film. However,

the X-ray absorption in the film creates photoelectrons that could be ejected towards the

glass modifying the lifetime of the defects.

0 5000 10000 15000
40

50

60

70

80

90

100

X-RAY OFF

R
e

fl
e

c
ti
v
it
y
 (

%
)

Time (s)

E=11.80 keV

E=11.92 keV

E=11.95 keV

X-RAY ON

 

 

Figure 6.5. Time dependence of the reflectivity when switching on and off the

X-rays at three different energies (11.80, 11.92, and 11.95 keV), in situ and in real

time. The X-ray beam at 11.80 keV is switched off 2500 s later than the two other

cases.

The fitting of these curves to a first order kinetics or to a second order kinetics was

not satisfactory. However, as Figure 6.6 illustrates, these data can be properly fitted to

the sum of two exponentials, according to the following equation:

I = I0 + a× e−
t
γ1 + b× e−

t
γ2 (6.4)

where γ1 and γ2 represent decay constants and I0, a and b are fitting parameters.

As a result of the exponential fitting (Equation 6.4), we conclude that the formation

and fading of defects correspond to two first order kinetics, where for each first order

reaction the half-life time τi(i = 1, 2) can be calculated from:

τi = ln2× γi (6.5)
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Figure 6.6. Reflected intensity versus time (black solid lines) and fitting of the color

centers (a)−(c) formation (red circles) and (d)−(f) fading (blue circles) by switching

on and off X-rays at 11.80, 11.92 and 11.95 keV, at an incident angle of 45.6o. Spectra

are normalized to the maximum of the reflectivity (100%).

These fittings were carried out for the three energies studied obtaining coefficients

of determination better than 0.9987. Table 6.3 shows the parameters corresponding to

the fittings for each energy. The decay of the color centers follows double first order

kinetics with decay times of the order of minutes and months. The latter is qualitatively

in agreement with previous ex situ studies of the irradiation effects.21,207 On the contrary,
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the decay constant of the order of minutes has not been previously reported. The fact

that just first order kinetics are found in the fading curves, points out that the NBOHC

defects just recombine with the neighboring electrons (Reaction 6.1) but not with another

neighboring NBOHC or another holes (Reactions 6.2 and 6.3). The simulations of SPR

spectra, presented in Figure 6.3, show that the modifications in the real part of the

refractive index are partially recovered in minutes after irradiation. On the other hand,

the changes in the imaginary part of the refractive index remain almost unvaried for

hours after irradiation. Thus, these changes in imaginary refractive index could be mainly

associated with the slow kinetics.

Defects formation Defects healing

E (keV) 11.80 11.92 11.95 E (keV) 11.80 11.92 11.95

I0 -2720 -1922 -3036 I0 43 143 180

a 0.31 0.35 0.25 a -0.01 -0.01 -0.02

γ1(s) 2729 3245 3195 γ1(s) 1053 877 1192

τ1(s) 1891 2249 2215 τ1(s) 730 608 826

b 2721 1922 3037 b -43 -142 -180

γ2(s) 1.93× 108 1.72× 108 2.34× 108 γ2(s) 6.94× 106 2.95× 107 4.12× 107

τ2(s) 1.34× 108 1.19× 108 1.62× 108 τ2(s) 4.81× 106 2.04× 107 2.86× 107

R2 0.9999 0.9996 0.9999 R2 0.9994 0.9987 0.9991

Table 6.3. Parameters corresponding to the exponential fitting for the defects

formation (left) and fading (right) kinetics switching on and off X-rays, respectively,

at three different energies (11.80, 11.92, and 11.95 keV).

Regarding the nature of the two time components, a possible explanation could be

that each of them is associated with one of the NBOHCs. However, in this case the

band associated with the fast kinetics should disappear from the spectrum after a few

hours. Instead, the optical bands observe clearly even after several days (see Figure 6.4).

Moreover, Sheng et al.21,207 found that the relative intensity of the bands associated

with the NBOHCs does not change with time. Therefore, it possible to conclude that

the fading kinetics are governed by the availability of electrons to recombine with the

NBOHCs (first order kinetics). The existence of the two components rather supports that

there are two types of electrons responsible of the fast and slow kinetics. The electrons

responsible of the fast component should be weakly trapped or nearly free so that they

can move through the glass at room temperature, reaching the NBOHCs and recombining

in minutes. On the other hand, the electrons associated with the slow kinetics should

be those trapped in TE defects, well described in the literature17,21,199 and detected by
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optical absorption (see Figure 6.4). The availability of these electrons for recombination is

not determined by their mobility but by the probability to be released from a TE defect,

which at room temperature yields a decay time of months. As the fading kinetics for

both NBOHCs is determined by the presence of electrons available for recombination, the

decay rate is the same for both NBOHCs and their relative concentration does not change

in agreement with previous results.21,207 Comparing these results with those of Sheng et

al.,21,207 quantitative differences can be observed. Here a slow first order kinetics is found

with a decay time of the order of months, while Sheng et al.21 reported a slow first order

kinetics of the order of a year (strongly dependent on the irradiation dose). A possible

explanation for the differences with these experiments could be that Sheng et al. used

50 keV X-rays, while here the experiments are carried out with beams of about 12 keV.

However, the optical absorption spectra profiles are very similar in both cases, pointing

out that the types of generated defects are the same, despite the different X-ray energy.

Our in situ fading measurements are extended for a maximum of 6 hours. With this

recording time it is difficult to measure accurately decay times of the order of months.

Consequently, the slow kinetics data from Sheng et al. seems more reliable that ours. The

main innovation of our experiments is the observation of a fast fading component of the

order of minutes (see Table 6.3), not previously reported. This component can be only

detected by measuring the optical properties in real time at the irradiation site.23

6.5 Study of silica glasses by SPR-XAS setup

Effects of X-ray irradiation on dielectric layers grown on a metallic film can be studied,

as explained in Chapter 5. As indicated above, silica substrates do not present visible

defects when they are irradiated with X-rays, thus these may be good candidates for

analyzing possible effects of the X-rays on dielectric overlayers grown on metallic films,

discarding those of the substrate. In order to check it, we have carried out a similar

study to that of the soda-lime substrates. Therefore, Au thin films grown onto silica glass

substrates were irradiated with X-rays around the Au L3 edge at different energies: 11.80,

11.92 and 11.95 keV.

Figure 6.7 shows experimental SPR spectra for a 37 nm Au film grown onto a silica

substrate glass before, during and after X-ray irradiation at 11.95 keV. In contrast to soda-

lime substrates, for this case, no significant variations are found in the reflected intensity

upon X-ray irradiation for 170 min. However, a fine detail of the resonance region, which

is extremely sensitive to any change on the refractive index of the glass substrate, reveals
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a widening of the curve around 0.02o at FWHM. This effect is accumulative: the larger

the irradiation time, the larger the effect in the SPR spectrum. When the X-rays were

switched off, after 40 min without X-ray irradiation, the SPR spectrum was partially

recovered (see Figure 6.7b). Equivalent results were obtained at 11.80 and 11.92 keV.
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Figure 6.7. (a) SPR curves for a 37 nm Au film on silica glass before (black line),

during (after 170 min of X-rays, blue line) and after (after 40 min without X-rays,

red line) irradiation with X-rays at 11.95 keV. (b) A detail of the resonance region.

In order to achieve the proper performance of the SPR simulations, in the same way

than for soda-lime glass substrates, initially the SPR spectrum for a 37 nm Au film grown

onto silica glass was fitted with the X-ray switched off. The fit of SPR spectrum was

achieved using nprism = 1.457 and nAu = 0.14030 + 3.606 i at λ=633 nm, obtaining a

good agreement between the measured and simulated SPR spectra, shown in Figure 6.8.

Thereafter, simulations of the measured SPR were performed varying the refractive

index of the modified layer, in order to reproduce the experimental results presented in

Figure 6.7. In this case, it was not possible to fit the measured SPR after irradiation

modifying the refractive index of the silica glass, in our four-media system. To reproduce

the variations in the resonance region, it was necessary to consider some variation where

the Au thin film is involved (similar to simulations of soda-lime glasses). Therefore, for

these simulations, we consider the Au thin film as the only modified medium by X-rays, so

its refractive index is the only free parameter, while the rest of parameters (included those

of the silica glass) remain fixed with the same value as those prior to X-ray irradiation.
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Figure 6.8. Experimental (black line) and calculated (red line) SPR curves of

a 37 nm Au film on silica glass substrate without X-ray irradiation. The used fit

parameters are: nprism = 1.457 and nAu = 0.14030 + 3.606 i at λ = 633 nm.

Figure 6.9 shows the results of calculated SPR curves and a detail of resonance

region compared with the resonance region of measured SPR spectra. In this fit, we
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Figure 6.9. (a) Simulated SPR spectrum using the parameters indicated in the

legend for a 37 nm Au film onto silica glass substrates before (black line), during

(blue line) and after (red line) irradiation with X-rays at 11.95 keV. (b) A detail of

the resonance region for the normalized experimental spectra and (c) a detail of the

resonance region for the normalized calculated spectra.
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can obtain a very good agreement with the experimental results assuming that the real

refractive index of the modified layer (nAu) upon irradiation increases about 0.00025

with respect to non-irradiated value, varying from nAu = 0.14030 + 3.606 i (non-

irradiated value) to nAu = 0.14055 + 3.606 i. Regarding the partial recovery of the

SPR spectrum after irradiation, we can reproduce the same behavior considering that the

modification of the real refractive index is partially recovered, decreasing around 0.00005

with respect to irradiated value, varying from nAu = 0.14055 + 3.606 i (irradiated value)

to nAu = 0.14050 + 3.606 i. Assuming these variations of Au real refractive index, it is

possible to reproduce the slight changes of the measured SPR spectrum in the resonance

region (compare experimental results with simulations in Figure 6.9).

As already mentioned, changes of the Au intrinsic refractive index induced by the X-ray

irradiation are not likely. The modification might be rather due to structural or electric

modifications at the silica glass/Au interface upon irradiation or it could be also due to

the adsorption, induced by irradiation, of molecular or atomic species at the surface of Au,

such as atomic oxygen, when the surface is eventually exposed to the ozone198 generated

by synchrotron radiation in the experimental hutch.

These modifications of Au real refractive index for samples with silica substrates involve

a slight variation of the order of 0.01%, which is the same order as the resolution of SPR-

XAS setup (see Section 5.3 of Chapter 5). For samples with soda-lime glasses, variations

of Au index refractive of the order of 1% were considered, two orders of magnitude larger

than for the silica glasses. These differences could be due to the different times of X-ray

irradiation (240 min for soda-lime and 170 min for silica substrates) or larger modifications

induced at the soda-lime glass/Au interface than at the silica glass/Au interface due to

X-ray irradiation.

For samples with silica substrates, the reflectivity for a fixed incident angle close to

the resonance (45.6o) was also measured when switching on and off the X-rays in situ and

in real time, similar to samples with soda-lime glasses. Figure 6.10a shows the effect of

X-ray irradiation on a Au thin film grown onto a silica glass at 11.80 keV. It is possible

to observe that the reflectivity increases slightly upon irradiation and after irradiation, it

is partially recovered with time. These measurements can be carried out without the Au

thin film in reflectivity or transmission mode using the same setup. Therefore, in order

to verify that these reflectivity changes are not due to variations on the refractive index

of the silica glass substrate, as the fitting of measured SPR spectra indicates, we carried

out measurements of transmitted intensity versus time in a silica glass substrate without

the Au film, at 11.80 keV. Figure 6.10b shows the result, where we can observe that the
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intensity variations with the X-rays switched on are the same order than without X-ray

irradiation.
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Figure 6.10. Time dependence of (a) the reflectivity (with a Au film) and (b)

transmission (without the Au film), when switching on and off the X-rays at 11.80 keV,

in situ and in real time, for a silica glass.

Although defects are not observed in the visible range, these can be generated out

this range. According to the literature,17,199,200 radiation can induce defects on silica

glasses associated with either oxygen excess or oxygen defect in the glass matrix. By

oxygen excess some defects can be NBOHCs, PORs and interstitial O3 (ozone) among

others, while by oxygen defect some defects can be E′ centers or oxygen-deficiency centers:

ODCs.17,199,208 Therefore, with the purpose of evaluating the possible defects created in

the silica glass when being irradiated with X-rays, optical absorption spectrum of an

irradiated silica glass (referenced to non-irradiated silica glass in order to obtain the net

irradiation induced absorption) was measured, one month after the irradiation. Figure 6.11

presents the spectrum, which can be decomposed into three gaussian bands (coefficient

of determination R2 = 0.99997) that correspond to three absorption bands with maxima

around 240 nm, 245 nm and 272 nm (5.17 eV, 5.06 eV and 4.55 eV, respectively). Table

6.4 summarizes the main features of these absorption bands.

The observed optical bands187,200,209,210 can be associated with various defects:

NBOHCs (∼4.8 eV), PORs (∼4.8 eV), interstitial ozone molecule (∼4.8 eV), E′ centers

(∼4.8 eV) or ODC defects (∼5.0-5.2 eV). Comparing the features of our bands with

the reported values,200 the 5.17 and 5.06 eV peaks might be related to ODC defects,

which are diamagnetic defects.211 These optical bands are overlapped showing the named

B2 band212 in fused silica, which can be decomposed in two types named B2α and
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Figure 6.11. Optical absorption spectrum for a silica glass irradiated at E=11.80

keV (black line) and the fit (red line) to three gaussian bands associated with

the induced absorptions. The measurement is performed one month after X-ray

irradiation. The bands at 240 nm and 245 nm correspond to B2 band and the 272 nm

band is not identified.

Wavelength (nm) Energy (eV) FWHM (eV) Defect

272.5± 0.1 4.551± 0.002 0.162± 0.003 -

244.94± 0.02 5.0624± 0.0004 0.263± 0.001 ODCs

239.82± 0.02 5.1705± 0.0004 0.4113± 0.0002 ODCs

Table 6.4. Parameters corresponding to the three gaussian fits of the optical

absorption bands for silica glass irradiated with X-rays at E=11.80 keV.

B2β bands,200,210 presenting two structurally different ODCs. The B2α band can be

attributed to an intrinsic ODC and its structural model can be debated between neutral

oxygen vacancy (O ≡ Si − Si ≡ O) and twofold coordinated Si (O − S̈i − O, where

( ¨ ) represents two paired electrons in the same orbital).213,214 While some models

propose that the B2β band corresponds to ODCs perturbed by an impurity215 or intrinsic

ODCs.216 However, the nature of the optical activity of the B2 band is still unclear.211

On the other hand, the 4.55 eV energy peak cannot be identified with any band, but

it has been previously observed as permanent damage in high purity fused silica after

irradiating.217,218 Independently of the defects generated by X-rays in silica glasses, for

the previous experiments a 632.8 nm laser was used, hence no absorption band due to

defects is detected at that wavelength (see Figure 6.11 and Figure 6.10b).
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With these results, we can conclude that for Au thin films grown on silica glass

substrates, the X-ray irradiation induces defects in silica glasses but they are not detected

in the whole range of the visible spectrum. The changes observed on experimental SPR

spectra are small and they are attributed to some kind of modification where the Au

thin film is involved, changing its refractive index around 0.01%. As mentioned above,

these variations can be associated with modifications at the silica glass/Au interface upon

irradiation or the adsorption of species at the surface of Au film. However, the process

is unclear. Due to de robustness of silica glasses under X-ray irradiation, they could be

good candidates to be used as substrates, in order to study possible effects of the X-ray

irradiation with the SPR-XAS setup in overlayers grown on metallic films.

6.6 Conclusions

The effect of hard X-ray irradiation of soda-lime and silica glasses on their optical

properties has been studied. For this purpose, we have used the recently developed

experimental setup described in Chapter 5, capable of simultaneously measuring XAS

and SPR at a synchrotron beamline. The excitation of surface plasmons in a Au thin film

grown on a glass is the probe used to monitor the induced optical changes in the glasses.

For soda-lime glasses, two types of defects associated with the observed darkening have

been identified: HC1 and HC2 centers. Monitoring, in real time, the reflected intensity

versus time, we have determined two different dynamics by recombination with electrons

in both the formation and fading of the induced defects. Together with a slow process

with a characteristic time of the order of months, we have also identified a fast fading

component with a much shorter characteristic time, of the order of minutes and not

previously reported. This component has been measured thanks to the setup developed,

which allows monitoring changes during and immediately after irradiation. For the case of

silica glasses, defects that modify their refractive index have been identified. These non-

visible defects are not detected at the laser wavelength used with the SPR-XAS device.

However, slight variations have been observed and attributed to changes where the Au

thin film is involved.
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Chapter 7

Study of Co-phthalocyanines

irradiated with X-rays by surface

plasmon resonance

This chapter presents a study of the effects of

hard X-ray irradiation on Co-phthalocyanine thin

films using the device described in Chapter 5.

Co-phthalocyanine films with different thickness

and growth temperature are studied. The very

high sensitivity of surface plasmon resonance to

slight modifications of the dielectric media allows

tracking the small changes of refractive index

induced by the irradiation in the organic films.
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7.1 Introduction

Phthalocyanines (Pcs) represent an important type of organic semiconductor showing

optical and electronic properties219,220 with a wide range of applications such as in

electrochromic devices, field effect transistors, light emitting diodes,221 gas sensors222,223

or as dye molecules for solar cells.224 Pcs (C32H16N8
−2) are polyaromatic molecules that

can accommodate a large variety of metal ions (i.e., Co2+, Cu2+, Mn2+, Zn2+, Fe2+)

in the central cavity,225 as shown Figure 7.1, where a Co metal is found at the molecule

center. The central cavity of the Pcs can also be empty and then they are called metal-free

phthalocyanine (H2Pc).226 Specifically, Co-phthalocyanines (CoPcs) are already applied

in optoelectronic devices, gas sensors and they are considered a promising material for the

development of low-dimensional organic molecular magnets.227

Pcs are thermally and chemically stable228 and their versatility plays an important role

in material science and nanotechnology.225 Thus, Pcs are usually studied and characterized

by synchrotron radiation for probing different processes that occur at the atomic or the

molecular level, as for example the charge transfer at the interface between a CoPc

monolayer and Au.227 However, an important obstacle of these investigations delays in

the radiation damage that can affect the electronic structure of molecules, making more

difficult to achieve studies of these beam-sensitive materials. Some damages induced by

radiation can be the break of the peptide bond between amino acids of a protein, a change

in the 3d electron configuration of the transition metal center in a protein or a shift in the

Fermi level due to the creation of defect states in the band gap of dye molecules.19 In the

literature, some studies can be found about the radiation damage on Pcs.19,229 Cabailh

Figure 7.1. Structure of a CoPc molecule, showing the four-leaf-clover structure

with the Co metal at the center. Figure taken from Bhattacharjee et al.7
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et al. observed changes in the intensity signal of Sn-phthalocyanines grown on GaAs(001)

as a function of exposure to the radiation at nitrogen 1s edge, but they did not find a

clear explanation.229 Later, Cook et al. found that the radiation on Pcs with soft X-rays

affects the electronic structure of the molecules inducing a shift in the Fermi level between

the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular

orbital) due to radiation-induced gap states in the Pcs.19 This modification may be visible

in their optical properties.19,222,230

It is well known that the morphological properties of Pc thin films depend on

parameters such as their thickness and growth conditions, which control the degree of

crystallinity, grain size or the crystallographic phase. The deposition of Pc films depends,

among other factors, on the substrate temperature during deposition.137,231 Usually, films

deposited on amorphous substrates at room temperature (RT) exhibit the so-called α-

phase while deposition temperatures above 150 oC lead to films with β-phase, which

is characterized by elongated crystallites, with a larger size137,232 and a more compact

structure225 than that of the films grown at RT. These phases exhibit different optical

properties,24 thus the induced variations by X-rays on Pcs could be different depending

on the Pc thickness or the crystallinity.19,230

Surface plasmon resonance (SPR) is high sensitivity to any modification of the

dielectric media close to the metallic film. Thus, changes on organic molecules deposited

over the metallic film can be analyzed, as shown in Chapter 5, providing simultaneously

information on the variations of both real and imaginary parts of their refractive index.67

In this work, we present a study of SPR on CoPc/Au samples upon X-ray irradiation

using the SPR-XAS setup20 described in Chapter 5. Here, we study in situ and real time

the effects of X-ray irradiation on the optical properties of CoPcs by SPR,23 changing the

CoPc film thickness and growth temperature.

7.2 Fabrication of samples

CoPc/Au samples were grown on silica substrates in two steps, using the home-made

evaporation chamber of the Schuller Nanoscience Group, at the University of California,

San Diego. First, Au thin films with nominal thicknesses around 60 nm were fabricated by

thermal evaporation at RT under a 10−6 torr deposition pressure. Subsequently, CoPc thin

films were thermally evaporated, as explained in Section 2.2.1 of Chapter 2, covering only

half of the samples, as shown Figure 7.2. The area of the silica substrate was of 2x2 cm2.

Samples with CoPc thin films with nominal thicknesses of 2, 5 and 10 nm were prepared
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at RT and at 200 oC. Table 7.1 shows a description of samples fabricated. Deposited Au

and CoPc thicknesses were controlled by a Q-microbalance.

Silica substrate 

Au thin film  

  ( 60 nm) 

CoPc film  

2 cm 

 

2 cm 

 1 mm 

 

1 cm 

 

Figure 7.2. Configuration of CoPc/Au samples grown on silica substrates.

Sample Description

2-RT 2 nm CoPc layer grown at RT on 60 nm Au/silica substrate system

5-RT 5 nm CoPc layer grown at RT on 60 nm Au/silica substrate system

10-RT 10 nm CoPc layer grown at RT on 60 nm Au/silica substrate system

2-200 2 nm CoPc layer grown at 200 oC on 60 nm Au/silica substrate system

5-200 5 nm CoPc layer grown at 200 oC on 60 nm Au/silica substrate system

10-200 10 nm CoPc layer grown at 200 oC on 60 nm Au/silica substrate system

Table 7.1. CoPc/Au samples with CoPc thin films of nominal thicknesses of 2, 5

and 10 nm, grown at RT and at 200 oC on silica substrates.

7.3 Experimental details

Experiments were carried out at the branch A of the BM25 SpLine beamline at the

European Synchrotron Radiation Facility (ESRF) in Grenoble (France), by the SPR-XAS

device20 previously described in Chapter 5. The followed protocol for the measurements

was similar to that performed in Chapter 6. Experimental SPR spectra were measured

before, during and after X-ray irradiation around the Co K edge: at 7.72 and 7.75 keV that

correspond to energies at and above the absorption edge, respectively. For all samples,

the X-ray irradiation was carried out around 60 min.

More interesting information about the effects of the X-ray irradiation on CoPcs might

be obtained studying the SPR spectra when irradiating around the N or C absorption edge

(hundreds of eV). For that, we would have to mount the setup at a soft X-ray beamline and

the experiments would have to carry out in vacuum, since the air strongly absorbs X-rays

with energy below 5 keV. Our SPR-XAS device20 is designed to carry out experiments in
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air, therefore in this work we analyze the samples irradiated with hard X-rays instead of

with soft ones and so, at the Co absorption edge.

Simulations of SPR spectra were performed with the freeware software Winspall .138

Known the effects on the Au/substrate systems (see Chapter 6), iterative simulations were

carried out for CoPc/Au samples. Fits were taken good when the simulation divergence

between the measured and simulated SPR spectra was the smallest. The Raman scattering

spectra of CoPc layers were investigated on different regions irradiated and non-irradiated

with X-rays in order to analyze any possible structural damage on CoPcs. The final

spectra are an average of 40 spectra integrating 5 s each spectrum. Raman measurements

were performed 2 months after irradiating the samples.

7.4 Study of Co-phthalocyanines by SPR-XAS setup

In Chapter 6, we studied the effects induced by X-ray irradiation in glass substrates.

We found important modifications of the refractive index for soda-lime substrates upon

X-ray irradiation. On the contrary, for silica glasses, the effects of the X-ray irradiation

were very small and close to the detection limit of the SPR-XAS device. Hence, in order

to study the possible modifications generated by X-rays on CoPcs, CoPc/Au samples were

grown on silica substrates instead of soda-lime substrates.

In order to discriminate between the effects of X-ray irradiation on the CoPcs and those

on the Au film grown and silica substrate, both regions of all samples (CoPc/Au/silica and

Au/silica) were irradiated with X-rays under same conditions of irradiation time, energy

and intensity.

7.4.1 SPR of Au thin films irradiated with X-rays

Figure 7.3 shows experimental SPR spectra for the 60 nm bare Au film deposited onto

a silica substrate of 5-RT sample before, during and after X-ray irradiation at 7.72 keV

(Co K edge). No significant variations are found in the reflected intensity upon X-ray

irradiation for 60 min, similar to results obtained in Chapter 6 for Au films grown onto

silica substrates irradiated for 170 min at Au L3 edge. A detail of the resonance region

reveals that X-ray irradiation induces slight changes on SPR spectra, decreasing the

reflected intensity around 0.003 and widening the resonance region about 0.01o at the

full width half maximum (FWHM). Moreover, we observe that these variations are mostly

irreversible and after switching off the X-rays, after 40 min without X-ray irradiation, the

effects remain present.
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Figure 7.3. (a) SPR curves for a 60 nm bare Au film on silica glass before (black

line), during (after 60 min of X-rays, blue line) and after (after 40 min without X-rays,

red line) irradiation with X-rays at 7.72 keV. (b) A detail of the resonance region.

Spectra were normalized to critical angle.

In order to estimate the variations induced by X-ray irradiation in the bare Au

deposited on a silica substrate, SPR simulations were performed. The SPR spectrum

of Au film grown onto silica glass prior to the X-ray irradiation was fitted with a thickness

of 61 nm for the Au film and using nprism = 1.457 and nAu = 0.1957 + 3.8106 i at

λ = 633 nm. Afterwards, simulation of the measured SPR when Au film is irradiated

with X-rays was performed, varying the refractive index of the modified layer, in order

to reproduce the experimental results presented in Figure 7.3. In this fit, we obtain a

very good agreement with the experimental results assuming that the refractive index of

the modified layer (nAu) upon irradiation changes with respect to non-irradiated value,

varying from nAu = 0.1957 + 3.8106 i (non-irradiated value) to nAu = 0.1956 + 3.8112 i

(irradiated value). For that, the Au film is considered as the modified medium so its

refractive index is the only free parameter, while the rest of parameters (included those

of the silica glass) remain fixed with the same values as those prior to X-ray irradiation.

Figure 7.4 shows the results of simulated SPR curves and a detail of resonance region

compared with the resonance region of measured SPR spectra. These modifications of Au

refractive index mean a slight variation of the order of 0.01%, which are the same order

than those obtained in Chapter 6 for the samples with silica substrates irradiated at the

Au L3 absorption edge. Possible differences of refractive index variations could be found

due to the different conditions of X-ray irradiation or different concentration of ozone into

the experimental hutch.198
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Figure 7.4. (a) Simulated SPR spectrum using the parameters indicated in the

legend for a 61 nm Au film onto silica glass substrates before (black line) and during

(blue line) irradiation with X-rays at 7.72 keV. (b) A detail of the resonance region

for the normalized experimental spectra and (c) a detail of the resonance region for

the normalized calculated spectra.

7.4.2 SPR of CoPc/Au samples irradiated with X-rays

Taking into account the slight variations of the Au refractive index induced by X-ray

irradiation for the bare Au region deposited on silica substrate, of the order of 0.01%,

we measured the SPR on the region of the CoPc/Au bilayers on silica substrates varying

the thickness of CoPc layer and the growth temperature, in order to study the effects of

X-rays on the CoPc layers.

Figure 7.5, Figure 7.6 and Figure 7.7 show the experimental SPR spectra related to

CoPcs with thicknesses 2, 5 and 10 nm respectively, grown at RT and 200 oC on a Au

film. For samples irradiated with X-rays for 60 min, modifications in the resonance region

of the curves are observed, which depend on CoPc thickness and growth temperature.

As shown below, these variations are larger than those observed in the bare Au region

and are weakly recovered after X-ray irradiation. For sample 2-RT (see Figure 7.5a

and Figure 7.5b) irradiated with X-rays, a widening of the SPR curve is observed with

an increase of the FWHM around 0.03o, a shift at the resonance region towards larger

angles of 0.01o and a decrease of the intensity about 0.01. For CoPcs grown at 200 oC,

(sample 2-200, see Figure 7.5c and Figure 7.5d), with the X-ray irradiation, the resonance

angle is shifted towards lower angles about 0.02o, the intensity decreases around 0.006 and

the SPR spectrum presents a widening at the FWHM of 0.02o. For the case of sample
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Figure 7.5. SPR curves for the bare Au film (black line) and the 2 nm CoPc/Au

bilayer on silica glass before (red line), during (after 60 min with X- rays, green line)

and after (after 40 min without X-rays, blue line) irradiation with X-rays at 7.72 keV.

(a) and (c) CoPc layers grown at RT and 200 oC respectively and (b) and (d) a detail

of the resonance region. Spectra were normalized at the critical angle.

5-RT (see Figure 7.6a and Figure 7.6b) irradiated with X-rays, the SPR curve shows a

widening at the FWHM around 0.06o, a shift at the resonance angle towards larger angles

of 0.03o and a decrease of the intensity about 0.01. For sample 5-200 (see Figure 7.6c

and Figure 7.6d), with the X-rays, the resonance region is shifted towards lower angles

about 0.04o, the intensity increases around 0.004 and the SPR spectrum shows a widening

at the FWHM of 0.03o. For sample 10-RT (see Figure 7.7a and Figure 7.7b) after X-

ray irradiation, it is possible to observe that the SPR curve is modified widening at the

FWHM around 0.08o, the resonance region is shifted towards larger angles around 0.03o

and the intensity decreases about 0.03. Finally, for sample 10-200 (see Figure 7.7c and

Figure 7.7d) irradiated with X-rays, the resonance angle of SPR curve is shifted towards
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5 nm CoPcs grown at RT on a Au thin film, 5-RT
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Figure 7.6. SPR curves for the bare Au film (black line) and the 5 nm CoPc/Au

bilayer on silica glass before (red line), during (after 60 min with X- rays, green line)

and after (after 40 min without X-rays, blue line) irradiation with X-rays at 7.72 keV.

(a) and (c) CoPc layers grown at RT and 200 oC respectively and (b) and (d) a detail

of the resonance region. Spectra were normalized at the critical angle.

larger angles about 0.06o, the intensity decreases around 0.006 and the SPR spectrum

presents a widening at the FWHM of 0.03o. As summary, Table 7.2 shows the values of

the changes observed with the X-rays on SPR spectra for CoPcs grown on Au film/silica

substrate systems and for the bare Au region. For all cases, SPR variations for CoPc/Au

bilayers are larger than those observed on the bare Au regions. Therefore, the X-ray

irradiation induces changes on SPR spectra of CoPc/Au bilayers due to modifications

generated in CoPcs. Variations of SPR reflectivity and the FWHM are more accused in

the samples grown at RT than in those grown at 200 oC. Moreover, the FWHM changes in

the resonance region depend on CoPc layer thickness, for both CoPcs grown at RT and at

200 oC, observing larger modifications when the layer thickness increases. Modifications
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of the θR do not show a clear tendency, neither with CoPc thickness nor with growth

temperature (see Table 7.2).

10 nm CoPcs grown at RT on a Au thin film, 10-RT
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Figure 7.7. SPR curves for the bare Au film (black line) and the 10 nm CoPc/Au

bilayer on silica glass before (red line), during (after 60 min with X- rays, green line)

and after (after 40 min without X-rays, blue line) irradiation with X-rays at 7.72 keV.

(a) and (c) CoPc layers grown at RT and 200 oC respectively and (b) and (d) a detail

of the resonance region. Spectra were normalized at the critical angle.

X-ray effects Bare Au film 2-RT 2-200 5-RT 5-200 10-RT 10-200

Changes at FWHM (o) + 0.01 + 0.03 + 0.02 + 0.06 + 0.03 + 0.08 + 0.06

Shift of θR (o) − + 0.01 − 0.02 + 0.03 − 0.04 + 0.03 + 0.03

Intensity changes + 0.003 + 0.01 + 0.006 + 0.01 − 0.004 + 0.03 + 0.006

Table 7.2. Modifications in the resonance region of SPR spectra of CoPcs grown

on Au/silica samples and of the bare Au film after X-ray irradiation at 7.72 keV,

for 60 min. The +/- symbol represents SPR changes due to the irradiation towards

larger/slower values with respect to the SPR spectrum of samples without irradiating.
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In general, after 40 min without X-ray irradiation, neither the shift nor the widening

of the resonance are reversible after irradiation. Moreover, as expected, the critical angle

does not change upon X-ray irradiation since it depends just on the refractive index of the

quartz prism and the air (see Section 2.10 of Chapter 2).

In order to estimate the changes induced on the refractive index of CoPc layers when

CoPc/Au samples are irradiated with X-rays, we simulated the SPR curves before and

during (after 60 min) X-ray irradiation. First, we fitted the SPR spectra for each bare

Au region of each sample before X-ray irradiation. For each sample, we found the best

values of refractive index and thickness for the Au film, considering a four-media system.

Subsequently, we performed the simulations of the SPR spectra of CoPc/Au bilayers on

silica substrates without irradiation. For that, we used the calculated parameters of each

bare Au region for each sample and we varied the refractive index and the thickness of the

CoPc layers, in our five-media system (last four-media system + CoPc layer), in order to

reproduce the experimental results before the irradiation. Once calculated the parameters

of CoPc layers before the X-ray irradiation, we fitted the SPR curves during irradiation.

For that, we assumed that the CoPc layer thicknesses are not modified by X-rays and that
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Figure 7.8. (a) Simulated SPR spectra using the parameters indicated in the legend

for sample 2-200, assuming a 61.7 nm Au film thickness and a thickness of 2.1 nm for

the CoPc layer, before (pink line) and during (purple line) irradiation with X-rays at

7.72 keV. (b) A detail of the resonance region for the normalized experimental spectra

and (c) a detail of the resonance region for the normalized calculated spectra.
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the refractive index is the only free parameter. The rest of parameters remain fixed with

the same value as those prior to X-ray irradiation. For all cases, we obtain a very good

agreement with the experimental results.

Figure 7.8 and Figure 7.9 show the SPR simulations corresponding to samples 2-200

and 10-RT, respectively. For sample 2-200, we obtain that the refractive index of Au film

is nAu =0.1583 + 3.8109i and its thickness is 61.7 nm and for the modified layer (CoPc

layer) upon irradiation, with a simulated thickness of 2.1 nm, the refractive index (nCoPc)

changes from nCoPc =1.4903 + 0.4901i (non-irradiated value) to nCoPc =1.4575 + 0.4488i

(irradiated value). For sample 10-RT, the refractive index of Au film is nAu =0.1584 +

3.8248i and the simulated thickness is of 60.2 nm while for the CoPc layer upon irradiation,

with a simulated thickness of 8.2 nm, the refractive index (nCoPc) changes from nCoPc

=1.8882 + 0.9008i (non-irradiated value) to nCoPc =1.9047 + 0.8858i (irradiated value).
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Figure 7.9. (a) Simulated SPR spectra using the parameters indicated in the legend

for sample 10-RT, assuming a 60.2 nm Au film thickness and a thickness of 8.5 nm for

the CoPc layer, before (pink line) and during (purple line) irradiation with X-rays at

7.72 keV. (b) A detail of the resonance region for the normalized experimental spectra

and (c) a detail of the resonance region for the normalized calculated spectra.

These modifications of the refractive index of CoPc layers with X-rays mean variations

around 1.5% for sample 10-RT and around 4% for sample 2-200. Simulations of SPR

spectra for rest of samples showed variations of the refractive index of CoPc layers between

1.5% and 5%, which change depending on the different thickness and growth temperature

of CoPc layers. These modifications are about two orders of magnitude larger than those
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observed in the bare Au regions (0.01%) irradiated under the same conditions than the

CoPc/Au bilayers. Thus, we conclude that X-ray irradiation on CoPc/Au bilayers induces

modifications in the CoPc layers, which modify both real and imaginary parts of refractive

indexi.

Using the SPR-XAS device (described in Chapter 5), the reflectivity was measured for

a fixed incident angle close to the resonance (45.95o), when switching on and off the X-

rays. Figure 7.10 shows the effects of X-ray irradiation at 7.75 keV, above the Co K edge,

for the sample 2-RT. The results confirm that the reflectivity changes, decreasing, upon

irradiation with X-rays and after irradiating, the reflectivity is slowly recovered. Most

of these modifications can be ascribed to the organic films, since the reflectivity changes

at the resonance angle for the Au/silica zone (without CoPcs) are around an order of

magnitude smaller than for the CoPcs grown on Au/silica (see Table 7.2). Furthermore,

we measured with the sample placed at an incident angle of 45.95o, region away from the

resonance region of the SPR spectrum for the Au/silica zone and where the reflectivity

changes are around 5% smaller than those close to the resonance angle. Therefore, the

reflectivity variations that could be associated with modifications of the Au/silica zone are

small and can be neglected. The measured modifications of the reflectivity versus time,

for the sample 2-RT, can be associated with changes induced in the CoPcs.
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Figure 7.10. Reflected intensity versus time when switching on and off the X-rays

at 7.75 keV, in situ and in real time for 2 nm CoPcs grown on Au film/ silica glass

at RT.

iSimulations of SPR results after X-ray irradiation were performed leaving free the thickness besides

the refractive index of the CoPc layers, however we only obtained a good agreement for thicker CoPc

layers, somewhat inconsistent with the experiment.
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Therefore, we can conclude that CoPc/Au bilayers irradiated with X-rays show SPR

spectra modified with respect to samples without irradiating. Studying bare Au regions

under the same conditions than CoPc/Au bilayers, we could discard that the measured

effects induced by X-rays on CoPc/Au bilayers are due to modifications in Au films grown

on silica substrates. X-ray irradiation induces changes on CoPcs modifying their refractive

index, around 1.5-5%, depending on the CoPc film thickness and growth temperature. The

modifications of SPR spectra for CoPc/Au bilayers caused by X-ray irradiation, can be

related to the different features of the molecules depending on the thickness and growth

conditions. Variations of SPR reflectivity and the FWHM are smaller for CoPc films grown

at 200 oC, which present a β-phase and show a more compact structure225 than CoPcs

grown at RT that exhibit the α-phase. Besides, independently of the growth temperature,

thicker CoPc films show larger FWHM modifications of SPR spectra. Thus, the changes

in optical properties of CoPc films irradiated with X-rays depend on their thickness and

growth temperature.

Experiments were performed at the beamline hutch, in air. In order to discard that the

observed effects on SPR spectra are due to an instable conductivity in CoPcs and/or the

adsorption of molecular or atomic species on the surface of CoPc layers, measurements

of the reflectivity versus time were carried out in He atmosphere, in order to stabilize

the conductivity of CoPcs and avoid possible adsorption on the CoPc surface. In He

atmosphere, we observed the same effects than in air, therefore the modifications induced

by X-rays on the SPR spectra are associated with changes in the physical properties of

CoPcs.

7.5 Raman spectroscopy of CoPc/Au samples irradiated

with X-rays

In order to analyze if the changes induced with X-ray irradiation on the refractive

index of CoPc layers are due to structural modifications, samples were studied by Raman

spectroscopy. This technique was chosen since can provide information about the order,

crystal size or defects of samples,121 as explained in Chapter 2. For all samples, pristine

regions and regions where CoPc/Au bilayers were irradiated for 60 min at 7.72 keV were

studied. Four scans on the irradiated regions and two spectra outside the irradiated regions

were measured on the same day and analysis conditions, in order to avoid possible errors

in the measurements due to aging effects of the CoPcs with time.23,233
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The vibrations of the CoPc planar molecule (a scheme is shown in Figure 7.1), which

consists of 57 atoms, can be classified into the following irreducible representation (taking

into account only internal vibrations):234–237

Γvibrational = 14A1g + 13A2g + 14B1g + 13Eg + 6A1u + 8A2u + 7B1u + 7B2u + 28Eu (7.1)

These modes can be divided into three categories: modes active in Raman scattering,

modes active in IR spectra and modes that are neither active in Raman nor IR spectra

(but these become active in Raman, as a result of an interaction with the support, if a

distortion of the molecular symmetry occurs). The basic Raman selection rules allow A1g,

B1g, B2g, and Eg modes in the normal Raman scattering. The non degenerate A1g, B1g

and B2g modes are in-plane vibrations, and double degenerate Eg mode is the out-of-plane

vibration. The A2g modes occur in the resonance spectrum as a result of the vibronic

coupling between two electronic excited states of Pcs.238 Thus, 68 Raman modes can

become activated. Raman spectra can also exhibit overtones and combination bands, in

addition to the fundamentals. These can be obtained in the region 1800-3800 cm−1.

Figure 7.11, Figure 7.12 and Figure 7.13 show the Raman spectra for CoPc/Au bilayers

with CoPc thicknesses: 2, 5 and 10 nm respectively, presenting two spectra for the

2 nm CoPcs grown at RT on a Au thin film, 2-RT
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Figure 7.11. Raman spectra on irradiated and non-irradiated regions for (a) 2-RT

(c) 2-200. (b) and (d) a detail from 550 to 1600 cm−1 of Raman spectra.
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5 nm CoPcs grown at RT on a Au thin film, 5-RT
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Figure 7.12. Raman spectra on irradiated and non-irradiated regions for (a) 5-RT

and (c) 5-200. (b) and (d) a detail from 550 to 1600 cm−1 of Raman spectra.

irradiated region with X-rays and one spectrum outside the irradiated region. The rest of

measured spectra were similar.

For samples with CoPc layers with thicknesses of 2 and 5 nm grown at RT and

200 oC, the Raman spectra in the irradiated regions result more intense than in the

pristine zone (see Figure 7.11 and Figure 7.12). However, for samples 10-RT and 10-

200, we observe the opposite behavior: Raman signal is larger in the pristine zone

than in the irradiated one (see Figure 7.13). For all samples, neither a shift nor other

difference for the Raman modes are apparently observed between the irradiated and non-

irradiated regions, as shown a detail of the Raman spectra, from 550 to 1600 cm−1 (see

Figures 7.11b, 7.11d, 7.12b, 7.12d, 7.13b and 7.13d). There is not a clear correlation

between the changes observed in the Raman spectra and those observed in SPR ones.

The differences in the intensity of the Raman signal between spectra collected in the

same sample (Figures 7.11, 7.12 and 7.13) could be ascribed to different origins:

1. Different emission intensities related to changes in the material concentration.121

A degradation of the CoPc upon irradiation yielding a decrease in the amount of

CoPc could modify the intensity of the Raman signal. On the one hand, for this
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10 nm CoPcs grown at RT on a Au thin film, 10-RT
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10 nm CoPcs grown at 200oC on a Au thin film, 10-200
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Figure 7.13. Raman spectra on irradiated and non-irradiated regions for (a) 10-RT

and (c) 10-200. (b) and (d) a detail from 550 to 1600 cm−1 of Raman spectra.

thickness range, the Raman signal is about proportional to the thickness of the film.

On the other hand, a reduction in the amount of CoPc can increase Au fluorescence

and promote surface enhanced Raman scattering (SERS),42 increasing the Raman

signal. However, the changes in the intensity detected in the spectra are about

the same for the background (related to Au fluorescence) than for the Raman bands

(associated with CoPc layer), so we can discard significant material removal upon X-

ray irradiation. Moreover, we tried to simulate the SPR spectra of CoPc/Au bilayers

measured during the irradiation with X-rays (Figure 7.8 and Figure 7.9) leaving free

the thickness of CoPc layers besides the refractive index. We only obtained a good

agreement for thicker CoPc layers, somewhat inconsistent with the experiment.

2. Differences related to local crystal texturation. As earlier described in Chapter 4,

the intensity of each Raman band depends on the relative orientation of the crystal

and the electric field of the light. This effect makes the relative intensity of the

Raman bands can change when having different orientations. We observe here that

the bands relative intensity is about constant, discarding texturation effects of CoPc

layers.
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3. Changes in the experimental conditions. Optical measurements collecting light

emission are very sensitive to relative position of the sample and the optical detectors.

This sensitivity is extremely high in the case of confocal measurements for thin films,

where the collected signal strongly changes with a small variation of the sample-

optical detector distances. In our measurements, when moving from one region to

another in order to collect the different spectra, it is possible that the sample-optical

detector distances slightly changes because of a small misalignment due to slight

tilt of sample. These experimental modifications should affect equally to the signals

coming from Au and CoPc film, as it is observed in our measurements.

4. Inhomogeneity in the thickness or local structural features of CoPc initial layers,

which should lead to different intensities in the Raman signals. In this case, the

differences observed between two spectra collected at irradiated regions should be of

the same order of magnitude than those observed between spectra from an irradiated

and non-irradiated regions. This is what we experimentally observe, as shown

Table 7.3 where four vibrational modes of the Raman spectra from irradiated regions

and without irradiating of samples 2-RT and 10-200 are fitted to lorentzian bands.

On the other hand, the homogeneity of CoPc layers can be evaluated by confocal

Raman microscopy on a non-irradiated area. For sample 5-RT (see Figure 7.14), by

the optical micrograph (see Figure 7.14a), it is possible to observe that CoPc layer

is quite homogeneous. However, slight intensity changes are observed by in-plane

Raman intensity image (Figure 7.14b), which was obtained from mapping different

single Raman spectra measured each 200 nm and integrating in the spectral range

from 0 to 3600 cm−1. These modifications (Figures 7.14c and 7.14d) are compared

with those observed on the irradiated regions of the CoPc/Au bilayers (see Table 7.3)

and we observe that variations of Raman modes are the same order of magnitude

for regions of sample 5-RT without irradiating than those between irradiated regions

and without irradiating and between two irradiated regions of samples 2-RT and 10-

200. Raman measurements were performed with a spot size of around 360 nm (using

an objective with a lens of numerical aperture (NA) 0.9). Thus, the variations of

Raman intensity can be associated with different local concentrations of CoPc layer.

We cannot discard any of the last two possible origins for the differences observed in

the Raman spectra. Consequently, we cannot conclude from the Raman study that X-ray

irradiation induces any type of structural modification in the CoPc layers.
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2 nm CoPc layer grown at RT on a Au thin film, 2-RT

Raman modes ν (cm−1) FWHM (cm−1) Intensity (arb. units)

A1g(5) 1150 16 8

Non-irradiated A1g(8) 1354 23 14

region B1g(9) 1474 21 11

B1g(10) 1554 15 61

A1g(5) 1150 16 10

Irradiated A1g(8) 1354 22 18

region 1 B1g(9) 1474 20 12

B1g(10) 1553 14 77

A1g(5) 1150 15 12

Irradiated A1g(8) 1354 24 22

region 2 B1g(9) 1474 21 13

B1g(10) 1553 14 97

10 nm CoPc layer grown at 200 oC on a Au thin film, 10-200

Raman modes ν (cm−1) FWHM (cm−1) Intensity (arb. units)

A1g(5) 1150 17 673

Non-irradiated A1g(8) 1353 27 1070

region B1g(9) 1473 18 894

B1g(10) 1554 16 4406

A1g(5) 1150 16 433

Irradiated A1g(8) 1353 23 690

region 1 B1g(9) 1473 20 699

B1g(10) 1554 14 2915

A1g(5) 1150 16 541

Irradiated A1g(8) 1353 25 917

region 2 B1g(9) 1473 21 839

B1g(10) 1554 15 3629

5 nm CoPc layer grown at RT on a Au thin film, 5-RT

Raman modes ν (cm−1) FWHM (cm−1) Intensity (arb. units)

A1g(5) 1150 14 221

Region A1g(8) 1352 23 366

1 B1g(9) 1472 24 287

B1g(10) 1551 11 1681

A1g(5) 1150 15 271

Region A1g(8) 1352 24 481

2 B1g(9) 1472 24 371

B1g(10) 1551 12 2124

A1g(5) 1150 16 214

Region A1g(8) 1352 24 368

3 B1g(9) 1472 15 290

B1g(10) 1551 12 1693

Table 7.3. Parameters correspond to lorentzian fits of four Raman bands of one

non-irradiated region and two irradiated regions, for samples 2-RT and 10-200 and

for three regions without irradiating of sample 5-RT.
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Figure 7.14. Raman characterization for sample 5-RT: (a) optical micrograph

showing the mapped area with a purple square (image on plane), (b) in-plane Raman

intensity image obtained from mapping the different single Raman spectra taken each

200 nm and integrating in the spectral range from 0 to 3600 cm−1, (c) three single

Raman spectra of in-plane image taken from the three region marked with circles and

(d) a detail of the spectra from 650 to 1650 cm−1. Measurements were performed

using a spot size of around 360 nm.

By SPR measurements, changes around 1.5-5% of the refractive index for CoPc layers

due to the X-ray irradiation were observed, but detectable modifications are not observed

in the CoPc structure by Raman spectroscopy. Thus, Raman measurements of samples

were not decisive to assign a correlation between the SPR variations with any change in

the Raman spectra. We cannot conclude that X-ray irradiation does not induce structural

changes but just that those changes, if exist, are below our experimental sensitivity or they

were recovered in the interim between irradiation and Raman measurements (2 months

after irradiation).

As mentioned above, Cook et al. observed that the irradiation with soft X-rays on Pc

films modifies the Fermi level.19 This phenomenology is analogous to other semiconductors

when introducing a very small number of gap states by dopants, deep traps, defects or

interface states.239 The refractive index of a material can be modified by changes in

the lattice structure or through electronic modifications.43 Structural modifications were

not found using Raman spectroscopy. Thus, variations of the Fermi level between the

HOMO and LUMO might induce modifications in the optical properties of a material.240
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According to Cook et al., the more subtle radiation effect creates a small minority of defect

states, which are insignificant for the chemical composition but they vary the Fermi level

position. This Fermi level shift increases with the irradiation time until saturating. With

our device, we observed experimentally modifications of SPR spectra due the irradiation

with hard X-rays, which are related to changes on the refractive index of CoPc layers

and we observed a slow recovering of them. So, these variations may be explained by

a modification of the Fermi level. Moreover, this explanation would be consistent with

absence of structural changes in the Raman study. We found that the SPR spectra change

with the sample thickness and growth temperature. The changes of SPR reflectivity

and the FWHM are larger for samples grown at RT than for those grown at 200 oC

and independently of the growth temperature, thicker CoPc films show larger FWHM

modifications of SPR spectra. However, the refractive index changes, and hence the

possible modifications induced in the Fermi level by X-ray irradiation, do not show a

tendency neither with CoPc thickness nor with growth temperature. The observed effects

in the Pcs due to the X-ray irradiation are quite subtle and according to Cook et al. they

might be faded by annealing. However, it is necessary to take into account them for the

design of organic device based on Pcs.

7.6 Conclusions

We have studied the effect of hard X-ray irradiation, around Co K-edge, on CoPc

layers grown at RT and 200 oC onto Au film/silica substrate system. For this aim, we

have used the recently developed experimental setup described in Chapter 5, capable

of simultaneously measuring XAS and SPR at a synchrotron beamline. Using SPR

spectroscopy as a probe, we could monitor the subtle induced changes of the refractive

index for CoPc layers by X-ray irradiation, which are around 1.5-5%, depending on layer

thickness and growth temperature. Thus, CoPcs can be considered robust dye molecules

against the hard X-ray irradiation. Monitoring, in real time and in situ, the reflectivity

as a function of time, we determined that the induced effects on samples are accumulative

with the time and slowly recovered. We could not resolve any structural modification of

CoPcs by X-ray irradiation, however changes of refractive index induced by X-rays on

CoPcs may be associated with electronic modifications.
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Chapter 8

Conclusions

According to the main results obtained in this work, the most relevant conclusions are

presented below:

Study by surface plasmon resonance spectroscopy of Au films and Au/Fe

bilayers annealed under different conditions

In this first part of this work, Au films and Au/Fe bilayers, annealed under different

conditions, have been studied with surface plasmons (SPs). Parameters such as the film

thickness and the annealing conditions have been modified.

• With regards to the Au films annealed in air at different temperatures, the following

conclusions can be inferred:

– Annealing of Au thin films deposited on soda-lime glass substrates promotes

the transition from films to Au islands. The features of the obtained particles,

such as size, shape, height and inter-island distance depend on both Au film

initial thickness and annealing temperature.

– The structural modifications induced in the samples changing the film thickness

and the annealing temperature, lead to significant variations in the SPs. With

the annealing temperature, we have followed the progressive change from

extended SPs (ESPs) to localized SPs (LSPs). Upon annealing, films with

thickness up to 30 nm exhibit an optical absorption associated with LSPs,

while thicker films can exhibit ESPs (Au islands show dimensions larger than

the wavelength visible of light).
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• With regards to the Au/Fe bilayers annealed under different conditions in air or low

vacuum, we can conclude that:

– Annealing, under specific conditions, of Au/Fe bilayers grown on silica

substrates shows a new method to fabricate Au/FeOx nano and microparticles.

The morphological features of the complex particles depend on parameters such

as Fe initial thickness (Au initial thickness has not varied), the disposition of

the layers and the annealing conditions (i.e., temperature, atmosphere). The

method have been successfully applied to the fabrication of Au/α-Fe2O3 and

Au/α-Fe2O3-γ-Fe2O3 nanostructures ensembles, although this method could be

applied to a wide range of composed materials.

– The different strategies carried out for the fabrication of the complex

nanoparticles have allowed growing separately Au and FeOx nanostructures

or complex dimmers, using the proper annealing conditions. Au and FeOx

particles have been identified by confocal Raman microscopy. The diverse

morphological properties of the nanostructures have led to variations in the

surface plasmon resonance (SPR) and its profiles have been associated with the

different structures. Besides the observation of SPR in complex nanostructures,

these may show additional functionalities.

Therefore, annealing of Au films or Au/Fe bilayers deposited on glass substrates

provides a method to tune the morphological and plasmonic properties in a wide range

and over large areas not easily achievable by other methods.

Design and development of the SPR-XAS setup. Study by surface

plasmon resonance spectroscopy of the interaction of X-rays with matter

In this second set of experiments, modifications induced in matter by an external

source, in real time and in situ, have been carried out using SPR as probe, in order to study

the optical changes. For that purpose, we have designed and developed a setup combining

SPR and X-ray absorption spectroscopy: the SPR-XAS setup, which is currently available

for future experiments at the ESRF beamline BM25A-SpLine. With this device, SPR is

used to study the refractive index changes induced by X-rays, specifically, on glasses and

Co-phthalocyanines (CoPcs). The system versatility allows measuring simultaneously SPR

excitation and X-ray absorption while scanning different parameters, with a resolution of

the measurements of the order of 10−2 to 10−5, depending on the particular experiment.
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• With respect to the study by SPR of glasses irradiated with hard X-rays, Au films

are grown on glass substrates using two different glass substrates: soda-lime and

silica substrates. From this study, the following conclusions are inferred:

– For soda-lime glasses, a darkening process has been observed, which is

associated with two types of defects: HC1 and HC2 centers. These are

responsible for changes in both the real and the imaginary parts of the refractive

index of soda-lime glasses upon X-ray irradiation. Measuring the reflectivity

versus time, two different dynamics by recombination with electrons in both the

formation and healing of the induced defects are determined. Besides this, slow

and fast processes are identified with characteristic times of the order of months

and minutes, respectively. The fast component has not been previously reported

and has only been detectable thanks to our experimental setup, measuring in

situ.

– For the case of silica glasses, we have not identified color centers that modify

their refractive index. However, slight variations in the experimental SPR

spectra have been observed and attributed to changes in where the Au film

is involved.

• With respect to the study by SPs of CoPc films irradiated with hard X-rays,

CoPc/Au samples are grown on silica substrates varying the CoPc thickness and

growth conditions. From that, we can conclude that:

– Using SPR as a probe, SPR-XAS setup has allowed us to study the refractive

index modifications induced with X-rays on the CoPcs, which are around 1.5-

5%, depending on CoPc film thickness and growth temperature. Measuring

the reflectivity versus the time, we have determined that the induced effects by

X-rays on CoPcs are accumulative with the time and slowly recover.

– We have not found any structural modification induced by X-rays in the CoPc

films. However, we have observed changes of their refractive index that may be

associated with electronic modifications induced by the irradiation with X-rays.
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Appendix A

Estimation of changes in the SPR

curve upon X-ray irradiation

In order to estimate the expected changes in the SPR curve of a Au film upon X-ray

illumination, we calculate initially the change in conduction electrons in our material upon

irradiation and the variation that it induces in the SPR curve.

The density of conduction electrons for Au is 5.9·1022 electrons/cm3.43 The irradiated

region of the sample has an area of ∼1 mm2 and a thickness of 50 nm. Therefore,

the number of conduction electrons in this region in absence of X-ray illumination is

nc=2.95·1015.

The Au absorption coefficient for X-rays with energy of 11.9 keV is 0.3 µm−1.241

Therefore, if the incident beam has N0 photons, according to the Lambert-Beer law at

50 nm the number of photons in the beam is

N(50nm) = N0e
(−0.3 µm−1·50 nm) (A.1)

Consequently, the number of absorbed photons in the film is

Nabs = N0(1− e(−0.3 µm−1·0.05 µm)) ≈ N0(1− 1 + 0.015) ≈ 0.015N0 (A.2)

The photon flux of the incident beam is about N0=1012 photons/s and therefore the

photons absorbed in the irradiated region of the film is Nabs ≈1.5·1010 photons/s.

The change in photoexcited conduction electrons, n, is given by:

dn

dt
= 1.5 · 1010 s−1 − n

τ
(A.3)
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In the steady state upon continuous illumination dn
dt =0 and therefore n=1.5·1010·τ s−1.

The lifetime of photoexcited electrons in metals is of the order of femtoseconds.

However, the relaxation process takes place commonly by X-ray fluorescence and Auger

effect242,243 where electrons are excited from inner levels to above the Fermi level,

increasing the effective time in which we have an excess of population at the conduction

band. A proper estimation of the time in which we have excited electron in the conduction

band is given by the decay time of X-ray fluorescence excited by X-rays. For metals these

times are of the order of 10-100 ns. Thus, this is the effective decay time that we consider

for our estimation. With this number, in the steady state the number of photoexcited

electrons is of the order of 103. Consequently, the relative change of conduction electrons

in the Au film is: ∆n
n ≈ 10−12.

The plasma frequency of a metal is given by

ωp =

√
4πne2

m
(A.4)

being n the density of conduction electrons and e and m the electron charge and mass,

respectively. Thus, the relative change in plasma frequency induced by a change in

conduction electrons is
∆ωp
ωp

= ∆n
2n ≈ 5 · 10−13.

Within the Drude model, the dielectric permittivity of a metal is given by

ε = 1−
ω2
p

ω2
(A.5)

The relative change in dielectric permittivity induced by a modification of the plasma

frequency is given by

∆ε

ε
=

2
ωp
ω2

1− ω2
p

ω2

∆ωp =
2
ω2
p

ω2

1− ω2
p

ω2

∆ωp
ωp

(A.6)

The plasma frequency for gold189 is ωp=2.18·1015 s−1 and in our experiment, we use

a red laser with wavelength 632.8 nm and frequency 4.74·1014 s−1. Thus
ω2
p

ω2 ≈20 and
∆ε
ε ≈ −2

∆ωp
ωp
≈ 10−12.

We will not discuss the particular changes in the real and imaginary part of the

dielectric function since we are just providing an estimation.

For the SPR spectrum of a 50 nm Au film, a relative change in the dielectric

permittivity of the order of 10−3 induces variation in the resonance angle of the order

of 10−2 and, if we consider the reflected intensity in the region of the curve with higher

slope this change is around 0.05. Thus a change in the dielectric permittivity of the order

of 10−12 can induce changes in the reflected intensity of the SPR curve of ∼10−10.
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irradiation of soda-lime glasses studied in situ with Surface Plasmon Resonance

spectroscopy, Journal of Applied Physics 113, 113104 2013.

189



190 Publications and Conferences
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surface plasmons in annealed Au films on glass substrates, Journal of Applied Physics

108, 074303 2010.

• A. Serrano, E. Fernández Pinel, A. Quesada, I. Lorite, M. Plaza, L. Pérez, F.
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P. Crespo, M. C. Sánchez, Electrochemical synthesis of hematite anf goethite

nanowires, European Congress and Exhibition on Advanced Materials and Processes

EUROMAT2013, Sevilla (Spain), September 2013. ORAL
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propiedades morfológicas de láminas de oro sobre sustratos de vidrio mediante
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[46] J. de la Venta Granda, Propiedades magnéticas de nanoparticulas de oro. PhD thesis,

Universidad Complutense de Madrid, Febrero 2009.

[47] C. Noguez, “Surface plasmons on metal nanoparticles: The influence of shape and physical

environment,” The Journal of Physical Chemistry C, vol. 111, pp. 3806–3819, 2007.



198 REFERENCES

[48] M. Hu, J. Chen, Z. Y. Li, L. Au, G. V. Hartland, X. Li, M. Marquez, and Y. Xia,

“Gold nanostructures: engineering their plasmonic properties for biomedical applications,”

Chemical Society Reviews, vol. 35, no. 11, pp. 1084–1094, 2006.

[49] E. Hutter and J. H. Fendler, “Exploitation of localized surface plasmon resonance,” Advanced

Materials, vol. 16, no. 19, pp. 1685–1706, 2004.

[50] P. Zhang and T. K. Sham, “Fabrication of thiol-capped pd nanoparticles: An electrochemical

method,” Applied Physics Letters, vol. 82, no. 11, pp. 1778–1780, 2003.
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[173] M. Lübbe, A. M. Gigler, R. W. Stark, and W. Moritz, “Identification of iron oxide phases

in thin films grown on Al2O3(0001) by Raman spectroscopy and X-ray diffraction,” Surface

Science, vol. 604, no. 7-8, pp. 679–685, 2010.

[174] I. V. Chernyshova, M. F. Hochella Jr, and A. S. Madden, “Size-dependent structural

transformations of hematite nanoparticles. 1. Phase transition.,” Physical chemistry chemical

physics : PCCP, vol. 9, no. 14, pp. 1736–1750, 2007.

[175] M. Legodi and D. Dewaal, “The preparation of magnetite, goethite, hematite and maghemite

of pigment quality from mill scale iron waste,” Dyes and Pigments, vol. 74, no. 1, pp. 161–168,

2007.



206 REFERENCES

[176] A. M. Jubb and H. C. Allen, “Vibrational Spectroscopic Characterization of Hematite,

Maghemite, and Magnetite Thin Films Produced by Vapor Deposition,” ACS Applied

Materials & Interfaces, vol. 2, no. 10, pp. 2804–2812, 2010.

[177] See http : //www.flowmeterdirectory.com/dielectricconstant01.html.

[178] Y. He, Y. Miao, C. Li, S. Wang, L. Cao, S. Xie, G. Yang, B. Zou, and C. Burda, “Size

and structure effect on optical transitions of iron oxide nanocrystals,” Physical Review B -

Condensed Matter and Materials Physics, vol. 71, no. 12, 2005.

[179] M. Hanesch, “Raman spectroscopy of iron oxides and (oxy)hydroxides at low laser power and

possible applications in environmental magnetic studies,” Geophysical Journal International,

vol. 177, no. 3, pp. 941–948, 2009.

[180] N. Boucherit, A. H.-L. Goff, and S. Joiret, “Raman studies of corrosion films grown on Fe

and Fe-6Mo in pitting conditions,” Corrosion Science, vol. 32, pp. 497–507, 1991.

[181] A. Demoulin, C. Trigance, D. Neff, E. Foy, P. Dillmann, and V. L´Hostisd, “The evolution

of the corrosion of iron in hydraulic binders analysed from 46- and 260-year-old buildings,”

Corrosion Science, vol. 52, no. 10, pp. 3168–3179, 2010.

[182] T. Ohtsuka, K. Kubo, and N. Sato, “Raman Spectroscopy of Thin Corrosion Films on Iron

at 100 to 150 oC in Air,” Corrosion-NACE, vol. 42, no. 8, pp. 476–481, 1986.

[183] I. Chamritski and G. Burns, “Infrared- and Raman-active phonons of magnetite, maghemite,

and hematite: a computer simulation and spectroscopic study.,” The Journal of Physical

Chemistry B, vol. 109, no. 11, pp. 4965–4968, 2005.

[184] N. D. Phu, D. T. Ngo, L. H. Hoang, N. H. Luong, N. Chau, and N. H. Hai, “Crystallization

process and magnetic properties of amorphous iron oxide nanoparticles,” Journal of Physics

D: Applied Physics, vol. 44, no. 34, 345002, 2011.

[185] D. Norman, “X-ray absorption spectroscopy (EXAFS and XANES) at surfaces,” Journal of

Physics C: Solid State Physics, vol. 19, no. 18, 3273, 1986.

[186] C. E. Nurnberger and R. Livingston, “Further studies on the kinetics of the coloring of glass

by x-rays,” The Journal of Physical Chemistry, vol. 41, no. 5, pp. 691–697, 1937.

[187] D. L. Griscom, “Optical properties and structure of defects in silica glass,” Journal of the

Ceramic Society of Japan, vol. 99, no. 1154, pp. 923–942, 1991.

[188] J. Sheng, Y. Wu, X. Yang, and J. Zhang, “UV-laser irradiation on the soda-lime silicate

glass,” International Journal of Hydrogen Energy, vol. 34, no. 2, pp. 1123–1125, 2009.

[189] M. Ordal, L. Long, R. Bell, R. Bell, R. Bell, J. R.W. Alexander, and C. Ward, “Optical

properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared

and far infrared,” Applied Optics, vol. 22, pp. 1099–1119, 1983.

[190] L. S. G. Pacchioni and D. L. Griscom, eds., Defects in SiO2 and Related Dielectrics: Science

and Technology. Kluwer Academic Publishers, USA, 2000.

[191] R. A. B. Devine, J. P. Duraud, and E. Dooryhee, eds., Structure and Imperfections in

Amorphous and Crystalline Silicon Dioxide. Wiley, UK, 2000.



REFERENCES 207

[192] M. Rajaram and E. Friebele, “Effects of radiation on the properties of low thermal expansion

coefficient materials: A review,” Journal of Non-Crystalline Solids, vol. 108, no. 1, pp. 1–17,

1989.

[193] K. Kadono, N. Itakura, T. Akai, M. Yamashita, and T. Yazawa, “Effect of additive ions on

the optical density and stability of the color centers induced by X-ray irradiation in soda-

lime silicate glass,” Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms, vol. 267, no. 14, pp. 2411–2415, 2009.

[194] A. Kameyama, A. Yokotani, and K. Kou, “Second-order optical nonlinearity and change in

refractive index in silica glasses by a combination of thermal poling and x-ray irradiation,”

Journal of Applied Physics, vol. 95, no. 8, pp. 4000–4006, 2004.
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