
Chapter 2

Experimental methods

The analysis of the optical response of nanosystems characterized by a complex

nanoscale morphology is one of the most relevant parts of the present thesis. Spec-

troscopic Ellipsometry (SE) is a powerful and versatile tool to study this kind of

systems [175], and therefore it constitutes a cornerstone of this thesis. In this

chapter, we will review a few methodological aspects of ellipsometry, which rep-

resent an introduction to the analysis performed in Chapters 3 and 5; we will

also present two examples illustrating typical strategies used to analyze the ellip-

sometric spectra of nanostructured materials. The reader interested only in the

temperature-dependent optical properties of plasmonic nanoystems can bypass

these examples.

2.1 Spectroscopic Ellipsometry

In this section we will briefly review the principles of ellipsometry, introducing

all the relevant definitions related to this technique. The purpose of this section

is not to provide a complete introduction to ellipsometry, because this topic has

already been treated extensively in a number of publications [176–178]; rather, we

will focus on discussing aspects and methodologies that are linked to the topics of

the next chapters.

Ellipsometry is a powerful characterization technique which can provide a wealth

of information about the optical properties, thickness and structure of materials

down to the nanoscale. Proposed for the first time more than a century ago [179],

ellipsometry remained little more than a scientific curiosity until the second half

of the XX century, when the rise of the information technology created a huge

industrial demand for nanometric accurate estimation of film thickness - typically

the thickness of SiO2, which is a key parameter for the integrated-circuit technology
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Figure 2.1: In ellipsometry, a light beam with known polarization is reflected
by the sample; the polarization of the reflected beam is expressed
by two angles, Ψ and ∆. Proper data analysis is necessary to
link Ψ and ∆ to the properties of sample. Reproduced from Ref.
[182] with permission of Springer Berlin Heidelberg in the format
Thesis/Dissertation via Copyright Clearance Center.

[180]. Indeed, it had long been known that ellipsometry is capable of estimating

the thickness of thin films with sub-nm accuracy [181].

A good starting point to understand how ellipsometry works is provided by a

definition given by Azzam [183]: “An ellipsometer is any instrument in which

a transverse electromagnetic wave generated by a suitable source is polarized in

a known state, interacts with a sample under investigation, and the ellipse (the

state of polarization) of the radiation leaving the sample is analyzed”. This means

that in a typical ellipsometric setup, a suitable light beam is polarized and sent

on the sample; then, the polarization of the light beam after interaction with the

sample is analyzed; and finally, by comparing the polarization of light in the initial

and final state (that is, by measuring how the sample changes the polarization of

light), information about the sample can be deduced via a proper data analysis.

While ellipsometry can be performed both in reflection and transmission mode,

in this thesis we will consider only the reflection case. All the physical quantities

necessary to describe ellipsometry are introduced in Appendix I.

The variation in the polarization of light is described by two angles called Ψ

and ∆. Those two quantities represent the amplitude ratio and phase variation

between the p and s components of the reflected beam (a graphical representation

of the two angles is reported in Fig. 2.1). Ψ and ∆ are defined as:

tan Ψei∆ := ρ =
rp
rs

=
|rp|eiδp
|rs|eiδs

=
|rp|
|rs|

ei(δp−δs), (2.1)

where rs,p = |rs,p|eiδs,p are the s, p-polarized complex Fresnel reflection coefficients

of the system (see Appendix I, Eqs. I.14 and I.15), and δp,s are the phases of p, s
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components. From Eq. (2.1) it follows that:

Ψ = arctan
|rp|
|rs|

(2.2a)

∆ = δp − δs (2.2b)

As Ψ and ∆ constitute the output of an ellipsometric measurement, it becomes

clear that in order to obtain quantitative information about the sample (optical

properties, layers thickness and more) a further analysis step is necessary, as will

be discussed in detail in the next section.

Before dealing with the complex task of SE data analysis, it may be useful to

remark a few general aspects of ellipsometry. We have seen that SE provides two

quantities, Ψ and ∆; this constitutes a clear advantage over reflectivity/trans-

mittance measurements, where only one quantity (light intensity) is measured.

Moreover, SE is not sensitive to variations in the light intensity, because it only

deals with relative quantities (ratio of rp, rs and phase difference). This means

that SE data are not affected by changing conditions in ambient or lamp light,

therefore it is possible - indeed, customary - to acquire SE measurements without

concerns about the ambient light or the source stability; for the same reason, no

reference spectra are required. SE is also relatively robust against misalignment

issues, provided that the degree of misalignment is known. This does not mean

that the alignment procedure can be carelessly neglected; rather, the accuracy

of SE data is not diminished if a small misalignment arise. SE is a non-invasive,

non-destructive, non-contact technique which can be used in air, liquid or vacuum.

These qualities make SE very well-suited for in situ mesurements, to investigate

the variations of optical properties induced by processes at the nanoscale. SE is

applied with best results on flat and reflective samples, which can be described as

a stack of layers separated by flat interfaces.

2.2 In situ SE

SE is a multi-ambient technique, meaning that it can be performed on samples

immersed air, vacuum or liquid. The desired ambient is typically created within a

small volume enclosing the sample; the sample container is equipped with trans-

parent windows to allow the SE light beam to reach first the sample, and then

the detector. Therefore, during SE in situ measurements, we have two windows

placed on the light path; depending on the their properties, appropriate strategies

have to be implemented in order to preserve the information contained in the Ψ,
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Figure 2.2: Schematic representation of Rotating Compensator Ellipsometer
(a) and Dual Rotating Compensator Ellipsometer (b). Images (c)
and (d) represent the two models of RCE and DRCE used in this
thesis.

∆ spectra. In this section we will introduce the key characteristics of the ellip-

someters used in this thesis; then, we will provide a description on the in situ

setups.

2.2.1 SE Instrumentation

The first, custom-made ellipsometers operated at single wavelengths (SWE), thus

providing a single (Ψ, ∆) pair; the amount of information that could be extracted

in such a case was very limited [184]. Decades of continuous development in

optical components and computing power have allowed the development of modern

ellipsometers, which in most cases acquire Ψ and ∆ over a large interval of the

EM spectrum; for this reason, they perform Spectroscopic Ellipsometry (SE). The

acquisition of Ψ and ∆ spectra not only has the obvious advantage of yielding a lot

more information with respect to SWE: it also allows a much more accurate data

analysis, because a number of data points are available to check the adequacy of

the model. Nowadays commercial spectroscopic ellipsometers allow fast, precise

and highly automatized measurements in a wide range of experimental conditions

[178].

In this thesis we used two different spectroscopic ellipsometers: M-2000 and RC2,

both built by J.A. Woollam, Inc.. M-2000 is a so-called Rotating Compensator

Ellipsometer (RCE), while RC2 is a Dual Rotating-Compensator Ellipsometer
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(DRCE). In the RCE configuration after the light source, we find a fixed polarizer,

a rotating compensator, the sample stage, a second fixed analyzer and detector;

in DRCE, a rotating compensator is added before the analyzer (see Fig. 2.2).

Details about the optical components and the working principles of the RCE and

DRCE configurations can be found in Ref. [176]. M-2000 features a spectral

range between 245 and 1685 nm, with spectral resolution around 2 nm; RC2 has

a slightly larger spectral range (193-1685 nm) and nominal resolution of 1 nm.

As light sources we used 75 W Xenon lamps by Hamamatsu, having a continuous

spectrum between 185 and 2000 nm [185]. The light emitted by the lamp is shaped

by a set of mirrors and lenses into a collimated beam, whose diameter is ∼5 mm

in both M-2000 and RC2. Light detection is based on Diode Array technology,

and allows a simultaneous acquisition of all wavelengths [186]. Ψ(λ) and ∆(λ) are

calculated from a Fourier analysis of the light intensity collected by the detectors;

a full treatment of this process is reported for example in Ref. [187]. The time

interval between the beginning of the measurement and the visualization of Ψ, ∆

spectra on the PC controlling the instrument is just a few seconds. M-2000 and

RC2 are operated via WVASE and CompleteEASE software, respectively.

2.2.2 SE-compatible high vacuum chamber

For this thesis we developed a small, custom-made chamber for SE measurements

to satisfy two scientific requirements: heating the samples up to few hundred de-

grees ◦C, and keeping the samples in high vacuum to limit as much as possible the

presence of contaminants. A third requirement was suggested by practical con-

siderations: while most ellipsometers dedicated to measurements in high vacuum

are mounted permanently on the chamber windows, we needed a more flexible

setup, allowing the ellipsometer to be available both for general-purpose and in

situ measurements. Therefore, we designed our high vacuum chamber as a roll-

on/roll-off device, to be mounted and dismounted within the arms of the M-2000

when required [188].

The high vacuum chamber is pictured in the photo in Fig. 2.3 left, while a

drawing of its vertical cross section is represented in Fig. 2.3 right. The chamber

is based on a cylindrical steel tube with two KF100 flanges at both ends. The

bottom KF100 flange supports the sample holder, fitted with a heater and two

thermocouples; the main body houses several flanges welded at appropriate angles

and meant for SE measurements, electrical connections and pumping; the top

KF100 flange, easily removable for accessing the inner chamber, hosts four flanges

that can accommodate a vacuum gauge, gas inlets and transparent windows for

visual inspection.
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Figure 2.3: Left: photo of the high vacuum chamber mounted within the arms
of the M-2000 ellipsometer. a and c: bottom and top flanges;
d: ellipsometer arms; e: turbomolecular pump. Right: vertical
section of the high vacuum chamber. Light enters and leaves the
chamber through silica windows mounted on flanges that are tilted
66◦ with respect to the vertical axis. The sample stage allows the
sample to be tilted independently from the chamber. Reproduced
from Ref. [188].

High vacuum is realized by a turbomolecular pump fixed to the side of the

chamber; the pump is hosted on a custom-made stage, which allows it to be tilted

along with the chamber. The turbomolecular pump is connected to a rotary pump

for roughing via a flexible tube. Due to the small volume of the chamber (∼1 l), a

base pressure in the 10−8 mbar range can be reached after a few hours of pumping

without bakeout.

The heating of the sample is performed by means of a ceramic button heater

(HeatWaveLabs). The heater is fixed to the top layer of the sample holder, which

is made of copper; preliminary temperature measurements at different points of

the sample holder showed that the temperature is uniform on the whole sample

plate. The maximum temperature obtained with this configuration was ∼350 ◦C.

The temperature of the heater can be varied by regulating the amount of current

flowing through it; temperature control was realized by a feedback loop managed

through a LabVIEW program. In this way, it was possible to set and maintain

the desired temperature of the sample holder with minimal fluctuations (±1 ◦C),

and heating/cooling the samples with well-defined and reproducible patterns (e.g.

ramps and steps).

SE measurements can be performed thanks to a pair of flanges fitted with fused

silica windows, that allow SE measurements at 66◦. The chamber is fixed to

the ellipsometer sample stage via a custom-designed, removable support; when

mounted, the chamber can be tilted in the horizontal plane, moved in the vertical

direction, and shifted in the xy horizontal plane. The sample holder inside the
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Figure 2.4: Left: picture of the heating stage of RC2 ellipsometer, with the
liquid cell on top of it. Right: sketch of the configuration used
for SE measurements in liquid. a: liquid cell; b: heater; c: heater
stage; d: ellipsometer arms.

chamber provides independent sample tilting in the xy plane and a limited z travel.

The alignment of the chamber with respect to the ellipsometer can be achieved by

adjusting the position of the chamber and the sample, so that the light beam forms

a 90◦ angle with respect to both input and output windows. During the heating,

the sample holder undergoes a small deformation that determines a slight change

in the alignment of the light beam. Preliminary tests on Si wafers, conducted to

assess this effect, revealed that the misalignment caused only a slight variation

in the intensity of the detected light beam; this does not represent a problem

because SE measures the change in the polarization state of the light reflected

from the sample. The spurious contribution to Ψ(λ) and ∆(λ) due to the small

windows birefringence can be compensated by the procedure recommended by the

ellipsometer supplier [189, 190]. Once implemented, the difference between the ex

situ and in situ spectra are less than 0.1◦ and 0.6◦ for Ψ(λ) and ∆(λ), respectively,

over the whole spectrum.

2.2.3 SE-compatible liquid cell

For SE measurements in liquid, we employed a custom-made liquid cell on top of

a heating stage designed for the RC2 ellipsometer, as represented in Fig. 2.4.

The heating stage (Linkam THMSEL600) allows the sample to be heated and

cooled via resistance heating wire and liquid nitrogen, respectively; its tempera-

ture range is (-196 ◦C, +600 ◦C). Temperature measurement is performed using a

100-Ohm platinum resistor sensor, having nominal accuracy around 0.01 ◦C. The

sample holder can be heated very quickly (up to 150 ◦C/min); its temperature set-

point can be reached without overshoot and with a temperature stability below 0.1
◦C. Temperature measurement and control are combined into the T95 controller,

which is fully integrated into the CompleteEASE software.
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The liquid cell was home-built at the Leibniz-Institut für Polymerforschung Dres-

den, Germany, and is entirely composed of quartz. Two walls are vertical, and the

other two are tilted 70◦ with respect to the vertical direction; those tilted walls al-

lows one to perform SE measurement at 70◦. Above RT, small differences between

the temperature of the water and the heater were detected; therefore, a calibra-

tion was performed prior to the SE measurements, with the aim of measuring the

actual temperature of the water (and, consequently, of the sample).

We performed preliminary SE measurements on a piece of Si wafer covered

by 30 nm of SiO2 in order to evaluate the impact of the quarz walls on the SE

measurements. By comparing the SE data acquired on the wafer inside and outside

the cell, we obtained a difference smaller than 0.05◦ in Ψ(λ) and 0.1◦ in ∆(λ). This

translates into a ∼0.1 nm discrepancy in the estimation of SiO2 thickness. For the

purposes of our data analysis, such discrepancies are negligible; therefore, in this

case, it is not necessary to perform a system calibration before acquiring in situ

SE measurements.

2.3 Extracting information from SE data:

theory and examples

The type and accuracy of the information that can be extracted from SE data

depends on many factors, including the intrinsic characteristics of the sample and

the means employed for data analysis. In order to fully appreciate the impact

of individual factors on the results of SE measurements, it may be useful to con-

sider the whole workflow going from gathering the data to obtaining the desired

information.

2.3.1 SE workflow

The workflow of a typical SE investigation is represented in Fig. 2.5. The first

step is constituted by the acquisition of SE data, that in standard configurations

is often a relatively straightforward process. In a SE investigation, the acquisition

of ancillary information is often essential to obtain meaningful results; examples of

ancillary information typically include characterization by using other techniques

(e.g. AFM, TEM, XPS), preliminary SE characterization of the substrate, and

data from the literature.

At its most basic level, SE data analysis involves the building of an optical model

that accurately describes the optical properties of the sample. In order to build

such an optical model, firstly it is necessary to choose a proper layered structure

- for example, a thin film on a substrate. Then, a proper dielectric function and a
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Figure 2.5: Workflow of a SE investigation. Data gathering includes not only
the experimental SE spectra, but also ancillary information from
other techniques (e.g. AFM, TEM) or from preliminary SE anal-
ysis (e.g. on the bare substrate). In order to obtain quantitative
results, a good agreement between the calculated and experimen-
tal SE spectra is required; if agreement is not satisfactory, the
optical model must be adjusted, and the adequacy check must be
repeated. Qualitative results can be obtained by the observation
of the key features in the SE spectra.

thickness must be associated to all the layers. By combining such data with the

angle of incidence, it is possible to calculate the Fresnel coefficients for each layer,

then the rp and rs of the whole structure, and finally obtain Ψ(λ) and ∆(λ). These

calculated spectra are either fitted to the experimental ones via linear regression

analysis, or qualitatively compared through their key features. A fitting algorithm

which minimizes the error function is called MSE (Mean Squared Error) and is

defined as [190]:

MSE =

√√√√ 1

2N −M
·
N∑
i=1

[(
Ψexp
i −Ψcalc

i

σexpΨ,i

)2

+

(
∆exp
i −∆calc

i

σexp∆,i

)2]
(2.3)

where σexpΨ,i and σexp∆,i are the standard deviations of the experimental Ψi and ∆i,

N is the number of (Ψ, ∆) pairs, and M is the number of fitted parameters. The

minimization of the MSE alone is not a sufficient indicator of a good model; a

check should be always performed, to confirm that the model parameters found

by the fitting algorithm are physically sound. In other words, the goal of the

fitting is not to obtain uncritically the lowest MSE possible, but rather to validate

a model with reasonable characteristics. Moreover, the error function can have

several local minima, which could lead to inaccurate results; for this reason, it is

paramount that the parameters fed into the fitting algorithm are not too far from
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their true values. In this respect, the collection of ancillary information represents

a valuable resource, because ancillary information typically provide a good starting

point to the fitting of the model parameters.

The adjustment of model parameters is iterated until the agreement between

the calculated and experimental Ψ(λ), ∆(λ) is satisfactory; this process can be

time-consuming, and typically constitutes the most delicate part of the SE work-

flow. The model validation does not have a universal threshold, meaning that the

criteria used to distinguish a satisfactory agreement from non-satisfactory ones

can vary from sample to sample and depend on the desired level of accuracy, and

experimental conditions.

A good agreement between calculated and experimental Ψ(λ), ∆(λ) means that

the model parameters are correct, and therefore they constitute the outcome of

a SE analysis. Typical results are the thickness of the model layers and their

dielectric function. It must be noted that, for materials and/or systems for which

a reliable dielectric function is not available in the literature, the task of finding

the best-suited dielectric function is by far the most complicated in the SE data

analysis. In this case, ancillary information are often necessary.

It is important to note that the model structure cannot be arbitrary; in par-

ticular, as the Fresnel coefficients are calculated for planar surfaces, the model is

necessarily composed of stacked layers separated by sharp, planar interfaces. This

structure is appropriate to describe a wide variety of real-world samples (includ-

ing, for example, thin films on substrate); however, there also exist many features

that cannot be described in terms of planar layers, such as the surface roughness,

or supported arrays of nanoparticles. In order to describe these features in a way

which is adequate for SE modelling, Effective Medium Approximations (EMA) are

typically used. Over the years, many kinds of different EMA have been developed;

in Appendix III we report the ones that are relevant for this thesis.

In this discussion, we indicated that an optical model is required to obtain

quantitative results from SE spectra; but in many cases, qualitative information

can be deduced from SE spectra even without recurring to a model, as indicated

by the scheme in Fig. 2.5. Indeed, the mere observation of the shape of Ψ(λ)

and ∆(λ) can yield relevant hints on the samples’ properties, such as the presence

of resonances and trends in the key features of the spectra. An example of such

analysis will be discussed in the next chapter.

We notice that, when the sample thickness is much larger than the penetration

depth of light, and its ambient/sample interface is perfectly flat, the dielectric

function εt of the sample can be estimated directly from measured Ψ(λ) and ∆(λ)
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applying the Fresnel equations at ambient/sample interface [176]:

ρ = rp/rs (2.4a)

=
εi sin

2 θi −NiiNtt

εi sin
2 θi +NiiNtt

(2.4b)

=
sin2 θi − cos θi[εt/εi − sin2 θi]

1/2

sin2 θi + cos θi[εt/εi − sin2 θi]1/2
(2.4c)

where we have defined:

Nii := ni cos θi Ntt := (εt − εi sin2 θi)
1/2 (2.5)

Considering the case in which ambient is air, we have εi = 1 and therefore the

(complex) dielectric function of the sample is given by:

εt = sin2 θi

[
1 + tan2 θi

(
1− ρ
1 + ρ

)2]
(2.6)

If the superficial roughness is sizable, the accuracy of Eq. 2.6 is greatly reduced

and different strategies have to implemented to obtain meaningful results. In this

case, it is common to describe the superficial roughness of the sample as an EMA

layer placed between the top material and the ambient (see Appendix III).

In the following part of this chapter we report two salient examples of SE experi-

ments on complex nanosystems, that allow to illustrate of the concepts introduced

so far. The two examples have been deemed interesting since they highlight dif-

ferent strategies that can be exploited to extract the maximum information from

SE data.

2.3.2 Multi-nanolayered oxides films

The first example is an investigation of multi-nanolayered oxides films, developed

as an effort to improve the performance of Gravitational Waves Detectors (GWD).

The structure of the films allows to discuss importance of ancillary information

and the strategies implemented to reduce the number of free parameters in fitting

the SE data.

GWD based on long-baseline Fabry-Perot interferometers provided the first,

direct observations of gravitational waves [191, 192]. As a part of the effort to

improve the performance of the interferometer mirrors, a nanolayered structure has

been proposed recently, consisting of a stack of several pairs of SiO2-TiO2 layers

[193–195]. Here, we will focus on the SE characterization of a multi-nanolayered

SiO2-TiO2 film that was produced to gain a better understanding of that type of



40 Experimental methods
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Figure 2.6: Left: TEM image of the multi-nanolayered sample discussed in
Section 2.3.2. Right: structure of the model used to analyze the
SE data.

mirrors. Our sample is constituted by a film composed of 5 stacked layers, which

were deposited on a Si substrate covered by native SiO2. Layers n. 1, 3 and 5

consist of TiO2, while n. 2 and 4 are made of SiO2 (see Fig. 2.6) [193].

The main challenge for the analysis of multilayers samples lies in the very high

number of free parameters. Considering that each layer is characterized by thick-

ness and dielectric function (which in turn can be described by several functions,

as described in Appendix II), it is possible to have a model which depends on

dozens of parameters. However, some parameters can be constrained by mean of

ancillary data, thus reducing the complexity of the analysis.

In the case of our multi-nanolayered sample, separate characterization of the

bare substrate and TEM images on sacrificial samples allowed an independent

measurement of the thickness of each layer (27 nm for TiO2 and 20 nm for SiO2,

as reported in Fig. 2.6). Furthermore, an independent SE investigation of reference

SiO2 and TiO2 samples allowed to obtain the optical response of the constituent

materials. These results provided a reasonable starting point for the set of pa-

rameters fed into the model of the multi-nanolayered sample, which was further

reduced assuming the same optical properties for layers of the same material, and

sharp interfaces between layers. The model could then be tested against exper-

imental Ψ, ∆ spectra (see Fig. 2.7), employing the above data as constraints.

By allowing for small variations around the independently-measured values, we

achieved excellent agreement with the experimental data, as reported in Fig. 2.7

a. and b. (MSE=18.8). The resulting optical properties of SiO2 and TiO2 are

reported in Fig. 2.7 c., d. and e.. In conclusion, this example showed that the

collection of ancillary information alleviates the issues connected to the presence

of many parameters in the optical model, allowing to obtain quantitative infor-

mation such as the dielectric function (and therefore, the refractive index) of the

samples’ constituent materials. Further details on this investigation are reported
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Figure 2.7: Panels a. and b.: Experimental (red markers) and calculated
(black dotted line) Ψ and ∆ spectra. The calculated curves are
obtained from the last model discussed in Example 2. Panels c.
and d.: n and k of TiO2 obtained from the best-fit of the model
parameters. Panel e.: n and k of SiO2 obtained from the best-fit
of the model parameters. Adapted from Ref. [196].

in Ref. [196].

2.3.3 Graphene

Graphene is the prototypical 2D material, possessing a list of characteristics that

make it appealing both for fundamental science and applications [11]. Its optical

properties have been thoroughly investigated [197, 198]; however, many properties

of graphene depend to some extent on the fabrication method, the substrate, and
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Figure 2.8: SE spectra on supported graphene. Thin lines: Ψ and ∆ spectra
measured on the bare substrate; thick lines: Ψ and ∆ measured
on the sample as-received. Reproduced with permission from Ref.
[201].

the environment. For this reason, any investigation of graphene-based systems is

always a non-trivial task.

In this example, we discuss an analysis of large-area polycristalline graphene

grown by chemical vapour deposition and wet-transferred onto a Si substrate

[199]. The Si substrate was covered by a ∼290-nm-thick SiO2 film, which has

the great advantage of making graphene visible to the naked eye, thus making the

SE measurements easier [200].

SE data collected on the sample under investigation are shown in Fig 2.8, along

with the SE data obtained from the bare substrate. The SE spectra are domi-

nated by characteristic oscillations due to thin-film interference arising from the

optically-thick SiO2 layer in the substrate. The presence of graphene induces a

general redshift of those oscillations, and a clear modification of the curves shape;

indeed, it is a very large modification, considering that we are considering a 1-

atom-thick layer.

The analysis of SE data requires the development of an optical model. In order

to build such a model on realistic assumptions, we collected AFM images and

XPS spectra to obtain ancillary information. AFM images showed a morphology

constituted by a two-layer system, which is unexpected for graphene laid onto a

flat substrate. The fitting of XPS spectra, on the other hand, revealed traces of

H2O on our sample. From the ancillary information just described, we hypotesized

that the two-level morphology of our graphene could be linked to the presence of

water traces on the sample, possibly as a result of the wet transfer used to fab-

ricate the sample [199]. We assumed the water traces to be intercalated between
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Figure 2.9: (a): actual structure of the sample, as deduced by AFM and XPS
analysis. (b): Structure of the optical model used for analysis of
SE data. (c): Experimental and calculated Ψ, ∆ spectra. (d):
calculated n, k of graphene. Reproduced with permission from
Ref. [201].

the graphene and the substrate; in fact, if they were on top of graphene, they

would quickly evaporate as a result of the high vacuum created for the XPS mea-

surements. For this reason, in the following we refer to the water traces as “the

intercalant”.

Drawing from these evidences, we chose to describe the sample as a stack of

layers where - from bottom to top - we included the substrate, the intercalant,

the graphene, and the graphene roughness (see Fig. 2.9(b)). The substrate was

modelled by using SE data acquired before the graphene deposition; substrate
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structure includes Si, SiO2 and surface roughness. Due to the presence of inter-

calant and graphene on top of SiO2, the SiO2 surface roughess has been labeled

“intermix” and is composed of a 50% EMA between SiO2 and the intercalant.

Once the model structure was defined, we assigned a thickness and dielectric func-

tion to each layer. Ancillary information suggested us that the intercalant layer

was composed of water, so we modelled that layer using a Cauchy formula; no

information was available on the thickness of the intercalant, so we considered

this as a free parameter in the fitting procedure.

Next, we had to model graphene. In the literature there are several approaches

to this issue [202–204], each one providing its own set of n, k for graphene. While

ideas about the modelling can vary among groups, it is universally accepted that

graphene has an absorption peak around 4.6 eV [205] and a slowly varying ab-

sorbance in the visible and IR; moreover, it is common to assign a finite thickness

to graphene, which is around 0.335 nm. Therefore we modelled graphene as a layer

with thickness fixed to 0.335 nm and optical properties determined by PSEMI and

Lorenz oscillators; they were centered at 4.6 eV and in the IR, respectively. The

Lorenz oscillator is described in Appendix II, while details about the PSEMI can

be found in Ref. [190]. A valid set of oscillators parameters were obtained by

fitting SE data acquired on another sample, where AFM and XPS data allowed

to exclude the presence of intercalation layer [201]. Lastly, we assigned a surface

roughness to graphene, to account for the fact that its surface is not flat.

The best-fit beween the experimental and model-generated data is shown in Fig.

2.9(c). We left as free parameters the thickness of intercalant layer and graphene

surface roughness; moreover, we allowed fine adjustments for the Lorentz and

PSEMI oscillators parameters, to account for small sample-to-sample variations

in the dielectric response of graphene. The agreement between calculated and

experimental data was very good (MSE=16.5); calculated n, k of graphene are

shown in Fig. 2.9(d). The thickness of the H2O layer as indicated by the fit was

5.2 nm; considering that the layer model is just an appoximation of the real sample

structure (see Fig. 2.9(a)), we don’t accept it as an exact value, but rather as an

indication that the H2O between graphene and the substrate is just few-nm thick.

The presence of water traces is indeed conceivable, as water was used during the

sample fabrication process [199].

Once our model has been validated, we can use it as a tool to extract information

beyond the mere optical properties of the sample. For example, we can use it as

a diagnostic tool, to evaluate the effects induced by a process. Indeed, in an

attempt to remove the two-level morphology in our sample, we exposed it to

annealing in high vacuum; by performing an SE investigation after the annealing,

and comparing it to the one discussed so far, we concluded that annealing in high



2.4 Deposition chamber for growth of self-organized plasmonic structures 45

vacuum removed the intercalation layer [201].

Performing SE analysis to evaluate the effects of a process is a perfect way

to exploit the characteristics of SE (multi-ambient, non-destructive, fast); in the

next chapters we will present and discuss in situ and real-time SE investigations

of thermal processes on complex plasmonic nanosystems.

2.4 Deposition chamber for growth of

self-organized plasmonic structures

The densely-packed arrays of metal nanoparticles were fabricated inside a custom-

built deposition chamber. This high-vacuum chamber was designed to allow the

deposition of insulating or metallic films by means of molecular beam epitaxy

(MBE). During MBE, “directed neutral thermal atomic and molecular beams

impinge on a heated substrate under ultra-high vacuum conditions” [206]. As

a result, it is possible to deposit ultra-thin films of several materials, in highly

controlled conditions (especially concerning the thickness of deposited materials).

The deposition chamber was designed primarily for MBE, so it is highly opti-

mized to support this process. The vacuum is created by a turbomolecular pump,

which is supported by rotary pump for fore vacuum. A typical base pressure inside

the deposition chamber is ∼5× 10−9 mbar. In order to streamline the fabrication

process, the samples are inserted in the deposition chamber through a load-lock

chamber; this determines a fast recovery of the base pressure after each sample

insertion. The sample holder is mounted on a xyz-translation stage, which allows

a fine positioning of the sample with respect to the molecular beams, and can be

heated up to ∼ 500 ◦C by the current flowing through a tungsten filament.

The deposition chamber can be fitted with up to two effusion cells at the same

time (see Fig. 2.10), which are tilted 60◦ with respect to the vertical axis. The

effusion cells are the key components of the MBE system, as they provide the

atomic or molecular beams directed on the sample [207]. In this thesis, we used

effusion cells to deposit LiF, Au and Ag.

The LiF cell is constituted by a boron nitride crucible, where small (∼1 mm3)

LiF crystals are loaded and heated by Joule effect using a tungsten filament.

The maximum temperature of the crucible is around 700 ◦C, which is sufficient

to induce the sublimation of the LiF crystals. The resulting molecular beam is

then collimated by a tantalum screen, and proceeds in a straight line towards the

sample.

The deposition of Au and Ag requires a different setup. In this case, short

sections of pure metal wires (Au 99.99%, Ag 99.999%, both manufactured by
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Figure 2.10: Section view of the deposition chamber, which shows the posi-
tions of the effusion cells for MBE with respect to the sample
holder. Reproduced from Ref. [110] with permission of Springer
Berlin Heidelberg in the format Thesis/Dissertation via Copy-
right Clearance Center.

MaTecK) are loaded into a molybdenum crucible. The metal is then heated by

electron bombardment, which is induced by applying a high voltage between the

crucible and a hot tungsten filament. The resulting beam is collimated by a

stainless steel screen.

In order to deposit the right amount of material, the calibration of the deposition

rate is paramount. Calibration is performed by using a quartz crystal microbalance

mounted on the deposition chamber, and the stability of the sources is periodically

verified by measuring the thickness of thin deposited layers by means of Spectro-

scopic Ellipsometry. The temperature of the crucible during MBE is monitored

and controlled in real time via a LabVIEW procedure.

2.4.1 Transmittance spectroscopy

Measuring the transmittance is one of the most common technique to character-

ize plasmonic systems; while transmittance spectra contain less information with

respect to SE ones, their interpretation is usually more straightforward. We de-

veloped an experimental setup to perform spectroscopic transmittance (ST) mea-

surements while keeping the samples in high vacuum.

The ST setup was designed as an extension of the deposition chamber, as repre-

sented in Fig. 2.11. This configuration allows one to acquire transmittance spectra

right after the fabrication of the sample, without exposing it to atmosphere; the
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Figure 2.11: Transmittance spectroscopy is performed inside a high-vacuum
chamber connected to the deposition chamber; in this way, sam-
ples can be characterized right after the fabrication, without ex-
posing them to the atmosphere.

base pressure in the trasmission chamber is in the order of 5×10−8 mbar. The

light beam which illuminates the sample is obtained by sending white light from

a tungsten lamp into an optical fiber; light is linearly polarized before entering

the high vacuum chamber through strain-free viewport. The light passes through

the sample (which is oriented perpendicular to the beam direction) and leaves the

chamber through a second viewport; an optical fiber collects the incoming light

and send it to a spectrometer (Ocean Optics 2000+). The spectral working range

is 350-880 nm.




