
Department of Physical Sciences, Earth and Environment

PhD in Experimental Physics

XXXIV Cycle

Coordinator: Prof. Riccardo Paoletti

Nanoparticle formation in nanoporous structures and
applications

Disciplinary Scientific Sector: FIS/03

In Partial Fulfillment of the Requirements for the Degree of Doctor of Philosphy

PhD Student: Supervisor:
Andrea Vanella Prof. Emilio Mariotti
University of Siena University of Siena
Via Roma 56

Co-Supervisor:
Prof.ssa Carmela Marinelli

University of Siena

2020/2021





Abstract

In the recent years the scientific community demonstrates an increasing interest in the
study of nanoparticles and their properties, such as interaction with a surface and the ad-
sorption/desorption characteristic. The latte properties, as well the formation and growth of
nanoparticles, can be controlled by a proper light source. On the other hand having a much
larger specific surface to increase the adsorbed amount of atoms, is a desirable characteristic
of the system. That is on of the reason of the large exploitation of nanoporous material in
many different research fields. Porous glass presents a wide variety of benefits: thermal and
chemical stability, low production cost, easiness of handling and large value of specific sur-
face area, which can be of the order tens square meters per grams.
This thesis work falls into the context described above, in particular it aims to investigate the
adsorption/desorption process of alkali atoms onto different randomly oriented pores struc-
tures, as well the formation of aggregates in the pores of the adsorbed atoms by using different
external light sources. The control of the desorption process as well as the formation and the
desorption of nanoparticles make use of two light induced process: Light Induced Atomic
Desorption or LIAD and the Surface Plasmon Induced Desorption. The main difference be-
tween these two effects, beside the physics behind the two effects is intrinsically different, is
that for the latter is required a resonant light source resonant with the plasmonic oscillation
while for the LIAD it is not needed any resonant wavelength.
The main and newer part of the work is done in a chamber were is present an Ultra High
Vacuum regime. Most of the studies on this topic were performed in vapor filled cells. The
use of an Ultra High Vacuum regime for this work is done to overcome some drawback of
the vapor cells, such as the impossibility to change atomic species once that a cell is built or
the difficult controlling of the atomic density. Indeed in this apparatus the loading process is
done with an externally removable dispenser controlled by a current flowing into it. Hence
the loading process is no more continuous an can be switched off by switching off the flowing
current. Once the UHV regime is reached, the first step is the loading of the porous sample.
Then the adsorption properties at different wavelengths are studied as well as that eventual
desorption of the atomic specimen. The formation of nanoparticles in the porous structures
are induced by an external light source under different condition of intensity and illumina-
tion time. Similar studies are also performed in alkali vapor filled cells, in order to compare
the results. There were performed simultaneously measurements by on the optical signal and
electric signal by means of a channeltron.
The measurements performed in this work showed that by using porous glass, with different
average pores size and under an appropriate illumination, it is possible to exploit the LIAD
effect to enhance the aggregation of Rb nanoparticles in UHV regime. The most satisfying
sample revealed to be a film of nanoporous alumina of 300 nm thickness.
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Chapter 1

Introduction

In this section, a brief introduction of this thesis work and its aim is re-
ported. In sec. 1.1 a general overview of the adsorption and desorption
mechanisms and the state of the art of nanoporous materials is provided.
The use of light as a tool for changing and checking the atom - surface in-
teraction and the formation of metal nanoparticles in porous structures by
means of the Light-Induced Desorption Effect is briefly discussed. Finally,
a list of the main goals of this thesis work is provided. In sec. 1.2 a brief
description of the structure of the thesis is given.

1.1 Summary

Nanoparticles and their properties, such as adsorption and diffusive properties,
are nowadays studied in a wide range of field: chemistry, biology, physics, engi-
neering and mathematical modelling [1–8]. Hence, the ability in controlling their
formation/destruction and in driving the adsorption/desorption dynamics plays a
key role in the interactions at a nanoscale, with a deep impact on nanotechnology
and material science as well as on the comprehension of fundamental physics as-
pects [9, 10].

Among the various possible tools to control the adsorption/desorption pro-
cesses and the growth of nanoparticles, light irradiation revealed to be a particularly
efficient method [11–13].

On the other hand, the interaction of atoms, molecules and nanoparticles, is
strongly affected by the features of the surface, as the size of pores and cavities, the
crystalline geometry, the nature of the chemical bonds, the surrounding medium. In
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order to thoroughly investigate the diffusion and transport of particles and quasi-
particles in pores or fractal structures, different experimental and theoretical studies
have been performed [14–17]. Various diffusion processes and peculiar transport
phenomena of atoms and photons (such as the Lévy flight) in porous materials and
engineered optical materials have been studied and reported [18].

Nanoporous materials and porous glass have been obtaining an increasing in-
terest because of their low production cost, easy handling, thermal and chemical
stability as well as their high value of specific surface area which can be of the order
of tens square meter per gram.

It was demonstrated that the pore structure plays a fundamental role in nu-
cleation, hence in nanoparticles formation and crystallization [19–21]. Moreover,
the possibility of easily obtaining a randomly oriented pore distribution can be em-
ployed to study the effects of non-ordered structure [4, 22, 23].

The growth and formation of nanoparticles in such an environment is a con-
sequence of the atomic surface adsorption/desorption processes and of nucleation
centers such as pore structural defects. The nanoparticles growing can be addressed
by making use of light, both in the case of metals and semiconductors [19, 24–27].

The work of this thesis concerns the aforementioned general context. In par-
ticular, it aims to investigate the adsorption/desorption of alkali atoms onto various
randomly oriented nanopore structures in an Ultra High Vacuum (UHV) regime, the
formation of alkali nanoparticles, and the connection between the two effects both
of them controlled by an external light source.

The main steps in the realization of the experimental work, as presented in the
following, can be summarized as:

1. a preliminary definition of a proper experimental set up; the study of the main
processes as a function of the UHV chamber parameters, such as the pumping
efficiency;

2. the loading of different pore surfaces in UHV regime by using a current con-
trolled alkali dispenser;

3. the adsorption and desorption of the loaded porous sample using different
wavelength light sources,

4. the formation of rubidium nanoparticles in the pore distribution induced by
an external light source,

5. the desorption of the eventually formed nanoparticles, and the determination
of the best configuration in order to optimize the formation rate,

6. the comparison of the measurements in UHV with results of experiments per-
formed in sealed alkali vapor cells.
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There is an ample documentation of experimental work concerning light des-
orption of atoms adsorbed onto different surfaces [11, 28–30]; the measurements
presented here have to be considered a preliminary and innovative step for further
studies involving the loading of nanostructured surface in a controlled pressure en-
vironment, considering the very small literature on this topic.

The use of coherent light sources to control the desorption process and the for-
mation and desorption of nanoparticles takes advantages of two well known light
influenced processes: the Light Induced Atomic Desorption (LIAD) and the Surface
Plasmon Induced Desorption (SPID) effect. The first one does not require a resonant
wavelength and makes the atoms sticked on the pores being desorbed and increas-
ing then the vapor density in the structure. By this trick they become available for
aggregation in a more complex system, whose size depends on several physical pa-
rameters. The SPID needs an illumination at a wavelength being resonant with a
plasmonic frequency in order to "destroy" the previously formed nanoparticles.

The LIAD effect has been widely studied on different substrate and with dif-
ferent atomic species [11, 31–33], in most cases by using vapor cells, where by a
mechanical way a porous sample is fixed very close to an optical window. The main
advantage of a sealed container is the presence of an "almost inexhaustible" solid
reservoir of atoms, which tries to keep constant the vapor pressure at the equilibrium
temperature value; the continuous evaporation of fresh atoms makes favourable the
loading of the pore surface and hence the amplification in the nanoparticle number
induced by an external light source.

On the other hand, the cells show several drawbacks. For example, the atomic
density cannot be properly regulated, especially for the species with low vapor pres-
sure 1. As we have underlined, the progressive capture by the porous sample of fresh
atoms makes very difficult to fix an equilibrium: the density is always lower than
the predicted thermodynamic value. Moreover, once the cell has been built, it be-
comes impossible to change either the atomic element or the substrate. Finally, the
sealed system forbids a transfer to another setup for further detailed studies. The
apparatus built by us and discussed in this thesis would solve these drawbacks and
start a complementary method for the study of these dynamical processes involving
surfaces, atoms and light. In fact, the loading process can be activated and stopped
at will, while the atom source can be easily changed as well as the porous substrate.
The use of a UHV chamber also allows for simultaneous acquisition of an optical
(fluorescence, absorption) signal and of an electric signal by means of a channeltron,
in order to have a both a cross check and a different point of view for the processes
on the nanoporous surface.

The interesting part of this work is indeed the possibility to control the atomic

1It is possible to heat the atom reservoir to increase the atomic density.
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vapor pressure and hence the loading process of the pore structure, ideally, switch-
ing on and off the process by turning off the alkali dispenser. The control 1. of
the adsorption of atomic species onto a porous structured matrix surface and 2. of
nanoparticle formation means, for example, the possibility of creating a support for
an optical memory.

.

1.2 Thesis structure

This thesis is composed of six chapters, where each one describes an aspect
of the work. The index and the list of the figures are placed at the beginning of the
thesis as a quick reference to the various section of the thesis and the results reported
in it. At the beginning of each chapter is present a brief summary describing the
structure of the same chapter and its section.

An overview of the chapter structure is reported in the following list.

• Chapter 1 - Introduction: it is this chapter. It consists of a general contextual-
ization of the work presented in this thesis, a list of the main goals and a brief
description of the thesis structure.

• Chapter 2 - Porous Materials, Adsorption and desorption effects: The chap-
ter describes the porous material. It focuses in particular on the properties and
manufacturing of porous glasses and nanoporous alumina, which are the sam-
ples used for the following measurements. It then provides an overview on the
adsorption/desorption process of atoms in gas phase on a surface, especially
the effect known as Light Induced Atomic Desorption. A description of Light
Induced Atomic Desorption effect on a nanoporous surface is given. Finally a
microscopic interpretation of the same is provided.

• Chapter 3 - Optics of nanoparticles : This chapter is dedicated to the descrition
of metal nanoparticles and their interaction with the light and optical response.
There will be discussed the Mie and Gans theory for the light scattering by
a metal spheroid and the Surface Plasmon Induced Desorption effect will be
discussed in the last section of the chapter.

• Chapter 4 - Experimental apparatus : In this chapter a detailed description
of the various experimental apparatuses is provided. In the two sections that
constitute this chapter particular attention is given to the laser light sources
exploited for the experimental part and for data acquisition system.
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• Chapter 5 - Experimental results : This chapter is totally dedicated to the
measurements performed on the porous sample and their analysis and inter-
pretation. The chapter is divided into three main sections: the first regard-
ing the porous glass samples, the second the measurements performed on
the nanoporous alumina samples, both of them in the UHV chamber, and fi-
nally the results obtained by measurements with the spectrophotomer on the
porous glass enclosed in the alkali (Na and Rb) vapor cells. The measure-
ments on alumina samples revealed to be particularly satisfactory, especially
the ones regarding the thicker sample. An efficient loading of Rb atoms was
detected.Under certain conditions, the formation of rubidium nanoparticles
was observed.

• Chapter 6 - Conclusions and outlook : In the final chapter the main obtained
results and conclusions are summarized. It is also reported an overview of the
future perspectives and possible continuation of the project considering the
obtained results.
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Chapter 2

Porous Materials, Adsorption and
Desorption Effects

In this chapter the processes involved in the adsorption of atoms onto a
nanoporous surface as well as a review of the nanoporous matrices used as
a substrate for the alkali atoms will be described.
In Section 2.1 a review of the porous glasses is reported, starting with their
fabrication in 2.1.1 and their physical properties in 2.1.2. Section 2.2 deals
with the characteristics of the nanoporous alumina layers. In chapter 2.3,
the adsorption processes of atoms onto a surface will be described. Finally,
Section 2.4 explains the phenomenology of the Light Induced Atomic Des-
orption, with a special attention to the nanoporous surfaces when used as
a substrate (Section 2.4.3), while in 2.5 a microscopic interpretation of the
LIAD is given.

2.1 Porous glasses

The term Porous Glass (PG) refers to a large variety of silica derived substrates,
characterized by the presence of nanometric or micrometric cavities that propagate
throughout their volume. There is a large abundance of different available samples,
but most of them have common characteristics.

PGs are constituted by a rigid amorphous glass structure, mainly a borosilicate
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glass, with a distribution of pores of different desired size. They are usually manu-
factured and cut in an easy way. Physical properties of PGs are their intrinsic dielec-
tricity, the resistance to mechanical stress and a high thermal resistance. Moreover,
PGs are also almost chemically inert, which makes them particularly well suited as
substrates. Because of all these characteristics, PGs are used in a wide range of appli-
cations, ranging from fundamental research, such as physics or chemistry, to more
applicative fields such as biotechnology, medicine or sensing.

For example, thanks to their porous structure, PGs give excellent opportunities
in separating substances, hence they are largely used for gas chromatography [34,
35] or thin layer chromatography [36, 37]. In chemistry or biochemistry, adsorption
and separation properties may be required as a preliminary step for further pro-
cesses, and PGs are a privileged tool for this function [38–40].

In biotechnology, PGs are also used for the immobilization of enzymes [41–43],
either by inserting functional groups or by controlling the pore sizes. In fact, they are
excellently suited for the synthesis of oligonucleotides whose chain length depends
on the pore size of PG [44, 45].

As already stated, PGs are used for sensing application, for example in bio-
chemistry, where water-based solutions are absorbed by Porous Glasses and then
optically analyzed by using a wide range spectroscopy [46]. In this latter example,
the chemical inertia and the transparency of the PGs, are the key properties these
materials are used for.

An example of sensing application of PG is related to pollutant detection: in-
deed, PGs are exploited as fundamental components of sensors for environmental
sciences [47]. In [48], the authors have inserted porous glass in a fiber: they showed
a drop in light transmittance when exposed to solvent vapors. The paper reports on,
for example, the detection of toluene vapors up to few thousand ppm or of activated
charcoal inside cartridges.

The thermal and chemical stability as well as the filtering capabilities make PGs
suited for industrial applications as chemical reactor membranes [49–51] or as fil-
tering elements in purification processes [52, 53]. PG membranes are also used for
reverse osmosis for sea water desalinization and filtering processes [54–56].

PGs have been used as the main component of the recently developed inte-
grated "lab-on-chip", exploited to measure ionic currents, even from a single molecule
or protein [57], for example by using a device constituted by a multiplexed 16 solid
state nanopore channels produced by laser assisted capillary pulling [58]. Dielec-
tric metalenses, constituted of 500 nm nano-antennas, have also been exploited as an
on-chip optical levitation device of nanoparticles in vacuum [59].

Properly modified PGs have been exploites to make use of its photochromic
properties for different purposes. The photochromism is the property of a len to
get darker under exposure to light of sufficiently high frequency, most commonly
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ultraviolet radiation. In the absence of activating light, the lenses return to their clear
state again. In ref. [60] researchers modified porous glass plates, with an average
pores size of 9 nm, by making them interact with molybdenum chloride ([MoCl5]2).
The photochromic property exhibited as progressive blue coloration, when exposing
the plates to the UV radiation. The discoloration is obtained by heating the samples
in air at 473◦C for ' 30 min.

Photochromic quartz-like lenses were obtained by impregnating a porous sil-
ica glass with a mixture of Ag/Cu – Hal from a water-salt solutions. It was shown
that UV radiation causes in these nanoporous samples a luminiscence in a visible
part of the spectrum (450 −620 nm) [61]. The different maxima in the luminiscence
spectra is due by the the presence of different size silver-containing aggregates [62].
Those modified porous glasses showing photochromic properties can be employed
in different applications such as recording and dose meter of UV radiation or in so-
lar concentrators where the presence of Ag nanoparticles in transparent media is
required [60, 61].

The process of fabrication of Porous Glass is described in Sec 2.1.1, while in
Sec. 2.1.2 a description of the physical properties of porous glass is given.

2.1.1 Manufacturing

There are different routes to build up Porous Glasses depending on which spe-
cial pore structures are required. The most common method involve phase sepa-
ration of the silicate and borate phases in such a way that the latter is leached out
leaving the typical porous network. The borate is used mainly to lower the melting
point of the pure silica (other composite may be involved, such as Na2O) and thus
avoiding the need of high processing temperature [63].

The process by which it is possible to obtain PGs is called near-critical spinodal
decomposition [64, 65]: it occurs when a mixture of two or more liquid components
separate into different phases when cooled down in a controlled procedure. This
brings to a spatial separation of the components forming, then, an interconnected
network, whose extension grows in time with a power law [66]. It must be noted that
the spinodal decomposition is a completely different mechanism with respect to the
nucleation at the glass transition [65]: the decomposition process is governed only by
diffusion, hence it happens uniformly throughout the volume [67], thus providing
the required homogeneity of the PG sample. On the other hand, the nucleation, since
an energy barrier must be overcome, occurs at discrete sites [68].

More in detail, when two components of a mixture occupy similar fractions
of a volume, tube-shaped local growth is favored, with a tube radius linear time
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Figure 2.1: Phase diagram for the Na2O – B2O3 – SiO2 system [63].

growth [65]. The leading factors affecting the process are the relative viscosity of
the fluids involved, the surface tension and the mole fraction of the starting mixture.
It is noteworthy that the process does not depend on the chemical features of the
starting mixture.

In fig. 2.1, as an example, the Na2O – B2O3 – SiO2 system is shown. The bold line
divides the glass transition. There is an immiscibility region in the sodium borosil-
icate glass system, the grey shaded region surrounding the Vycor 1 region that can
be separated into phases after appropriate heating treatment [63]. Another commer-
cially used glass, namely the Pyrex, can be obtained by increasing the content of
SiO2 in the mixture at the expense of the B2O3 quantity. It is in this zone that spinal
decomposition is likely to happen. The key parameters to obtain controlled and de-
termined structures in the final product are the composition of the initial melt, the
coooling process, the thermal treatment and the type of the chemical attack.

Taking into account the example reported in fig. 2.1, the initial glass composi-
tion is a ternary mixture of SiO2 (50 - 70%), B2O3 (1-10%) and Na2O[66]. This com-
pound is then heated at about fifty degrees above the glass transition temperature
[63, 69], in order to induce phase separation. Then, it is cooled down to a tempera-
ture value between 500°C and 750°C, in order to make the spinodal decomposition
start and hence to separate the mixture into two phases: one rich in SiO2 and the
other one rich in borosilicate and alkali atoms. It is possible to control the average
size of the pores and the extension of the pore network, by tailoring the time of the
cooling process. The procedure is schematized in fig 2.2. Once the desired config-
uration has been obtained, the borate phase is removed by immersing the sample

1Vycor is a brand of Porous Glass composed of approximately 96% SiO2 and 4% B2O3, commer-
cially available as Porous VYCOR Glass
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Figure 2.2: Schematic preparation procedure of porous glass [63].

in an acid solution bath at high temperature. An immersion in NaOH is used to
remove the residual of colloidal silica. After these cleaning processes, the glass can
be handle and cut.

Because of the relatively simple dynamics of the spinodal decomposition, the
process can be modelled as a purely diffusion problem. There are several simula-
tions of the growing PG [65, 66] based on relatively simple models. In fig. 2.3 a
realistic simulated growing process of a binary mixture is reported, where the light-
grey spheres represent the silica-rich phase. For this simulation the mixture has been
modelled by spherical particles of identical size with a Lennard-Jones intermolecu-
lar potential. The average domain size grows as ∼ t1/2 while the consequent excess
of potential energy of the system decreases as ∼ t−1/2. The desired average pore
size can be tailored by stopping the quenching process induced by the cooling at a
specific time, as shown in fig. 2.3.
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Figure 2.3: Simulation of the spinodal decomposition for a PG from a binary mix-
ture, the light gray spheres reprensent the silica-rich phase.Top left: starting point, 0
time steps. Top right: 75 time steps, average pore size 2.11 nm. Bottom left: 225 time
steps, average pore size 3.71 nm. Bottom right: 450 time steps, average pore size 5.74
nm [66].

2.1.2 Properties

The samples of Vycor7930 used in this work contain mostly SiO2 (96%), B2O3

(3%), Na2O (0.4%) and traces of other compounds. The Vycor7930 sample has a
specific surface area of 250 m2/gr and a porosity, defined as the ratio between the
volume occupied by the pores, V f ree, and the whole sample volume:

P =
V f ree

Vsample
= 28% (2.1)

The sample is shaped in disks of 10mm in diameter and 2mm thick, hence having a
volume:

Vsample ' 157mm3 (2.2)

and an average pore size of 4nm. The surface appears smooth and almost transparent
to the naked eye.

The volume occupied by the pores, that is the free available volume, can be
simply evaluated by using eq. 2.1:

V f ree = Vsample×P ' 44mm3 (2.3)
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The equivalent surface can be roughly estimated, assuming for simplicity the
pore having a cylindrical shape and a radius equal to the size of the pores, as:

Sequiv = Spores×Npores (2.4)

where
Npores =

V f ree

Vpores
(2.5)

which gives a result of Sequiv ≈ 220m2.
The second sample is a PG of porous silica (SiO2) disk of 30mm in diameter and

3mm thick, with a volume of ∼ 2.120mm3 and with an average pore size of 200nm.
Due to the larger pore size with respect to the Vycor7930, this sample appears more
whitish when exposed to the room light; the light scattering caused by the air/glass
interface becomes more efficient. This is also an indirect proof of the presence of the
nanometric pores with size of the order of the visible wavelength.

Figure 2.4: Scanning electron micrograph (SEM) of a Controlled Porous Glass show-
ing the size distribution of the continuous interconnected glass matrix [70].

Other measurements have been performed on two rectangular shaped PGs, me-
chanically fixed in cylindrical vapor cells where an alkali reservoir refurbishes the
vapor phase. The two cells contain either Na or a natural mixture of Rb. The PG in
the Na cell is known as TRISOPLAC and is produced and commercialized by Vitra-
Bio GmbH, while the PG in the Rb cell was produced by the laboratory at the Saint
Petersburg National Research University of Information Technologies, Mechanics
and Optics (ITMO).

In order to measure the pore size a porosimetry technique has been exploited;
it makes use of high pressure Hg injected in the pores, in order to determine the
average diameters of the pores. The results are reported in fig. 2.5 and show a pore
size of 20 nm. The declared free volume percentage is 55% and the whole sample
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volume is 13mm×14mm×1mm = 182mm3.

Figure 2.5: Pore size of the TRISOPLAC PG [71]. The red area indicates the 95% of
pores population.

The PG in the Rb cells has, instead, an average pores size of 17nm and dimen-
sions of 30mm×15mm×1mm = 450mm3 while the porosity is the 53%, as declared
by the Russian researchers. By making use of eq. 2.3, it results a free volume of
V f ree = 101.1mm3 for the TRISOPLAC, while V f ree = 238.5mm3 for the PG in the cell
filled with Rb. Using instead eq. 2.4, the equivalent surface for the TRISOPLAC PG
results Sequiv ≈ 20m2 while it results Sequiv ≈ 50m2 for the PG in the Rb cell.

Components percentage
SiO2 96 %
B2O3 3 %
Na2O 0.4 %

ZnO2 and Al2O3 < 0.1 %

Table 2.1: Chemical composition of the PGs [72].

In tab. 2.1 the chemical composition of the PGs discussed in this section is re-
ported. Traces of oxydes as ZnO2 and of others compounds are due to the acid
leaching process.

Another tool for the analysis of the PGs samples is the Transmission Electron
Microscopy (TEM) technique. In fig 2.6, two original pictures, fig. 2.6a and fig. 2.6b
with different magnification and scale bar respectively of 100 nm and 20 nm, taken
by the instrument at Dipartimento di Scienze Fisiche , della Terra e dell’Ambiente -
sezione di Geologia is shown (courtesy of Cecilia Viti). The image confirms a ran-
dom spatial pore distribution with pore size diameters of about 20nm, as known by
the company data sheet. TEM is not applicable to alumina, as the sapphire substrate
cannot be properly reduced at the desired thickness by precision ion polishing sys-
tem, which consists of an Ar ion beam accelerated by an initial voltage of 5 kV and
an incident angle θ = 25°. The hardness of the the sapphire substrate is indeed too
high: the sample should be destroyed during the operation.
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(a) (b)

Figure 2.6: TEM images of an amorphous nanoporous structure with pores dimen-
sion comparable to the alumina samples examined at two different magnification.
(a) Scale bar of 100 nm. (b) Scale bar of 20 nm.

At the end of section 5.2.1, there will be showed Scanning Electron Microscopy
(SEM) images, taken by the instrumentation at Dipartimento di Scienze Fisiche ,
della Terra e dell’Ambiente - sezione di Geologia as well, of the 300nm alumina sam-
ple after the Rb deposition.

2.2 Alumina

Aluminium oxide, commonly known as alumina, is a compound, whose stoi-
chiometric formula is Al2O3, known since the beginning of XIX th century. In nature,
it is found in its crystalline polymorphic phase α-Al2O3, which is indicated as corun-
dum, and can have differents gem varieties due to the presence of impurities in
the crystalline structure, such as ruby, where the red color is due to the presence of
chromium impurities.

The crystalline structure of α-Al2O3 can be seen as an hexagonal close packing
of oxygen ions, in which 2/3 of the octahedral interstices are filled with aluminium
cations [73]. Two views along different axis direction of the corundum crystal struc-
ture are reported in fig. 2.7.

Alumina is an electric insulator but shows a quite high thermal conductivity
(30Wm−1K−1) for a ceramic material [74, 75]. Usually, alumina is extracted from the
bauxite, the main source for the production of aluminium, even if it contains only
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the 30-54% of Al2O3. In fact, bauxite is composed of a mixture of minerals such as
gibbsite (Al(OH)3) and böhmite (γ-AlO(OH)), along with other impurities of iron
oxides, silica (SiO2) and titanium oxide (TiO2) [76].

Figure 2.7: The α-Al2O3 crystal structure viewed along, (a) the < 0001 > direction
(“c” plane) and (b) the < 1010 > direction. Blue and red spheres represent, respec-
tively, oxygen atoms and aluminum atoms [77].

In order to purify the bauxite to obtain the alumina, the Bayer process is used.
The scheme of the process is reported in fig. 2.8.

Figure 2.8: Schematic representation of the Bayer process [78].
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The first step is to heat the bauxite along with sodium hydroxide (NaOH) bath
at 270°C in order to dissolve the majority of species containing aluminium and to
obtain the sodium aluminate (Na+[Al(OH)4]– ) according to the reactions:

Al2O3(aq)+NaOH
4−−→ Na+Al(OH)4

−(aq) (2.6)

and
Al(OH)3(s)+NaOH(aq)

4−−→ Na+Al(OH)4
−(aq) (2.7)

These reactions leave an insoluble residue (red mud), composed primarily of iron
oxides, quartz, sodium aluminosilicates, calcium carbonate/aluminate and trace of
titanium dioxide, which is removed by settling/filtration.

The next step consists in a cooling process during which the Al(OH)3 precipi-
tates, essentially reversing the dissolution reaction 2.7, as described in the following
reaction:

Na+Al(OH)4
−(aq)−−→ NaOH(aq)+Al(OH)3(s) (2.8)

Finally, the Al(OH)3 is calcined (heated to over 1100 C°) to give aluminium oxide:

2Al(OH)3(s)
4−−→ Al2O3(s)+3H2O (2.9)

The reactions for the extraction process occur almost entirely at the solid/liquid in-
terface [78].

Alumina is nowadays used in different fields like nanosciences [79, 80], engi-
neering applications [81] and fundamental physics [82, 83].

Alumina can also be processed in order to obtain nanoporous structures; one of
the methods used to achieve this goal is the so-called Electron Beam Physical Vapor
Deposition (EBPVD), a technique which belongs to a class of deposition techniques
called Physical Vapor Deposition (PVD). This procedure will be described more in
details in the following section.

2.2.1 Nanoporous Alumina Layer Manufacturing

Two samples of porous alumina have been used. The samples have been prepared
by the researchers of the PhysNano laboratory at the Saint Petersburg National Re-
search University of Information technologies, Mechanics and Optics (ITMO) us-
ing a PRO line PVD 75 of the Kurt J. Lesker company, a versatile device allowing
for three different types of PVD: the Magnetron Sputtering, the Thermal Evapora-
tion Deposition and the Electron Beam Vapor Deposition. Generally speaking, the
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EBPVD consists on a bombardment of a target anode with an electron beam, gen-
erated by a charged tungsten filament under high vacuum condition. The electron
beam makes the atoms in the target passing from solid phase to vapor phase and
allowing for a coating of the surface available in the vacuum chamber with a thin
layer of the target material, which can be in the form of a disk, rod or an ingot.

The pressure in the vacuum chamber must be at least of 10−5mbar in order to
maximize the mean free path of the electrons from the electron gun to the target, as
well as to avoid contamination from other compounds [84]. A hot filament causes
the thermionic emission of electrons, which can, after accelerated by a potential dif-
ference, provide sufficient energy for evaporating any material. In a typical case
involving 1 A current on the emission filament and the beam accelerated through
a 10 kV voltage drop, 10 kW is delivered upon impact [85]. The filament is located
out of sight of the target as shown in fig. 2.9 and the electron beam is pulled around
to the surface by a magnetic field, B, directed perpendicularly to the eletronc beam
trajectory. The force acting on the electrons is the combination of the electric force,
FE , and the magnetic force, FB, in the well known Lorentz force:

F = FE +FB = q(E+v×B) (2.10)

The radius of the circular motion of the electrons rg, known as gyroradius, is:

rg =
mev⊥
|q|B

(2.11)

where me is the electrons mass, v⊥ is the component of the velocity perpendicular to
the direction of the magnetic field and B is the strength of the magnetic field.

When hit the target material, the electrons will lose their energy very rapidly.The
kinetic energy of the electrons is converted into other forms of energy through inter-
actions with the evaporation material. The thermal energy that is produced heats up
the evaporation material causing it to melt or sublimate [86]. Once temperature and
vacuum level are sufficiently high, vapor will result from the melt or solid. Once
a gaseous phase is obtained, the vapor can be used to coat surfaces. In fig. 2.9 is
shown a scheme of the EBPVD apparatus.

In the case of alumina deposition, the layer must be undergo an annealing pro-
cess at temperatures between 400°C and 1130°C, in order to allow the transition from
amorphous to crystalline state [87]. In ref. [88] the electron beam is obtained by a
current flow of 50 mA and accelerated by a potential of 4.2 kV and the system is
maintained at a pressure of 5.7 ·10−6mbar.

The vapor obtained may contain both molecules and cluster of aluminium ox-
ide. After the deposition, techniques like the X-Ray Diffraction (XRD) can be used
to analyze the structural properties of the film [88].

EBPVD technique has been used for the deposition of our samples [87], which
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Figure 2.9: Schematic of the Electron Beam Physical Vapor Deposition Technique
[85].

consist in a thin layer of alumina on a disk-shaped substrate of 30mm diameter and
2mm thickness of sapphire (α-Al2O3), with the c-axis oriented perpendicular to the
substrate surface. However, due to technical issues, the alumina layer does not fill
the whole sample in the radial coordinate, and its limit stays 1.3mm apart from the
edge of the substrate. Therefore, the active part of the sample has a diameter of
27.4mm and covers a surface of about 590 mm2.

The two samples have alumina layers of different thicknesses, roughly 300nm

and 100nm, and a declared pore size of about 20− 30nm [20]. In order to measure
the deposition rate (Å/s), an oscillating quartz crystal has been used. The thickness
values are deduced by the deposition rate.

A spectrophotometer, both in S. Petersburg and in Siena, has been used as a
tool for the post deposition analysis of the samples. The system measures the ab-
sorbance, or optical density (OD): it is commonly defined as the logarithm of the
ratio of intensity of the incident light Ii to the intensity of the transmitted beam It:

OD = ln
Ii

It
(2.12)

In fig. 2.10 the black curve shows a typical spectrophotometer result for a thin film
alumina sample on a sapphire substrate, as obtained at ITMO. The red curve is a
theoretical line calculated with the following modelling. A transfer matrix method
has been applied by the ITMO colleagues. It is used to estimate the refractive index
of the porous film considering the refraction of the light from air, in the porous Al2O3
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and then into the sapphire substrate:

Light→Air (n = 1.0)→ Al2O3(n = n.d.)→ Sapphire (n = 1.76)

where the values of the refractive have been taken from [89]. For example to best fit
the experimental result, in the case of a sample of 300 nm thickness (not the sample
used for this thesis work), according to the quartz crystal microbalance measure-
ment, the value of thickness was set to 190 nm and the refractive index was reduced
by 0.05 to take into account the porosity of the film. In fig. 2.10 is reported the result
of the fitting: From this theoretical model, it is possible to say that the layer of porous

Figure 2.10: (red line): best fit for the optical density of Al2O3 film, (black line): exper-
imental result

alumina is about 190 nm and, from the refractive index value, the porosity is of the
order of 3% (0.05/1.76 ' 0.028).

Using this value of porosity, it is possible to simply evaluate the available vol-
ume in the porous alumina as:

Vf ree = π · r2 ·h ·0.03 (2.13)

in such a way that the free volume results Vf ree = 5.31 · 10−3 mm3 and Vf ree = 1.77 ·
10−3 mm3, respectively for the 300nm and 100nm samples.

The same kind of spectra has been recorded for the alumina samples used in
this work, in order to better understand how the optical density of the sapphire is
affected by the presence of two different thickness layers of alumina.

In fig. 2.11 the OD spectrum of both the alumina samples and the sapphire disk
obtained with our spectrophotometer is shown. Further details of this instrument
will be given in sec. 4.1. The black line, which corresponds to the absorbance of
the sapphire substrate alone, shows an almost flat trend in all the visible part of the
spectrum, up to the UV region where it becomes more opaque to the light.
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Figure 2.11: Plot of the Optical Density of the 300 nm sample (orange line), 100 nm
sample (blue line) and the sapphire disk (black line)

In the other cases several peaks appear, due to the presence of the alumina layer.
The intensity and the number of the peaks in the spectrum increases with the layer
volume, i.e. with layer thickness. In particular, the blue line, corresponding to
the 100nm thickness, presents only one broad peak centered at about 330nm and a
plateau toward the infra-red zone of the spectrum. On the contrary, the sample with
a thickness of 300nm shows an oscillating behaviour with peaks of different ampli-
tudes in the UV region of the spectrum, a sharper peak in the same region of the
thinner sample and also presents a broad peak around 540 nm. A possible interpre-
tation of these spectra has been given in ref. [90], as due to an interference pattern
in the transmitted light amplitude overlapped to the transmission response of the
substrate, as can be seen in the fig. 2.12, where different transmitted and reflected
spectra in the range of 190−820nm of AlN films are reported. The oscillating behav-
ior of our samples should therefore be related to the thickness of the Alumina layer:
thicker layers obtain a higher wavelength frequency oscillation. By this interpreta-
tion it should be possible to give an estimation of the ratio of the two thicknesses.

In order to obtain information on the crystollagraphic purity of the sample and
also how and if the nanoporous deposited film modifies the diffraction pattern, X-
Ray diffraction measurements have been performed on the NP alumina sample with
a thickness of 300 nm after the Rb deposition process. The X-Ray diffraction mea-
surements have been performed at Dipartimento di Scienze della Terra of University
of Pisa. In fig. 2.13 the X-Ray diffraction pattern of the 300 nm alumina sample is
reported.

Three measurements have been performed: the first one has been obtained ex-
posing the substrate side to the X-Ray, then the same measurement has been maded



22 Chapter 2. Porous Materials, Adsorption and Desorption Effects

Figure 2.12: Transmittance and reflectance spectra of AlN films showing various
absorption features [90].

Figure 2.13: X-ray diffraction pattern of the 300 nm alumina sample.(green line): mea-
surement performed on the substrate side, (red line): measurement performed on the
NP alumina film side, (blue line): measurement performed with the rotating sample.

on the nanoporous alumina sample and the last X-Ray diffraction measurement was
performed with the rotating sample. The nanoporous film presents an amorphous
structure, hence the main expected effect on the diffraction pattern is to broad the
peaks due to the crystal structure of the α-Al2O3. However, as can be seen in 2.13,
the three lines are pratically overlapped; only the peak of the blue line at θ = 4.3°
shows a remarkable increase in amplitude.
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The reason why it is impossible to see a broadening of the peaks, is likely due
to the fact that the deposited alumina film is too thin to be appreciated by the X-
Ray. The penetration depth , which is defined as the length at which the intensity
radiation inside the material falls to 1/e, in alumina is expected to be in the range
between some µm and tenths of µm [91], depending on the beam incident angle and
X-ray beam energy, hence it is possible to affirm that the X-ray beam is not affected
by the presence of the 300 nm nanoporous film.

2.3 Adsorption and desorption processes

The term adsorption refers to a complex series of phenomena that make possible
to a particle (an atom, an ion or a molecule from a gas, a liquid or a solid phase) being
captured by a surface in a different phase. It is a characteristic of the interfaces, then
it is mainly governed by the surface energy balance [92].

The adsorption phenomena take place at a close range distance, that means dis-
tance of the order of the external radius of the adsorbed particle. This may change
the internal degrees of freedom of the particle because of the high inhomogeneity of
the surface potentials. Therefore, it can be expected a change in the response of the
adsorbed particle to an external excitation, such as a red-shift of the energy levels
[93, 94].

There are two fundamental classes of adsorption, depending on the energy
range involved in the process and the type of interaction between the particles [68]:

• Physisorption: the adsorbed particle interacts with the surface by weak Van
der Waals forces with an interacting energy of ∼ 10−100 meV. The attractive
force is due to correlated charge fluctuactions in the two bonding partners.
The adsorbed particle can diffuse on the surface and can be detached from the
surface with relatively low energy.

• Chemisorption: the adsorption process is characterized by the formation of
covalent or ionic bonds. The electronic structure of the adsorbed particle is
strongly perturbed and cannot be distinguished by the substrate. The energy
involved is of the order of some eV up to tens of eV.

Because of the two different forces involved, the two processes correspond to differ-
ent interaction times: in the chemisorption the particle may lie in the adsorption site
indefinitely. In the case of the physisorption, instead, the contact interaction is pro-
duced for a short time, defined as the sticking time, and then the particle is naturally
released.
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Figure 2.14: Lennard-Jones potential (Eq.2.14) normalized to the potential wall
depth U0 [95].

From now on, because of the interest in the photodesorption process of this
work, only the case of the physisorption will be treated in detail.

The van der Waals interaction involves forces between permanent electric dipoles
(Keesom forces), between a permanent and an induced electric dipoles (Debye forces)
and between two mutually induced dipoles moment (London dispersion forces) and
to the Pauli repulsive force, due to the exclusion principles.

The first successful description of the van der Waals forces was the Lennard-
Jones potential:

U(r) =
(

b
r

)12

−
(

a
r

)6

(2.14)

where the two terms on the right side refers respectively to a short distance repulsive
force (∼ r−12), arising from an overlapping of the electrons wavefunctions, and to a
long range attractive potential (∼ r−6). As shown in fig. 2.14, at long distances (few
Å) the attractive term dominates, in such a way to allow for the formation of the
weak bonding between the surface and the adsorbed particle.

More in detail, in the physisorption, when an atom interacts with a dielectric
surface, the interaction is due to a mirror dipole at the surface induced by the ad-
sorbed particle instantaneous dipole, hence the process can be described by the
London force previously mentioned. This is true also for particles with no electric
dipoles, like alkali atoms [96]. In fact, in a neutral atom, an external electric field E



2.3. Adsorption and desorption processes 25

can induce an instantaneous dipole by displacing the center of the charge distribu-
tion. Hence an induced electric dipole is generated:

~Pind = α(ω)~Eext (2.15)

with α the polarizability of the atom, that, in general, depends on the frequency.
Hence, the term ∼ r6 of the eq. 2.14 is due to the mutually induced deformation

of the electronic cloud; in fact one dipole p1 formed by charge fluctuations induces
an electric field ε ∝ p1/r3 at the site of the other molecule at a distance r. The induced
dipole moment is p2 ∝ α p1/r3 [68], then the potential of this dipole p2 in the field of
the first dipole is proportional to ε and to p2: this is the reason for the r−6 depen-
dence in the 2.14. The interaction energy between two atoms whose mass centers
are separated by r is [92]:

Uint =−
3
2
· α1α2

(4πε0)2 ·
I1I2

I1 + I2
· 1

r−6 (2.16)

where I1,2 = hν1,2 are the first ionization energies and α1,2 the polarizabilities of the
two atoms.

It must be noted that such forces are responsible not only for the physisorp-
tion of non-polar particle onto a dielectric surface, but are also responsible for other
phenomena, like the liquefaction of noble gas [97].

2.3.1 Atomic adsorption from gas phase

There is a certain probability (approximately between 0.3 and 0.6 [98]) that an
atom in gas phase, when hits a surface, interacts with the same and sticks on it if en-
ergetically favorable. For a full understanding one must take into account even the
diffusion of the adsorbed particle at the interface. Mechanism like that are exploited,
for example, in deposition process like the epitaxy [99]. However, while the process
goes on, the available adsorbing sites saturate, hence the adsorption probability will
drop down. So, when there are not anymore available adsorbing sites, at the inter-
face it will be present a layer of adsorbed atoms that prevents further adsorption on
the surface 2.

Considering pure elastic interaction between the atom and the surface, the stick-
ing time coincides with the interaction time and it is of the order of τ0 ≈ 10−12s. The
average time spent by an atom on the surface is proportional to the local adsorption
energy Ea, which is defined as the kinetic energy needed for an atom to escape the

2In general a growing process does not imply the formation of an ordered crystalline structure
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van der Waals force:
τs = τ0 · eEs/kBT (2.17)

where kBT is the average thermal energy, τ0 is the interaction time. In the case of
physisorption Ea can range between few meV for light gases atoms up to eV 3 for
heavier organic molecules [97]. Because of the relatively low binding energy, the
adsorbed atoms maintains a certain degree of mobility on the surface, accordingly
with the surface local potentials.

For a more realistic modeling, it is possible to consider a local variation, on
length scales of the order of the atomic size, of the adsorbing energy: Ea = f (d),
where d is the vector position on the surface. This assumption has two conse-
quences:

1. the adsorption coverage on the surface is not uniform,

2. the energy needed for an atom to move from a site d0 to a site d1 is of the order
of Ea(d0)−Ea(d1).

In steady state conditions, the Langmuir equation gives an estimation of the surface
atomic density. Defined the sticking time as:

σ =
n
4

vthτs (2.18)

where n is the atomic gas density and vth = vrms =
√∫

∞

0 v f (T,v)v is the mean thermal
velocity of a gas with a Maxwell-Boltzmann distribution. For example, for a vapor
of potassium atoms at T = 300K, vth ≈ 438m/s.

For what concerns the physisorption from gaseous phase, this phenomenon has
a relevant consequence: the adsorption process implies the thermalization of the ad-
sorbed species with the adsorbing surface, and then, atoms diffusion on the surface
is energetically unfavorable. In fact, the average kinetic energy quickly becomes of
the same order of the energy difference between two neighbour sites on the surface.
However, interaction with light may enhance the mobility of the adsorbed atoms.

Photodesorption from organic compounds is also used to obtain large alkali
vapor density in nanometric volumes, like hollow core photonic band-gap fibers
[100] and also it turned out to be the only technique to obtain large enough atomic
density for non-linear optics in fiber structures without damaging it [101, 102] .

3Typically binding energies involved in chemisorption are of the order of some eV [68]
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2.4 Light Induced Atomic Desorption

The Light Induced Atomic Desorption effect (LIAD) [103] is a non-thermal, non-
resonant process due to the exposure of adatoms stuck on a dielectric surface to IR -
visible - UV light, even if non coherent and low intensity. The illumination produces
a sudden release of the adsorbed atoms, increasing the atomic vapor density up to
several orders of magnitude above the thermal equilibrium at room temperature
[104].

The first evidence of LIAD was obtained in 1993 by [31] in a polydimethylsilox-
ane (PDMS) coated Pyrex cell filled with Na vapor: a very intense fluorescence of
the sodium D1 line was observed at room temperature (when the sodium density is
very low) for a resonant dye laser beam crossing the cell. In 1994 the same effect was
observed in PDMS coated cells with Rb vapor [103].

Figure 2.15: Time evolution of 210Fr MOT population after a broadband light pulse,
indicated by the arrow mark, at t = 0 s.The horizontal dashed line indicates the
equilibrium population [105].

Since then, the LIAD effect was studied from PDMS coated cells with Rb and Cs
[33, 106–108], Na and K [108–110] with K, Rb and Cs from bare borosilicate glasses
[26, 111–113], from octamethylcyclotetrasiloxane (OCT, [(CH3)2SiO]4) coated cells
with Cs [114], from dry film coated cells [29] and from porous alumina with Rb
[11]. It is worth to say, that in the case of PGs, the large surface/volume ratio, com-
pensates the much lower desorption efficiency with respect to conventional organic
coatings, due to the higher adsorption energy of uncoated glasses.

LIAD effect is in general used when an increase of atomic density is required,
for example, it has been used in microfabricated vapor cells (in the scale of mm and
lower) to increase the atomic vapor density in order to overcome the problem of the
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reduced optical path [115]. LIAD effect is also exploited for the loading of Magneto-
Optical Traps (MOTs)[116, 117], even with Fr atoms [105] and also to improve the
loading and transport efficiency for the Bose-Einstein Condensation [118, 119].

In fig. 2.15 is reported the result for LIAD in the case of a 210Fr MOT, where the
population variation is continuosly monitored by the fluorescence produced by the
MOT. The population at the equilibrium, indicated by the dashed line, is of about
200 atoms. The LIAD effect is triggered by a broadband light pulse of 2 ms duration.
The energy carried by the photons induces a release of adsorbed atoms generating a
net flux towards the vapor phase of Fr atoms which are then cooled and trapped in
the MOT. By means of LIAD effect, the population of trapped 210Fr atoms increase
up to 570 with a relative increase of 190 % [105].

Just for completeness, it must be said that LIAD effect takes place also on not
dielectric surface, like in the case of Rb and K from stainless steel [120] or Cs from
aluminum [117].

2.4.1 LIAD phenomenology

Beside the dynamics of the Light-Induced Atom Desorption are strongly depen-
dent on the characteristics of the system under investigation, some general features
can be outlined.

LIAD is a non-thermal effect, since the desorption rate scale laws are completely
different from the typical heating process behaviors. For example, the number of
desorbed atoms does not grow exponentially with the intensity of light [103]. On
the contrary, at lower temperatures, the density yield is enhanced, since, in this con-
dition, the sticking probability of the vapor phase atoms on the substrate is favoured.

The effect of light-induced desorption, from the discussion in sec. 2.3, is clearly
linked to the physisorption only [103]. In general, the effect of the light is the break
of the van der Waals bonds between an adsorbed atom and the surface; the previous
dynamical equilibrium is moved, as the action of light is contrasted by the contin-
uous adsorption of fresh atoms refurbished by the reservoir [121]. Therefore, the
effect of the light is to increase the average atomic mobility [33]. The macroscopic
consequence is a sudden release of the adsorbed atoms in the vapor phase, drasti-
cally increasing the vapor density.

The gain in density can even exceed the equilibrium by several orders of mag-
nitude, but just for a short time interval, because of the progressive depletion of the
substrate [109, 121, 122]. Indeed, in presence of an "infinite" source of atoms, dur-
ing the illumination, the process will tend to the thermal equilibrium between the
adsorbed and desorbed atom fluxes.
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Figure 2.16: Measured δLIAD (solid line) and simulation ( dashed line), obtained with a
desorbing light wavelength of 514 nm and an intensity of 6 mW/cm2. The desorption
light is switched on and off at t1 and t2 respectively [29].

In fig. 2.16 is reported the variation in the atomic vapor density, δ (t)LIAD, defined
as:

δ (t)LIAD =
n(t)−n0

n0
(2.19)

where n(t) is the the atomic vapor density and n0 is the value of density at ther-
mal equilibrium. This measurement has been performed on a coated cell with a
octadecyltrichlorosilane ( C18H37Cl3Si ) dry-film and filled with Rb atoms. When
the desorbing light is switched on the vapor density increase up to about six times
the equilibrium vapor density, then starts decreasing. At t2 the light is switche off
and the vapor density drops to the thermal equilibrium value.

Beyond this, the main features of the LIAD effect are:

a) its non resonant nature,

b) the possibility of applying it on any element/molecule of interest interacting
with any substrate,

c) the monotonic increasing efficiency with desorbing photon energy.

However, the details of this dependence can be significantly different as a function
of the specific experimental conditions. For example,in the case of photodesorp-
tion from organic coatings, which generally have a low average adsorption energy (
Ea ∼ 0.1eV).
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The desorbing yield increases with the square of the light frequency [31, 103,
109, 123] as can be seen in fig. 2.17, where the desorption efficiency, γRb is plotted
versus the desorbing photon energy [107]. The desorption efficiency is defined as
the number of atoms desorbed per photon and it is of order of 10−8 atoms/ph. This
measurement has been performed on a polydimethylsiloxane (PDMS) coated Pyrex
cells filled with Rb atoms at room temperature and at low light intensity.

Figure 2.17: Experimental desorption efficiency γRb as a function of the desorption
photon energy. Continuous line is the fit with the function 2.20 [107].

In order to extrapolate the threshold frequency, the points have been fitted with
the function:

γ = α(hν−hνth)
2 (2.20)

where hνth is the threshold frequency. The value obtained by the fitting is hνth =

1.4eV .
A feature of the LIAD effect still under discussion is the eventual presence of a

photon energy threshold. Apparently, it depends on the atom/surface pair.
For example, thresholds from PDMS coating seems to be at 1.40eV (901nm) for

Rb [123] and at 1.18eV (1053nm) for Na [124]. For different substrates and atomic
species involved, the threshold value drastically changes: for example, for K from
fused silica, it results of about 3.04eV (407nm) [32].
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2.4.2 Light-induced process in porous materials

The high surface/volume ratio makes the PG particularly suitable as host envi-
ronment for photodesorption experiment. The first proof of the atomic desorption
induced by the exposure to light from PG was found at the University of Siena in
2004 [112].

For what concerns PGs, the adsorption energy is relatively high, roughly of the
order of Ea ∼ 1eV [125] (this part will be further explained in sec. 2.3). The draw-
back of the higher adsorption energy is compensated by the much larger available
exposed surface provided by the internal structure of the PG. So the light yield is
larger, even if the physical mechanism involved in the adsorption process is the same
for both PGs and pure silica, where the effective surface is much smaller.

The exposition of a dielectric surface of SiO2 to an atomic alkali vapor, and the
adsorption of the latter on the surface, causes the growth of randomly distributed
atomic layers [126].

The larger number of available sites of PGs, then, results in a larger number
of adsorbed atoms which can be exposed to light. The yield of photodesorption in
PGs has been proved to be higher even with respect on organic compound, such
as polydimethylsiloxane (PDMS, [ – SiO(CH3)2 – ]n) [109], paraffin [122, 127] and oc-
tadecyltrichlorosilane (OTS, CH3(CH)17Cl3) [29, 128] which have a lower adsorption
energy (Ea ∼ 0.1eV) and hence the desorption is favoured.

The presence of the pores, and hence the spatial confinement, gives rise to the
spontaneous self-assembly of alkali aggregates, in other words, nanoparticles. This
mechanism has been proved to occur more efficiently in presence of LIAD [26, 111].
This phenomenon, even if it is a peculiar characteristic of the PGs, take place also in
other kinds of substrates, such as Vycor [129] and porous alumina [11]. The details
of this process will be discussed in the following sections.

On the other side, there are no evidence of formation of such nanoparticles in
substrate in which a strong confinement of the desorbed atoms is not guaranteed.

By illuminating the surface with near-infrared (near-IR) light, it is possible to
make alkali atoms desorb from the nanoclusters. This is a consequence of the so-
called Surface Plasmon Induced Desorption (SPID) [26]. Even if the results obtained
by the illumination of the surface show similar features, as, for example, the increase
of the atomic vapor density and the increase of atomic motion, the basic principles
are completely different and different dynamics are observed. This topic will be
treated more in detail in sec. 3.5.

In recent years, the interest in porous materials has increased in the branches
of Atomic and Solid State physics. The first spectroscopic study of Rb atoms in a
random porous material was performed by Villalba et al. in [130]. Porous materials
strongly scatter the light, resulting in a randomization of the photon trajectories,
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called "integrating-sphere effect ". The atoms confinement in the cavities influences
the light emission and adsorption of the Rb atoms: an increase in the atomic vapor
density corresponds to an increase in the probability of a non-radiative decay of the
atoms due to collisions with the surface walls of the pores. Also the emitted photons
have a significant probability of being re-absorbed by other atoms. Both these effects
cause an increasing in the decay time of the fluorescence.

2.4.3 LIAD from porous silica

The LIAD effect has been observed in different porous material, such as Rb and
Cs from porous glass [72, 112, 129], Vycor glass [131] and from porous alumina with
Rb atoms [132]. In 2010 Villalba et al. [11] developed a 1-D model for the LIAD
effect after experimental evidence of the light induced desorption of Rb atoms from
nanoporous alumina; details of this models will be given in sec. 2.4.4.1.

The main difference between the LIAD from a smooth surface with respect to
porous silica is the larger vapor density yield obtained in similar condition. As al-
ready said, the porous silica is characterized by a larger total surface and this allows
for a much larger amount of adsorbed atoms per volume. So, even if the adsorb-
ing energy is higher (Ea ∼ 1eV, [125]), the greatly larger number of adsorbed atoms
compensates the higher energy needed and the photoejection of a greater quantity
of atoms is achieved.

Similarly to the case of an organic polymer, the relative increase of the alkali va-
por density demonstrates a square root dependence on the desorbing light intensity
[112], with a monotone increase of efficiency with the photon energy [26, 30]. On the
contrary, the dependence on the frequency in PGs differs from the square relation
observed in the organic coatings, as can be seen in fig. 2.18.

Another big difference with the LIAD in organic coatings is the structure of sub-
strate itself: PGs are in fact characterized by a complex random oriented structure of
pores and cavity. This implies that the desorbed atoms on a PG sample, are confined
in nanometric volumes, helping the formation of metallic aggregates in presence of
surface defects. A proof of such a behaviour is the appearance of a Gaussian-shaped
band in the Near-IR region for Rb, where the density variation shows a resonant
behaviour [26, 30]. In fig. 2.18 the plot of the relative density variation of Rb vapor
versus desorbing photon energy is reported: a broad peak which overlaps the expo-
nential background, is clearly visible between 1.3eV and 1.8eV [111]. This topic will
be further discussed in Chap. 3.
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Figure 2.18: LIAD from PG: relative density variation of Rb vapor versus desorbing
photon energy [111].

2.4.4 LIAD in vacuum

The study of the LIAD in a Ultra High Vacuum (UHV) condition is becoming
more interesting because of the free environment condition present in such a context:
better understanding and possibly better control of the growing process.

LIAD, as already stated, can be efficiently used as a tool to achieve an higher
density of a certain atomic species, when needed. One limitation of LIAD is that
the desorption is promoted for any species present in adsorbed state on the surface,
without a real selection. If an experiment is performed in a chamber with Ultra
High Vacuum (UHV) condition, the presence of unwanted species can be a severe
limitation. However, the injection of a specific element in the chamber at a certain
time often requires some heating procedure, high temperatures for low pressure va-
pors, i.e. contamination with high mean velocity atoms/molecules: the advantage
of LIAD is to deliver in vapor phase species at room temperature, at high density, in
very short time intervals. In fact, as discussed in par. 2.4, LIAD is widely used for the
loading of Magneto-Optical Traps [105, 116] and to improve the loading efficiency
for Bose-Einstein condensation [118, 119].

It is possible to use other method to load and modulate the partial pressure of
the atomic gas for a MOT, such as pulsing alkali-metal dispenser [133, 134]. How-
ever, LIAD effect was proven very effective for ultra-cold atoms trapping [135]. In
ref.[135], a simple LED light was used to activate LIAD and hence modulate the par-
tial vapor pressure. A model based on rate equations can be applied to describe the
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exchange of the population among surface and the volume. In the following, we will
briefly report on this modeling.

In absence of LED light, the rate equation for the adsorbed atoms is:

dNs

dt
=−kdNs + kaNv (2.21)

where Ns is the number stuck on the surface, Nv is the total number of atoms in
the volume of the cell, kd and ks are, respectively, the desorption and adsorption
rates; the latter is proportional to the surface cell area, while the former is inversely
proportional to the sticking time τs (the average collision time of an atom taking into
account the adsorption energy on the surface):

τs =
1
kd

= τ0eEa/kbT (2.22)

where T is the surface temperature, Ea the adsorption energy and τ ' 10−12s the
oscillation time of the bond [136].

By switching on the desorption light, a new dynamical equilibrium is attained
for Nv. It has been found that a steady state solution for the new equilibrium condi-
tion can be written in terms of the loading rate R (which, in turn, depends on Nv) as
[135]:

R(I) ∝
1+ k

kd
I

1+ k
kd

I + ka
kd

(2.23)

where I id the LED current and k is a constant proportional to LIAD cross-section.
Eq. 2.23 has been successfully used to fit the experimental curve in fig. 2.19 The

Figure 2.19: Loading rate measurements as a function of LED current during the
LED pulse (peak) and before the pulse (off-peak). The solid line is the fit of eq. 2.23
to the experimental data [135].
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off-peak constant value in fig. 2.19 confirms that the variation in the loading rate is
due to the LIAD.

LIAD dynamics, with alkali atoms, has been investigated on nanoporous alu-
mina samples in a vacuum chamber with a pressure of the order of ∼ 10−8mbar [20].
Two different powerful light sources, the first in the violet (445 nm) and the second
in the green (532 nm) range of the visible spectrum, were used to study the LIAD
effect, over different thicknesses of porous alumina (100 nm and 300 nm). However,
this argument will be further described in chap. 5, since it is part of this thesis work.

2.4.4.1 LIAD from porous alumina

In 2010 Villalba et al. [11] provided a 1-D model based on their study on atomic
desorption of Rb atoms by nanoporous alumina. According to the hypotheses of this
work, derived by other groups experimental evidences, the atoms are released from
the internal pore surface with thermal velocities and are randomly emitted with a
Lambertian probability distribution [137].

In fig. 2.20 the scheme of the one-dimensional model used in the following
equation is shown. The pore is considered a cylindrical tunnel, closed on one side
and with a total length L, which is much larger than its diameter. To the other side,
the pore is connected, at a distance L0, to a reservoir accounting both for the Rb stem
and the vacuum pumping.

For pores with a diameters of hundreds of nanometers, the atom will be re-
adsorbed by the surface after few nanoseconds of free flight. Since the diameter of
pores is much smaller than the mean free path (MFP), d� L, it is possible to consider
that the released atoms run a one-dimensional random walk along the pore axis,
characterized by the diffusion constant D [11]:

D =
〈l2〉
2τ

=
d2

3τ
(2.24)

where 〈l2〉 is the mean square displacement per step in the random walk and τ is the
mean time interval between two steps: it is essentially determined by the sticking
time, τ ' τs.

Light induces a reduction of the sticking time τs, which in turn causes the atomic
desorption. Taking, for simplicity, a linear dependence of τs:

τs = τs0(1−κ(λ )I) (2.25)

where τs0 is the sticking time in the dark, I is the light intensity and κ is a coefficient
that depends on the wavelength.

Different values of κ have been obtained experimentally for different wave-
length of the illumination light: for example, the maximum value of the coefficient
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has been obtained with wavelength in the red part of the light spectrum and it has a
value of κred = 7.8± 0.7× 10−3(mW/cm2)−1. The value of coefficient, however, does
not vary monotonically with the wavelength of the desorbing light [11].

Then substituting 2.25 in 2.24:

D =
D0

(1−κ(λ )I)
(2.26)

with D0 = d2/3τs0 tha atomic diffusion constant in the dark.
The linear density of atoms µ(y, t), at room temperature, inside the pore can be

described by the diffusion equation:

∂ µ

∂ t
= D

∂ 2µ

∂y2 (2.27)

where y is the position along the pore length. Note however, that the linear den-
sity µ(y, t), depends also on the intensity of the light, since the diffusion constant D

depends on τs and hence on I.
It is worth noting the variation due to the LIAD effect on atomic density inside

the cell. The total number of atoms is N = Ng +Nw, where Ng are the atoms in gas
phase and Nw are the atoms stuck to the cell walls.

Figure 2.20: Scheme of the 1-D model used for the system. y = 0 is placed at the
pore-vapor interface[11].

For a given temperature and illumination condition, the fraction of atoms in the
gas phase with respect to the total number of atoms is taken to be a constant [136]:

Ng

N
=

L0

L0 +∆
(2.28)

where ∆ is an effective cell length corresponding to the adsorbed atoms. Since the
sticking time τs depends, in principle, linearly by the intensity of light, it is possible
to define in a similar way ∆ as ∆ = ∆0(1−ζ I), where ζ is a coefficient that depends
on wavelength.

The following equation describes the the evolution of the atom number N in the
cell:

dN
dt

=
dNg

dt

{
1+

∆

L0

}
= J− γ(Ng−Ng0) (2.29)
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the rate γ is a coefficient describing the return to the equilibrium state Ng0, which is
determined by the Rb reserve. If the Rb dispenser is switched off, the vacuum pump
provides to bring the pressure, and hence the atomic density in the chamber, in a
few seconds.

J is the net atomic flux at the pore-vapor interface and it can be separated into
two contributions, J = J++ J−, describing respectively the incoming and outgoing
flux of atoms in the pores. J− can be defined as:

J− =−
(

v
2L0

)
Ng (2.30)

where v≡ 〈|vy|〉 is the mean velocity of the atoms along the pore direction y.
Given the simple geometry of the system, J+ can be evaluated by considering

that an atoms, starting from the pore end, and with a mean step length l, have a
probability of 0.5 to leave the pore in a time interval τ , and so:

J+ = [µ(0)l]
1

2τ
' µ(0)

D
l

(2.31)

with the approximation of l ' 〈l2〉 1
2 .

Now it is possible to write down the equations describing the time evolution
of the atomic densities µ and n≡ Ng/L0 inside the pore and in gas phase, which are
respectively:

∂ µ

∂ t
= D

∂ 2µ

∂y2 (2.32)

dn
dt

=
D

lLc(1−σ I)
µ(0)−

(
ỹ− v

2Lc

)
(1−σ I)

n+
ṽ

(1−σ I)
n0 (2.33)

where n0 represents the equilibrium value of the atomic density in the vapor cell and
the parameters σ ≡ ζ(

1+ L0
∆0

) , Lc ≡ (L0 +∆0) and γ̃ ≡ γL0
Lc

have been introduced.

The steady-states densities without illumination inside the pores µ0 and in the
vapor cells n0 are related by the relation:

J =
D0

l
µ0−

v
2

n0 = 0 (2.34)

and the boundary condition at y = 0 and y =−L are respectively:

−D
∂ µ

∂y

∣∣∣∣∣
y=0

=
D
l

µ(0)− v
2

n, (2.35)

−D
∂ µ

∂y

∣∣∣∣∣
y=−L

= 0. (2.36)
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When the Rb dispenser is switched off, eq. 2.33 can be written as:

dn
dt

=
D

lLc(1−σ I)
µ(0)− γ1n− γ2n, (2.37)

where γ1 and γ2 represent respectively the loss of the atomic density due the atoms
adsorbed on the wall of the chamber and the atoms removed by the pumping sys-
tem.

As said earlier, the coefficient κ and then the variation of the atomic densities in-
side the pores, presents a nonmonotonic dependance with the desorbing light wave-
length. This suggests that the atomic desorption depends, in part, by the atoms
released from the rubidium clusters, hence, the surface plasmonic resonances may
play a key role to the light absorption spectrum [11].

It must be noted that this model is not complete. The main problem is probably
the simple geometrical modeling of the pores using a cylindrical shape, furthermore
with the approximation l� d. In this way it is not taken into account the random ori-
entation of the porous structure, assuming instead a regularity that does not belong
to such structures.

For what concerns the theoretical part, eq. 2.25 and 2.26 can be negative for
value sufficient large of the light intensity [138]. However this model has been
proven in agreement with the experimental results [11].

2.5 Microscopic interpretation of LIAD

It is difficult to have a general and satisfactory theory of the LIAD effect, mainly
for two reasons. The first is the high number of parameters involved in LIAD pro-
cess, such as the substrate, the involved atomic species and their interactions, caus-
ing apparently inconsistent phenomenology and dynamics. The other is the tech-
nical difficulties in obtaining direct, and at the same time, non-destructive imaging
and information of the system as well as to separate the bulk effects by the surface
ones.

There are, however, some theories able to replicate groups of experimental re-
sults, that will be briefly summarized in the following sections.
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2.5.1 Light-induced charge transfer

Some LIAD models of the photoejection effect are based on the charge transfer
induced by the desorbing light. The first explanation of this model was provided
in [31, 139], together with the first experimental data. The authors have introduced
the concept of "photoatomic effect" because of the similarities with the photoelectric
effect.

In the paper, the adsorption of Na atoms into the PDMS coating is explained in
terms of Van der Waals interactions: the alkali atoms interact with the H atoms of
the coating, which in turn interact with the wall glass through the Si and O atoms,
leaving the methyl group CH3 acting as interface for the vapor phase. This consid-
eration leads to the fact the adsorption and desorption processes are indeed surface
effects, while the bulk does not contribute to the relevant processes.

Specifically, the idea is that the alkali atoms, similarly to the alkali metal solva-
tion reaction [31], either exchange an electron with the coating

Na→ Na++ e− (2.38)

or are able to form a cation/anion couple

2Na→ Na++Na−. (2.39)

The Na+ ion is complexed by the coating which behaves as a solvent. The result is
indeed a chemisorption:

2Na++PDMS→ Na+(PDMS). (2.40)

The hypothesis is that while the cations are stuck at sites of the long organic
chains, the anions can diffuse freely onto the surface to neutralize the complexed
cations. As a consequence of this, macromolecules with the structure Na+(PDMS)Na–

are formed.
At this point, the light-induced ejection is explained by the neutralization of

Na– ions by the interaction with photons:

Na+(PDMS)Na−+hν → Na+(PDMS)+Na+ e−. (2.41)

This model successfully explains the observed frequency threshold as well the des-
orption result in pulsed regime, where green (532nm) and infrared (1064) light allow
the excitation of different energy levels of alkali/PDMS complex [108]. However the
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Figure 2.21: Scheme for the photon stimulated desorption of Na from porous SiO2 at
moon surface: (a) a solar UV photon excites an electron from the substrates, which
is captured by the Na+ and hence converted to neutral Na. Because of the larger
atomic radius the atom can desorb. (b) The interaction potential V as a function of
distance from the surface [140].

models presents some drawbacks, it is strictly dependent on the atomic species in-
volved and on the particular energy level structure of the same.

The charge-transfer approach was also used to explain the presence of alkali
atoms in the moon atmosphere [140]: Na atoms are adsorbed at the interface be-
tween porous SiO2 in the form of Na+ ions (see fig.2.21).

2.5.2 Light-induced local oscillations

The idea behind this second model is based on the vibrational relaxations in-
duced by a photon which may cause the desorption of an atom from the substrate.
In this framework, LIAD can be seen as local oscillations excited by the absorption
of a photon by an alkali atom or a coating electron that may cause the release of
the adsorbed atom. The authors in [103] presented a first proper theory about LIAD



2.5. Microscopic interpretation of LIAD 41

in which they proposed a link between LIAD and physisorption due to a discrep-
ancy between the adsorption energy of Rb onto the PDMS, considering only surface
effect, and the expected value. The physisorption leaves enough mobility also per-
pendicularly to the surface, so also the bulk is involved. LIAD was explained as a
local oscillations induced by the absorption of a photon by a Rb atom or by a coat-
ing molecule. It must said that this model successfully explains the non-resonant
behaviour, excluding as well a direct heating of the interface.

The local mechanism for excitation was further extended in the context of non-
resonant inelastic scattering. This idea comes from the observation of an equal dy-
namics and dependencies for the desorption of Rb and Cs atoms from PDMS, thus
excluding a relation with the energy level structure of the atoms [107]. In terms of
local excitations, the adsorbed atoms can be thought as confined in potential wells
exhibiting just a few bound vibrational states because of the low adsorption energy.
These bound states lose their stationary character if a polymer chain vibration is
excited by a photon and therefore the adsorbed atoms can diffuse freely to nearest-
neighbor sites by phonons. In other words, atoms can freely diffuse on the coating,
provided the presence of coating phonons.

If an external illumination is introduced, the inelastic scattering between the
incident photons and the chain of the coating brings to the formation of phonons.
This may increase the local atomic kinetic energy up to overcome the adsorption
energy, thus causing the desorption of the atoms into the vapor phase.
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Chapter 3

Optics of Nanoparticles

This chapter is dedicated to the description of atomic aggregates, com-
monly known as nanoparticles, and their optical properties. A general
introduction of nanoscale optics is given in sec. 3.1. Sec. 3.2 describe
more in detail the the Localized Surface Plasmon resonances happening in
metal nanoparticles. The Mie-Gans theory for light scattering on nanopar-
ticles is given in sec. 3.4. Finally in sec. 3.5 a description of the Surface
Plasmon-Induced Desorption (SPID) from nanoparticles is provided.

3.1 Optics at nanoscale

Usually, nanoparticles (NP) are defined as an aggregates of single atoms or
molecules, with dimension between 1 and 100 nm. Their importance crosses through
many fields, such as fundemental physics [141–143], nanotechnology [144–147], en-
ergy, environmental [148–150] and health science [151–153].

For what concerns transport and interaction properties with the external envi-
ronment, NPs behave as a single object with different features with respect to a bulk
sample of the same material. The different behaviour between the NP and the bulk
object and single atoms is due to the nanometric confinement, the geometry and the
interaction between the atomic electrons composing the cluster. In this picture, NPs
can be seen as an intermediate state between the single element, like an atom or a
molecule, where the system behaviour is described by the law of the quantum me-
chanics, and the bulk material, having macroscopical dimension and hence can be
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studied with a semiclassical approach.
More specifically, at nanometric length scales, the electrons interactions are ruled

by spatial confinement and cooperative effect. In this sensee it is possible to divide
the size effects of nanoparticles into two main classes [154]:

• intrinsic size effects: the dimension and the shape of the cluster affect its en-
ergetic, electronic and structural properties;

• extrinsic size effects: the dimension and the shape of the cluster affect the
response to external perturbation.

The first class of effects are directly linked to the spatial confinement of the elec-
trons motions and are relevant in systems such as nanowires or nanodots, where the
shape factor dominates. However, since the optical response of a metal nanoparticle
embedded in a dielectric substrate can be considered as an extrinsic effect, the intrin-
sic properties will not be treated in this section. On the other side, in metallic NPs,
the electronic interactions with the external environment are governed by coopera-
tive phenomena. Considering the high number of electrons involved in the system
response, it is possible to study the latter case with a semiclassical approach [155].

Taking into account another property of NPs, i.e. the large number of surface
atoms in the NPs with respect to the number of internal atoms, the surface processes
are enhanced as well the interaction with the surrounding medium. This charac-
teristic is one of the reasons of the growing of nano-optics research. It is possible,
for example, to design and build up practical systems with an interaction between
photons and matter localized below 102 nm.

From our point of view, the optical response of a NP is mainly due by extrin-
sic factors such as its geometry and the interactions with environment and with
neighbor nanostructures [156]. However, it is difficult to develop a general theory
if one takes into account all the possible configuration, like shape, size, surrounding
medium [154]. In the case of large (more than tens of atoms) clusters, it is usually
possible to introduce an electrodynamical approach.

In general, when a photon hits a metal nanoparticle, it induces electronic and vi-
brational excitation which can lead to the breaking or the evaporation of the same[154].
These effects will be studied more deeply in the following section.

3.2 Localized Surface Plasmon

A metal nanoparticle can be viewed as an aggregate of atoms kept together by
the balance of Van der Waals force and surface tension. The NPs are surrounded
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by a cloud of delocalized electrons, namely the conduction electrons of the metal
structure that form a free electron gas at the surface [157]. This means that NPs can
be approximated by a Drude metal.

In general, in presence of an external electromagnetic perturbation, the electrons
at the surface react as a collective object. Light absorption by a metal nanoparticle
is well explained by considering coherent oscillation of the interface electron gas in-
duced by an electromagnetic field. The coupling of a E.M. wave with a charge oscil-
lation, called Plasmon waves, generates the quasi-particle Plasmon Polariton, whose
properties strongly depend on the geometry of the metal/dielectric interface. For
example, in the case of a planar interface, the excitation can move parallel to the in-
terface and it is called Surface Plasmon Polariton (SPP), while in metal NPs, because
of the space confinment of the electron gas, the plasmon polariton cannot propagate.
On the contrary, the conduction electrons oscillate coherently: this latter case is de-
fined as Localized Surface Plasmon (LSP).

As a consequence of the localized nature of the LSP, this quasi particle has a
zero wavevector (KLSP ≡ 0) and therefore there is no phase shifting with respect to
the incoming photon [158].

More in detail, let’s consider the interaction between a photon with wavelength
λ and a the metal NP that can be approximate as a sphere of diameter 2a. If the
relation

2a� λ (3.1)

is verified, it is possible to neglect the spatial dispersion of the photon over the vol-
ume of the sphere and the so-called quasi-static approximation is valid. For visible
light, the quasi-static approximation holds for 2a . 20nm [154]. In the context of the

Figure 3.1: Schematic of plasmon oscillation for a sphere, showing thedisplacement
of the conduction electron charge cloud relative to the nuclei. [155].

Drude model, which is at the basis of this analysis, the mean free path (MFP) of the
electrons is a key parameter to take into account. In the case of small nanoparticles,
MFP is smaller than both the particle size and the skin depth of the E.M. field; there-
fore, the field can be considered uniform inside the volume and the NP electrons can
react coherently to the external field.
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The external electric field causes a collective displacement of the electron over
the NP surface, producing then a net polarization. The Coulomb interaction between
the displaced electron cloud and the fixed positive charge of the nuclei produces a
restoring force able to force coherent oscillations of the conduction electrons. These
oscillations produce the LSP in the reference frame of the nuclei, as shown in 3.1.

3.2.1 Electrostatic approximation

Let’s take into account the following assumptions:

1. the NP is a homogeneous, isotropic conductive sphere, with radius a and
relative dielectric function ε(ω).

2. the dielectric environment completely surrounds the NP and it is homo-
geneous, isotropic and non-absorbing, with a constant relative dielectric
function εm.

3. the incoming electric field can be considered spatially uniform over the NP
volume and constant in time:

E(r, t) = E0. (3.2)

With these approximations the problem can be solved by using the Laplace
equation formalism [155], for example, as presented in [159, Chapter 5]. The ge-
ometry of the problem is described in fig. 3.2. Considering the incoming electric
field parallel to the ẑ axis (E = E0ẑ) and indicating the electric potential with φ , the
electric field in the surroundings of the metal NP, Eloc is [160]:

Eloc =−∇φ (3.3)

and the electrostatic Laplace equation is:

∇
2
φ = 0 (3.4)

with the following boundary conditions:

• continuity of the tangential component of the electric field (E`) at the sphere/di-
electric interface:

− 1
a

∂φ

∂θ

∣∣∣∣
r=a−

=−1
a

∂φ

∂θ

∣∣∣∣
r=a+

(3.5)
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Figure 3.2: Scheme of the interaction on an external static electric field E0 with a
metal sphere.

• continuity of the radial component of the electric displacement vector D = εE
(Dr):

− ε(ω)
∂φ

∂θ

∣∣∣∣
r=a−

=−εm
∂φ

∂θ

∣∣∣∣
r=a+

(3.6)

• the potential φ has a far-field behavior related to the E.M. field only:

φ(r→ ∞) =−E0z =−E0r cosθ (3.7)

With these boundary conditions, the general solutions for the angular and the radial
coordinates 3.4 are respectively the spherical harmonics (Pl(cosθ)) and functions of
the form rl and rl+1, where l is the azimuthal quantum number determining the
atomic angular momentum. Hence:

φ(r,θ) =

∑
∞
l=0 AlrlPl(cosθ) for r ≤ a

∑
∞
l=0[Blrl +Clr−(l+1)]Pl(cosθ) for r > a

(3.8)

From the conditions 3.5 and 3.6, we get:

Al =Cl = 0 for l 6= 1 (3.9)

and from 3.7

Bl =

−E0 for l = 1

0 for l 6= 1
(3.10)
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Hence the solutions of the Laplace equation 3.4 are:

φ(r,θ) =

− 3εm
ε+2εm

E0r cos(θ) for r ≤ a

E0r cos(θ)( ε−εm
ε+2εm

−1) for r > a
(3.11)

In terms of the dipole moment p:

p = 4πε0εma3 ε− εm

ε +2εm
E0 (3.12)

so the potential φ in the external region becomes:

φ(r,θ) =−E0r cos(θ)+
p · r

4πε0εmr3 for r > a (3.13)

As a consequence, the electric field outside the sphere results enhanced: it is
given, indeed, by the superposition of the external field E0 and the local dipole field
proportional to E0 and centered in the NP:

E(r > a) = E0 +
3n̂(n̂ ·p)−p

4πε0εmr3 (3.14)

Introducing the polarizability α as p = ε0εmαE0, from eq. 3.12 it is possible to
write:

α = 4πa3 ε− εm

ε +2εm
(3.15)

which descibes the polarizability of a sphere with diameter a < λ . According to eq.
3.15, α has a maximum for |ε + 2εm| → 0. As shown in fig. 3.3, polarizability has
a resonant behaviour when the following identity, named the Frölich condition, is
verified [159, Chapter 5]:

Re(ε) =−2εm (3.16)

Relation 3.16 explains the resonant onset of the LSP at the metal nanoparticle in-
terface after the interaction with an external electromagnetic field, in the quasi-static
approximation. In fact, considering a sphere in the Drude model [159, Chapter 5],
the complex dielectric function is:

ε(ω) = 1−
ω2

p

ω2 + iγω
(3.17)

where γ = 1/τ is the damping constant and ω2
p the bulk plasma frequency:

ω
2
p =

nee2

m∗ε0
(3.18)

Here, ne is the average electron density and m∗ the effective mass of the conduction
electrons.
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Figure 3.3: Absolute value of the polarizability α of a metal nanoparticle with re-
spect to the energy of the driving electric field [159, Chapter 5].

One point to highlight in the resonance condition 3.16 is the explicit dependence
on the dielectric constant εm of the surrounding medium, in such a way that the
frequency position of the LSP is directly related to the embedding medium.

Another important aspect is the strong dependence of the LSP on the size a and
on the shape of the nanoparticle.

3.2.2 Quasi-static approximation

In order to properly describe the process of light absorption of a metal NP, an
oscillating external electric field must be taken into account. Then, replacing the
constant field in eq. 3.2, we get:

E(r, t) = E0e−iωt for 2a� λ (3.19)

where ω = 2πν = 2πc/λ . The metal sphere can be seen as an oscillating dipole in
phase with an external electric field [159, Chapter 5]:

p(t) = ε0εmαE0e−iωt (3.20)

The absorption of a resonant photon brings to the emission of radiation of an
induced dipole moment centered into the metal NP, that can be seen as a scattering
process of the incoming wave by the NP.



50 Chapter 3. Optics of Nanoparticles

By taking into account the expression of the Poynting vector, the scattering cross
section, σsca, and the absorption cross section, σabs, can be computed [159, Chapter 5]:

σsca =
k4

6π
|α|2 = 8π

3
k4a6

∣∣∣∣ ε− εm

ε +2εm

∣∣∣∣2 (3.21)

σabs = k Im(α) = 4πka3 Im
[

ε− εm

ε +2εm

]
(3.22)

where k is the wave vector modulus.
It is also possible to compute the total extinction cross section of the NP, which

is directly related to the absorbance spectra of the cluster:

σext = σsca +σabs = 9
ω

c
ε

3/2
m V

ε2(ω)

[ε1(ω)+2εm]2 + ε2
2 (ω)

(3.23)

where V is the volume of the particle and ε(ω) = ε1(ω)+ iε2(ω).
This model, even if obtained with several limiting approximations, correctly

predicts the resonant local field enhancement whenever the condition 3.16 is verified
and is usually effective in the description of the LSP physics for NP with a� λ [159,
Chapter 5]. The theory takes into account the embedding medium properties as well
as the dipole-like behaviour of the NP. However, this model fails in predicting the
response of non-spherical NPs with a non-uniform distribution.

3.3 Mie theory

An exact electrodynamical theory of optical scattering and absorption by a metal
sphere was developed by G. Mie in 1908 [161], implementing multipolar contribu-
tions and sum rules over size and geometry distributions. The following treatment
will follow the approach presented in [154, Chapter 2].

The issue of light scattering by a metal sphere can be divided into two parts:

• electromagnetic field problem, solved exactly from first principles

• matter description, that can be given by introducing a phenomenological
dielectric function ε(ω,α)

For what concerns the electromagnetic problem, Mie introduced sets of electric and
magnetic scalar potentials, Πe,m, for the incident plane wave, that in spherical coor-
dinates take the form:

Π = R(r)Θ(θ)Φ(φ) (3.24)
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representing the wave propagating inside the sphere as well as the scattered wave
outside its volume. Using eq. 3.24 to solve the wave equation in the limit ka� 1
(small particles), it leads to the extinction cross-section by making use of a series of
partial wave expansion of the fields:

σext =
2π

k2

∞

∑
L=1

(2L+1)Re(aL +bL) (3.25)

σsca =
2π

k2

∞

∑
L=1

(2L+1)(|aL|2 + |bL|2) (3.26)

σabs = σext −σsca (3.27)

where

aL =
mψL(mx)ψ

′
L(x)−ψ

′
L(mx)ψL(x)

mψL(mx)η ′L(x)−ψ
′
L(mx)ηL(x)

(3.28)

bL =
ψL(mx)ψ

′
L(x)−mψ

′
L(mx)ψL(x)

ψL(mx)η ′L(x)−mψ
′
L(mx)ηL(x)

(3.29)

with m = ñ/nm ratio between the complex refractive index of the particle and the real
refractive index of the surrounding medium; x = |k|a the size parameter; ψL and ηL

the Riccati-Bessel cylindrical functions and L the partial wave order, labelling the
multipole order.

For a given L, the electric contributions are related to the SPP modes, the mag-
netic contributions to the eddy currents formed at the surface. In order to obtain
the dipole order which correctly approximates the results described in the previous
section, the sum must be truncated to L = 1 and the magnetic contribution must be
neglected [162]. For example, the field lines of force for different electric multipole
orders in the far field, are shown in fig. 3.4. As a general rule, for spectra calculations,

Figure 3.4: Electric field lines in the far field associated to the partial waves in the
case, from left to right, of L = 1 (dipole), L = 2 (quadrupole), L = 3 (octupole) modes,
for Mie theory [161].

the cross-sections in eq. 3.25, 3.26 and 3.27, must be weighted with the total oscillator
strength of all the electrons involved in the localized plasmon resonance. This can be
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obtained by integrating the spectrum of the Mie extinction constant γext = σextncluster,
with ncluster the cluster density [163]:

Qe f f = 2c
(1+2εm)

2

9π2ε
3/2
m ω2

p

∫
∞

0
γext(ω)dω. (3.30)

For Drude metals, like alkali atoms, it results Qe f f = 1 around the plasma res-
onance, that means that all the available conduction electrons participates in the
formation of the LSP resonance. This entails a remarkable difference between the
case of a bulk structured metal and a nanoparticle: in the first case, the oscillator
strength is spread continuously in the region ω < ωp, while for NP this region is
confined in a relatively narrow band of frequencies around the surface plasmon res-
onance; that is why metal nanoparticles are transparent outside the resonance band
[154, Chapter 2].

In general, because of the complexity of the problem, the solution of the Mie
problem is computed numerically [154, Chapter 2]. However, in the limit a� λ ,
the terms aL and bL in eq. 3.28 and 3.29, are proportional to (ka)2L+1, then, the sum-
mation can be stopped to the lowest term and the Mie formula for the extinction
corss-section 3.25 reduces to the extinction cross-section computed in the quasi-static
approximation in eq. 3.23.

For a Drude metal nanoparticle, if the electron damping constant γ = 1/τ is neg-
ligible with respect to the electromagnetic wave frequency ω , the real and imaginary
parts of the metal dielectric function can be approximated as:

ε1(ω)≈ 1−
ω2

p

ω2 (3.31)

ε2(ω)≈
ω2

p

ω3
1
τ

(3.32)

which can be used in eq. 3.23 to obtain a Lorentzian-shape resonance for wave-
lengths in the near infrared and visible region:

σext = σ0
1

(ω−ωLSP)2 +(γ/2)2 (3.33)

where the resonance frequency for the LSP ωLSP can be expressed in terms of the
plasma frequency ωP as:

ωLSP =
ωP√

1+(L+1)εm/L

∣∣∣∣∣
L=1

=
ωP√

1+2εm
(3.34)

It must be noted the dependency of eq. 3.34 on the surrounding medium via
the dielectric constant εm: by increasing the dielectric constant εm, the LSP resonance
will be progressively red-shifted. For what concerns, for example, the influence of
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a substrate, it is possible to use an effective dielectric constant, which is an average
of the dielectric constants of all the component of the surrounding medium [154,
Chapter 2]. This is the case of porous glasses, in which the dielectric function is
taken as an average over the vacuum in the pores and the bulk material.

3.4 Gans theory

If a non-spherical NP is taken into account, the solution of the exact electro-
dynamical problem becomes more challenging from a mathematical point of view.
The cross-section in closed-form expression is available only for special cases, like
in the quasi-static approximation. A theory that treats nanoparticles as randomly
oriented spheroids was originally presented by R. Gans for Au and Ag [164, 165] as
an extension of the Mie theory.

Geometrically, a spheroid is a rotational ellipsoid, i.e. it is obtained by rotating
an ellipse about one of the principal axes. Indicating with a, b and c the three or-
thogonal main axes lengths and taking a as the axis of revolution, it is possible to
separate the following cases:

• Prolates: the rotational axis is longer than the other ones:

a > b = c (3.35)

obtaining a cigar-like shape spheroid, and minimizing the contact surface be-
tween the NP and the substrate.

• Oblates: the rotational axis is shorter than the other ones:

a < b = c (3.36)

obtaining, in this case, a flattened shape, like rotating planets, that maximize
the contact surface on the substrate.

Spheroids are generally characterized by their axis ratio AR:

AR≡ b
a

(3.37)

hence AR < 1 indicates a prolate shape while AR > 1 an oblate one and, obviously,
AR = 1 corrsponds to a sphere. In fig. 3.5, an example of oblate spheroid (left) and
prolate spheroid (right) is reported.



54 Chapter 3. Optics of Nanoparticles

Figure 3.5: left: oblate spheroid, right: prolate spheroid

The asymmetry of the axes is taken into account by the geometrical depolarizing
factor, L j, where j = a,b,c. Because of the sum rule ∑ j L j = 1, only two depolarizing
factors are independent.

The electric polarizability, derived in eq. 3.15 for the spherical case, in the quasi-
static approximation for a field parallel to the j-axis is [164]:

α j(ω) = ε0
ε(ω)− εm

εm +(ε(ω)+ εm)L j
V (3.38)

where V, the particle volume, is given by 4πabc/3.
The resonant behaviour of α is still evident, but because of the geometry de-

polarizing factor, there are three different resonances for the ellipsoid depending on
the relative orientation of the particle axis with respect to the direction of the elec-
tric field of the electromagnetic wave. Hence, the degeneracy present in the case of
a spherical particle is broken. In fact, for any spheroid with a 6= b 6= c, up to three
resonances will be present, depending on the relative orientation of the particle with
respect to the incoming electromagnetic wave.

A consequence of the orientation dependence in eq. 3.38 is that, in principle, it
should be possible to excite different resonances by changing the light polarization.
For a randomly oriented distribution of ellipsoids with respect to the electric field
orientation, it is possible to average eq. 3.38 over all directions. This will give a
general expression for the polarizability, without explicit dependence on the j index
[164, 165]. As a proof of this, in fig. 3.6 the absorption spectrum for ellipsoid NPs
randomly oriented, according to the Gans model is reported. The three resonance
peaks present in the spectrum, of about equal amplitude, are due to the plasmonic
oscillations along each of the three axes. These peaks can be actually described by
a Lorentzian curve by using eq. 3.33. The central peak (dotted line) has been calcu-
lated using the Mie theory for Al spheres.

In fig. 3.6, it has been taken into account a sample of randomly oriented generic
ellipsoids with an axes ratio of a : b : c≈ 1 : 2.3 : 23. The well-separated peaks are due
to the depolarizing factors (La = 0.69, Lb = 0.3 and Lc = 0.01).
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Figure 3.6: Example of absorption cross-section calculated for Al spheres (dotted
line, Mie theory) and randomly oriented Al ellipsoid using the quasi-static approxi-
mation (Gans model). It is also shown, for comparison, the spectrum obtained with
a continuous distribution of ellipsoids (CDE) shapes[154, 166].

If a continuous size distribution is added to the random orientation, the spec-
trum result in a smoothed, "bump-like" line (CDE curve in fig. 3.6). That means
that when there is a population of randomly oriented NPs with different size and
geometry, it is not possible to distinguish the single contribution to the spectrum, as
a continuous distribution of LSP resonances is obtained. It is worth noting that the
three peaks structure is expected to collapse into a two peaks spectrum if the sample
of NPs is composed of oblates and prolates (a 6= b= c) with different peaks amplitude
due to the 2-fold degeneracy of the mode. The extinction cross-section for random
oriented nanoparticles in the quasi-static approximation, obtained by eq. 3.5, can be
written as [26, 167]:

σ
Gans
ext =V

ω

3c
ε

3/2
m ∑

j=a,b,c

ε2(ω)/L2
j

ε2
2 (ω)+

(
ε1(ω)+ εm

1−L j
L j

)2 (3.39)

From ref. [156], assuming a as the rotation axis, the explicit form of the depolarizing
factors L j, in the case of prolate NP, can be written as:

Prolates: a > b = c⇒

La =
1−e2

2e3

[
ln
(

1+e
1−e

)
−2e

]
Lb = Lc =

1
2(1−La)

(3.40)



56 Chapter 3. Optics of Nanoparticles

where e =
√

1− b2

a2 , while

Oblates: a < b = c⇒

La =
1+e2

2e3

[
e− tan−1(e)

]
Lb = Lc =

1
2(1−La)

(3.41)

where now e =
√

b2

a2 −1.
By using these relationships and eq.3.39, it is possible to evaluate the extinction

cross-section for a set of randomly oriented nanoparticles, like for the case of alkali
atoms in a PG matrix with random network of pores [26].

3.5 Surface Plasmon Induced Desoprtion

Light absorption by a metal cluster also provokes the excitation of several vi-
brational modes [168, 169]. This mechanism is intensified at LSP resonance because
of collective behaviour of the conduction electrons. Generally speaking, these oscil-
lations may result in two different ways:

1. when the coupling between the phonons and the surrounding material takes
place with a time scale that ranges from few picoseconds to some nanoseconds,
the vibrations are damped [170],

2. the oscillations remove from the surface a fraction of the atoms contained in
the nanoporous network.

It seems that the exposure of a porous glass loaded with NPs of alkali atoms to
a high intensity resonant light does not damage the PG structure [30], as well as an
important can be excluded when cluster evaporation takes place. Moreover, in the
present work, it can be assumed that only a localized surface is actually heated, even
considering the heating transport properties of the alumina and porous glass.

The main usage of this process is the possibility to release atoms from NPs by
irradiating the latter with resonant light at a frequency ωLSP [20, 171], obtaining in
this way a light-induced desorption process caused, differently with the LIAD, by
the LSPs at the cluster surface. Because of the strong relation with the excitation
of surface plasmons, this mechanism is called Surface Plasmon-Induced Desorption
(SPID) [26, 172].

Similarly to LIAD (sec. 2.4), this process produces an increase of the atomic
vapor density, but the mechanism behind it is intrinsically different. The main dif-
ference is the resonant nature of SPID and because of LSPs involvement, SPID ex-
hibits a Gaussian shape profile. Moreover, generally it requires relatively high in-
tensity to induce a significant increase in vapor atomic density and it removes only
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atomic structures, such nanoparticles, from NPs matrices, due to its resonant charac-
ter. Therefore, SPID allows, in principle, a selective desorption which is impossible
with LIAD since it acts indiscriminately on all the adsorbed atomic species. SPID

Figure 3.7: SPID effect in a PG loaded with Rb atoms[30] : Rb vapor density (red line)
and sample transmission at 785 nm (black line) after axposure at 5.6mW/cm2 at 488
nm ("BLUE") and 2.2W/cm2 at 808 nm ("NIR"). Inset: sequence of two exposure to
2.2W/cm2 at 808 nm ("NIR")

has been demonstrated in different contexts: for Rb NPs from a film immersed in
liquid He [173], Na, K and Ag NPs supported on a single-crystal surface [174] and
for Rb, K and Cs atoms in porous glasses substrates [26, 111, 113]. It is used in chem-
ical engineering as a catalytic method [175] and it is also exploited for size-selective
laser-ablation process to manipulate size distribution of metal NPs [176] and to build
up spatial periodic structures in GaAs films [177].

SPID effect has also been used to achieve completely reversible transfer of Rb
atoms from layers to nanoparticles and vice versa [30], in this way opening a com-
pletely new way for optical storage, considering the sensitivity of the process to the
illumination sequence. A demonstration of the vapor density variation under the
SPID effect and its influence on the PG transparency, is reported in fig. 3.7 from ref.
[30]. In this work a PG matrix is loaded with Rb atoms and then it is exposed to
three light pulses, two of NIR light (808 nm) at 2.2W/cm2, that is resonant with the
Rb NPs formed in pores network, and one of blue light (488 nm) at 5.6mW/cm2. The
red line represents the Rb vapor atomic density variation, while the black line the
PG transmission at 785 nm. The 808 nm illumination leads to a progressive reduc-
tion of absorbing Rb clusters by the SPID and hence the increase of the PG sample
transmission.



58 Chapter 3. Optics of Nanoparticles

Figure 3.8: Absorbance spectrum of a nanoporous glass sample enclosed in a Rb cell.
Blue curve: spectrum of the sample before the illumination. Green curve: spectrum of
the sample after 10 min of illumination of a 50 mW/cm2 green laser beam at 532 nm
[20].

It must be noted that the SPID may be overlapped with the LIAD effect. In
fact, once the atoms are desorbed from a surface by SPID, a part of them can be
adsorbed again as being part of new cluster structures, and hence desorbed again
by SPID, but also can be adsorbed in atomic layers, unaffected by resonant effects.
In this way, SPID tends to accumulate atoms into layers and, if the LIAD efficiency
is not negligible, these atoms will be removed by non-resonant light desorption,
decreasing the concentration of atoms in layers. In this sense, SPID and LIAD can be
seen as two effects working in opposite direction, even if the net result is an increase
of the atomic vapor density [26].

In fig. 3.8, the absorbance of a porous glass sample with an average pore di-
ameter of 17nm, in a cell filled with Rb vapor with a density at the equilibrium of
1.6 ·109atoms/cm3, is reported . The absorbance spectrum is taken by using an UV-
Vis Spectrophotometer Agilent Cary (see sec. 4.1). The blue line is the response of
the sample before the illumination, while the green line is taken after a 10min long
illumination at 532nm and 50 mW/cm2.

The spectrum evidences two overlapping broad peaks centered at 899nm and
751nm; they are due, respectively, to prolate and oblate ellipsoidal NPs of Rb, which
were already revealed in previously experiments [30]. This case can be interpreted
by applying the Gans theory in the interaction between light and ellipsoidal metal
NPs, which predicts a shift in the atomic line as a consequence of the surface plas-
monic resonances [20].

This means that, if a light beam resonant with the absorption plasmonic band
of a NP impinges on it, its photons are able to destroy the aggregates by excitation.
This is another example of SPID effect. Further details will be given in par. 5.3.2.
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Chapter 4

Experimental Apparatus

This chapter presents a detailed description of the experimental appara-
tus exploited for this work. The details are provided in order to have a
background in order to fully appreciate the data obtained and their inter-
pretation, as given in the following chapter.
A first introduction on the setup is given in sec. 4.1. In the following
sections, technical features of the instrumentation, as well as a description
of the Data Acquisition (DAQ) system and of the data analysis procedure,
will also be provided, in order to supply a background for the interpreta-
tion of the data.
In sec. 4.1.1 the light sources used to activate the LIAD effect and to study
the porous matrices are described more in details. Sec. 4.2 is dedicated to
the data acquisition system, both the hardware construction and the soft-
ware development.

4.1 Instrumentation

The apparatus where the experiments have been performed consists of a vac-
uum chamber made by a low degassing stainless steel six way cross, closed with
CF63 flanges, plus two CF35 feedthrough flanges for the electrical connection. The
chamber is completed by the connection ports towards the vacuum pumping sys-
tem and the pressure measurement components. The scheme of the setup is shown
in fig. 4.1.
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Figure 4.1: Schematic representation of the experimental apparatus. The dashed
red-line shows the probe laser beams path. The dashed violet line corresponds to
the desorbing laser beam propagation. BS = Beam Splitter.

Along the x̂ and ŷ direction, the chamber ports are closed by optical quartz
windows, allowing, respectively, the transmission of the probe laser beam and the
desorbing laser beam. The sample is placed in the chamber through a home-made
PVC holder, in such a way to select any direction respect to the laser beams. By
means of a steel rod connected to the PVC holder through the flange, it is possible to
translate and rotate the sample along/around the ẑ axis and also to tilt it by 90° along
the x̂ axis, by an electromagnet placed along the rod. This last choice allows for a
correct placement in view of the loading process. Fig. 4.2a, 4.2b show the lodging of
the sample into the chamber, from two orthogonal points of view, the side window
and the top window, respectively.

Through the CF35 flanges, on the xz-plane at about 45° with respect to the sam-
ple, the Rb dispenser produced by the SAES Getters Group and a Photonics R 5901
Magnum channeltron, connected to an high voltage supply, are placed .

The Rb dispenser is placed at 2−3cm from the sample in order to maximize the
loading efficiency. By heating the dispenser with a current flow of the order of a few
Amps, because of the Joule effect, Rb atoms are emitted in vapor phase. Up to 4.5A

the dispenser temperature is dependent on the environmental temperature [178]. In
fig. 4.3, the current/temperature plot, as given by the producer SAES, is reported .

A qualitative measurement of the Rb emitted by the dispenser and how long
the same lasts in the chamber has been made by using the VitaWave ECDL7830 R
780nm laser source (see par. 4.1.1).

In the apparatus used for this experiment, the Rb emission was detectable from
about 4A for a fresh dispenser. As usual, the current has to be progressively increased
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(a)

(b)

Figure 4.2: (a) View of the alumina sample in the chamber along the x̂ axis. On
the left in the foreground can be see the Rb dispenser while in the background the
golden mesh placed in front of the channeltron window. (b) Top view of the cham-
ber: on the bottom left of the image the glowing red dispenser can be seen, while on
the top left the golden mesh and the channeltron are distinguishable.



62 Chapter 4. Experimental Apparatus

Figure 4.3: Temperature vs current plot for alkali metal dispensers as a function of
the tube temperature [178].

for obtaining the same atomic yield because of the degradation of the dispenser dur-
ing its usage. The experimental data of this work have been taken with current
values in a range of 5−7A, depending on the degradation of the dispenser, in order
to obtain a constant Rb emission during the time needed for the measurement.

The Channeltron Electron Multiplier (CEM) is a continuous dynode electro-
multiplier, as schematized in fig. 4.4. In order to detect positive ions (Rb+), the
input is kept at a negative potential of −2490V and the output is at ground. This
device is used to detect charged particle, both positive or negative according to the
voltage supplied to the electrodes. When a charged particle strikes the input face of
the device typically produces 2-3 secondary electrons. These electrons are acceler-
ated down the channel by a positive bias while hitting the channel walls producing
additional electrons for an output pulse of 107 to 108 electrons[179].

Figure 4.4: Scheme of electron-multiplier[180].

It is therefore necessary to ionize neutral Rb. To do that, in front of the chan-
neltron, a 99.9% pure golden woven mesh kept at high temperature by a current
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Figure 4.5: Scheme and picture of the electron-multiplier mounted on its support .

flowing has been placed. The mesh intercepts the neutrals atoms coming in the
channeltron input window and ionize them. The measured signal is proportional
to the ionized particles arriving on the channeltron. The arrival of an ion on the
channetron will cause an increase in amplitude of the output voltage signal. The
channeltron is power supplied via the second CF35 flange and it is mounted on an
home made support which is used also to keep the golden woven mesh in front of
the channeltron input, as can be seen in fig. 4.5.

In order to get a Ultra High Vacuum (UHV) condition in the chamber, two
pumps put in series have been employed. The first one is a rotary vane pump
used to reach a preliminary pressure of the order of 10−2−10−3mbar. The second
one is a Turbomolecular Pfeiffer TC600 pump, allowing for a limiting pressure of
7 ·10−8 mbar when the Rb dispenser is not active. Switching on the dispenser in-
creases the value of the pressure up to about 7 ·10−7−9 ·10−7 mbar.

Since the LIAD effect causes a release of atoms in the vapor phase, it would be
interesting to know how much time the atomic cloud survives in the chamber. The
desorbed atoms have two ways out:

• re-adsorption on the chamber walls,

• exit by the pumping port,

Both these processes contribute to the lifetime of the atoms in the gas phase: with a
proper measurement strategy this two contributions can be separated and estimated.

By using a flash to induce the LIAD effect from the chamber walls, which are
filled by Rb adatoms after several loading processes by the dispenser, two measure-
ments have been performed by acquiring the transmission signal of the diode laser
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(a) τopen = 26.6±0.2ms (b) τclose = 81.1±0.3ms

Figure 4.6: Fitting of the flash light LIAD signal of Rb. (a) Pumping valve opened
(b) Pumping valve closed.

crossing the chamber by a photodiode. The diode laser is tuned on the maximum of
one of the resonance Doppler broadened hyperfine ground peaks; the photodiode is
screened by the environmental light by an interference filter at 780nm. The first mea-
surement has been obtained with the valve connecting the chamber to the pumps
opened and the other one with the valve closed. The results are reported in fig. 4.6.
The t = 0s corresponds to the maximum of the flash, that lasts about 2ms.

The signals have been fitted with an exponential function in the form A · e−t/τ ,
in order to get the value of the typical lifetimes τ . The results show that without the
pumping system (fig. 4.6b) the decay time is more than three times larger. We can
conclude that ·1/τp gives an estimation of the pump rate, while ·1/τads is an estima-
tion of the adsorption rate. The time τads is a function of the geometrical parameters
of the chamber and of the Rb - stainless steel van der Waals interactions. If one
consider:

1/τopen = 1/τp +1/τads (4.1)

1/τclose = 1/τads (4.2)

the value of τp can be easily obtained by substituting eq. 4.2 in eq. 4.1, obtaining
then a value of τp = 39.6ms.

In order to measure the absorbance (defined in eq. 2.12) of the samples, be-
fore and after the exposition to the Rb vapor, and to verify the eventual presence of
nanoparticles in the porous films, an Agilent Cary 60 UV-Vis Spectrophotometer has
been used .

It makes use of a xenon flash lamp at 80 Hz, with a spectral range of 190nm−
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1100nm and a spectral bandwidth of 1.5nm. A beam splitter generates two beams in
order to use one of them as a reference for the calibration. An internal monochro-
mator decomposes the white beam, and two silicon photo detectors simultaneously
record the sample beam and the reference beam intensities (fig. 4.7a). The light beam
size corresponds to a surface of less then 1.5 mm×1.0 mm at its focal plane.

(a) (b)

Figure 4.7: (a) UV-Vis Spectrophotometer Agilent Cary 60. (b) Photometric range
extends for 3.5 absorbance units mantaining its linearity.

The measured signal depends both on the transmittance of the sample and on
luminosity of the xenon lamp B. The intensity of the bare light beam (in absence of
any sample), I0, and the reference beam Ire f are both proportional to B:

I0 = k1×B (4.3)

Ire f = k2×B (4.4)

where k1 and k2 are two proportionality factors.
The transmittance will be then T0 = I0/Ire f = β , as calculated by the dedicated

software CARY Win-UV for each wavelength, together with a conversion of the
transmittance into absorbance, abs. This provides the baseline to be subtracted to
the acquired data.

The resulting absorbance of the sample will be then obtained with the following
equations:

Tsample = T0×
Isample

Ire f
(4.5)

abssample =− log10 Tsample (4.6)

In fig. 4.8 it is shown the schematic representation used to illuminate the PG sample
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before the spectra analysis with the UV-Vis Agilent spectrophotometer. The diverg-
ing lens is used to enlarge the laser beam in order to cover a larger surface of porous
glass.

Figure 4.8: Experimental setup:1) light source, 2) mirrors, 3) diverging lens, 4) cell
containing the PG sample, 5) spectrophotometer.

In the following sections the other components of the apparatus and their usage
will be described more in details.

4.1.1 Light Sources

During the experimental work different lasers have been used, each of them
with a different purpose. Since the light sources are an integral part of the experi-
ment, this section is dedicated to describe the characteristics of the sources used.

The laser used as a probe beam is an external cavity diode laser system VitaWave
ECDL7830 R which has a declared output power of 15 mW at 66 mA operating cur-
rent. The beam shape is elliptical with a waist of 5×1.5 mm2. The frequency of the
beam can be modulated by scanning either the voltage of a piezo-element, which
changes the incident angle formed by the laser beam with the external diffraction
grating (working at the second order) [181] or/and the Laser Diode (LD) current.
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The laser beam has a bandwidth of about 500 kHz. In the usual settings, the intensity
of the laser beam is strongly attenuated in order not to have both optical pumping
and saturation effects on both the vapor and the signal.

This laser has been used both modulated over the Rb spectrum, as reported on
the right side of fig. 4.9, and tuned on the absorption maximum of a single resonance
of the Rb, in particular on one of the two transitions of the D2 line of the isotope 85Rb,
starting from either the level Fg = 3 or Fg = 2. In the first case, the peak has the higher
amplitude, in the second one the peak is more isolated in frequency from the other
resonances.

The hyperfine structure of the excited level is hidden by the Doppler broad-
ening, of the order of 500 MHz; it results impossible to discriminate the hyperfine
excited peaks.

A single mode diode free running diode laser SDL-5401-G1 with a wavelength
of 852±10 nm, a declared output of 50 mW and a spectral width of 3 nm was also
used. This wavelength has been employed since it is resonant with the Rb nanos-
tructures but not resonant with the Rb atoms.

Figure 4.9: (Left) Scheme of the D2 and D1 lines of the 85Rb and 87Rb. (Right) Exper-
imental recorded spectrum of the D2 line of a mixture of of Rb isotopes.

As can be seen in fig. 4.1, the probe laser is divided by a beam splitter (BS) 90/10
placed in front of the laser diode. The weaker beam is sent in a reference cell filled
with a natural mixture of 87Rb/85Rb isotopes, whose respective fractions are 72.2%
and 27.8%, in order to easily tune the laser on a resonance frequency.

Depending on the measurement to be performed, the laser beam can be further
split by a second BS 50/50 placed just before the entrance window of the chamber,
as shown in fig. 4.1. Both the beams cross the chamber, passing either through the
alumina sample or beneath the sample. This is done in order to have a background
(or blank) signal and discriminate eventual fake signals that can be due to some
noise source, as , for example, by a drift in the laser wavelength, or a contribution of
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LIAD from the cell walls.
In order to obtain a desorbing effect which is independent on the plasmonic

resonances, and able to induce the nanostructure formation inside the nanoporous
network, a laser source whose wavelength emission lies as far as possible from the
Rb plasmonic resonance IR peaks has been chosen, with an accompanying request
of the highest possible output power.

The laser selected for the desorbing effect and for the building of the nano-
structures is a continuous wave (CW) diode laser CNI laser-III-445, whose output
wavelength is in the blue-violet zone of the visible spectrum, at 445±5 nm, corre-
sponding to a photon energy of about 2.7 eV . The maximum output power is 1W for
an ellipsoidal beam shape of < 2.5×5.2 mm2 at the output coupler.

The controller of the laser does not allow for modifying the current (and the
power), hence both the frequency and the intensity can not be modulated. In order
to have a control on the power delivered on the sample, a round variable neutral-
density filter has been placed in front of the diode laser. The laser is placed on a
dedicated holder above the chamber and the beam crosses the sample along the ẑ
axis.

For the same kind of application, a CW diode pumped Nd:YAG solid state laser
has also been used, operating at the second harmonics, 532nm, with a maximum
output power of 150mW . The diameter of the laser spot at the output is ' 0.9 mm.

For inducing the LIAD effect only, since it is not required a coherent light source,
a flash SUNPAK auto zoom 3600 has been used which has a duration of the peak of
the about 2-3 ms.

For what concerns the study of the porous glass in alkali vapor cells, described
in section 5.3 different light sources have been employed to illuminate the PG:

• Manual Tunable Littman-Lion System Infra-red laser with emission wavelength
in a range of 750-1064 nm. The laser has been tuned on two wavelengths for
the measurements: 986 nm at a 60 mW output power, 950 nm at a 65 mW output
power.

• DLX 110 TOPTICA High-Power Tunable centered at 780 nm, a single mode
external cavity diode laser, with a maximum output power of 1 W .

• High pressure Hg vapor lamp at 340 mW . It emits white continuous light with
a strong near-UV component in the range 300− 450 nm with the maximum
intensity at 380 nm.
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4.2 Acquisition method

Amplified Photo Diodes (PD) are used to acquire the probe laser transmission
signals. Each PD is equipped with an interference filter as a narrow pass band filter,
centered at 780nm and a 20nm bandwidth, in order to remove any stray light.

The output electrical signals from the PDs are split in two branches: one goes
to a LeCroy 9304AM digital oscillope, which features a four channels input and a
bandwidth of 200MHz, for an online screen visualization of the behavior. At the
same time, the other is collected by a data acquisition system on the PC, i.e. is sent
to a NI USB 6210, a compact device with 16 available channels, a single channel
maximum acquisition rate of 250 kHz and a time resolution of 50 ns.

4.2.1 MATLAB Software Acquisition System

The acquired data are then processed with a Matlab dedicated program.
The raw data from the photodiode intrinsically present a white gaussian noise,

mainly due to the impedance of the PDs, so each point can be written in the form:

yi = f (xi)+ εi (4.7)

where f (xi) is a function of the xi and εi is the noise indipendent on the xi.
In order to extract the signal out of the electrical noise present in the acquired

data, two statistically smoothing method have been used: the Standard Moving Aver-
age (SMA) and the Locally Weighted Scatterplot Smoothing (LOWESS).

SMA is a simple, but strong method. It consists in averaging a set of points y(i)

over a certain span, according to the following equation:

ys(i) =
1

2N +1
(y(i−N)+ y(i−N +1)+ . . .+ y(i)+ · · ·+ y(i+N)) (4.8)

where 2N +1 is the span of the SMA.
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By taking, for example, a span 2N + 1 = 5, the first four smoothed points ys(i),
according to eq. 4.8, will be:

ys(1) = y(1)

ys(2) =
y(1)+ y(2)+ y(3)

3

ys(3) =
y(1)+ y(2)+ y(3)+ y(4)+ y(5)

5

ys(4) =
y(2)+ y(3)+ y(4)+ y(5)+ y(6)

5
...

(4.9)

Therefore, the problem reduces to find the appropriate span to be applied.
As an example, in fig. 4.10 the smoothing of a LIAD signal obtained with the

flash is reported; 3 different spans, respectively 0.1%, 1% and 10% of the total points
have been chosen. It must be noted that by increasing the value of the span, the
peak amplitude (in this case, due to the electrical noise introduced by the flash light)
decreases, until it even disappears in fig. 4.10c.

The second method, namely the LOWESS, is often used in statistical applica-
tions and for noisy data [182]; it is a non-parametric regression, well suited when
the signal or the noise taken into account presents a strong non-linear trend. In these
situations the linear regression is not recommended. As already stated, our noise εi,
is independent on the xi and it is, in general, non linear.

The idea behind LOWESS method is that for each xi one tries to estimate f (xi)

by using its k-nearest neighborhoods, x′ = xi−k, xi−k+1,..., xi+k. The k nearest neighbors
are found by using a simple Euclidean distance, obtaining in this way an ordered set
D.

Then the set D of the k distances must be converted into an ordered set W con-
taining weights that will be later used in the linear regression process. The weight
function w(x) is defined by the tri-cubic expression:

w(x) =

(1−|x|3)3 for |x| ≤ 1

0 for |x| ≥ 1
(4.10)

that it is positive only for |x| ≤ 1. The function w(x) must be then normalized to the
maximum value observed in the set D:

w(x) =

(1−| d(x,x′)
maxid(xi,x′)

|3)3 for |x| ≤ 1,xi ∈ D

0 for |x| ≥ 1
(4.11)

where d(x,x′) is the distance between x and its kth neighbour x′.
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(a) 0.1 % of span (b) 1 % of span

(c) 10 % of span

Figure 4.10: Smoothed data using the SMA with 3 different span values.
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The effect of eq. 4.11 is to associate higher weights to shorter distances hence to
a distance d(x,x) will correspond a weight w(x) = 1.

These weights are then used to set up a linear regression model that will calcu-
late, for each x′, the corresponding output y′, using the k nearest neighbors of x′. The
local linear regression models a polynomial of degree g = 1: ŷ = β0 +β1x.

In the case of a linear without weight function the relation to use is:

β = (XᵀX)−1XᵀY (4.12)

where β is a vector of the linear parameters and X is the matrix containing all the
measured x, with dimension n×m where n is the number of measurements and m

the observations of each one:

X =


x(1)1 x(1)2 . . . x(1)n

x(2)1 x(2)2 . . . x(2)n
...

...
. . .

...
x(m)

1 x(m)
2 . . . x(m)

n

 (4.13)

Once obtained the vector β , the new value of the y may be calculated by:

ŷ = β
ᵀX (4.14)

In our case, we wish to introduce the weights w(x); from eq. 4.11, the terms of the
vector β become:

β = (XᵀWX)−1XᵀWY (4.15)

where W is the diagonal matrix of the weights w(xi).
The detailed MATLAB code used for the acquisition and study of the LIAD

dynamics is reported in appendix A.1.
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Chapter 5

Experimental Results

In this chapter the data obtained during my PhD work period will be pre-
sented. The discussion will be around both the techniques used to acquire
the data and how they are processed and interpreted. The chapter will be
divided according to the kind of sample analyzed. In par. 5.1 two types of
PG have been studied: the Vycor 7930 in 5.1.1 and the 200nm pore diam-
eter glass in 5.1.2. In par. 5.2 the results obtained on the alumina samples
are reported, more specifically the 100nm thick sample in 5.2.2 and the
300nm thick sample in 5.2.1. Finally, in sec. 5.3 the results obtained from
a porous glass integrated in a cell filled with alkali vapor, in particular Na
(in par.5.3.1) and Rb (in par. 5.3.2), are presented and discussed.

5.1 Nanoporous Glasses

The first part of this chapter is about the study of PGs samples, in particular
Vycor 7930 and a sample of porous silica. The Vycor glass is generally composed of
96% Sio2 and 4% B2O3. The specific sample used for this work is a Vycor 7930 whose
composition, as anticipated in sec. 2.1.2, is SiO2 (96%), B2O3 (3%), Na2O (0.4%) and
traces of other compounds, such as Zr2O, which are due to the leaching process. Its
size are a diameter of 10.0mm and a thickness of 2.0mm. The average pore size is
declared to be 4nm; the volume porosity is 28%.

The other sample of porous glass consists in a disk of pure porous silica (SiO2)
with an average pore size of 200nm, a diameter of 30.0mm and a thickness of 2.0mm.
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Figure 5.1: Comparison between the Vycor 7930 (left) and the porous silica (right)
samples.

As can be seen in fig. 5.1, the samples, in particular the porous silica sample,
are not transparent to the visible light. The whitish color of the silica depends on the
larger dimension of the pores which allows for a better diffusion of visible light at the
air/glass interface. As a consequence, we have been forced towards measurements
on reflection, instead of transmission. It is worth noting to underline that Vycor has
become yellowish during several years after the purchase: the free volume is pro-
gressively filled by air and, presumably, water vapor. In fact, when conserved in
the most conservative and prudential way, for example either in an envelope or pro-
tected by tinfoil, this process seems to be slowed. This choice has needed a rotation
of the sample by 45° respect to the horizontal plane, as schematized in fig. 5.2, and
the positioning of one of the photodiodes on the window along the y-axis direction,
next to 445nm laser source.

For what concerns the Vycor, even if it is not completely transparent, it was
possible to perform measurement in transmission. In this case, the transmitted laser
beam emerges quite diffused but it was sufficient to focus the scattered beam with a
proper lens.

Anyway, some of the measurements on the Vycor have been performed by si-
multaneous acquisition of the reflected and the transmitted beam.

In the next two sections, the measurements and the results obtained on the two
different samples are separately reported.
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Figure 5.2: Scheme of the apparatus to measure the reflected beam from the PG
samples.

5.1.1 VYCOR 7930

In this section the results obtained with the Vycor 7930 sample are discussed. All
the measurements have been performed after 3 hours of Rb loading, with a current
dispenser in the range 4.5− 5.0A. The increase in the current is due to the natural
degradation of the dispenser during its usage, for which a higher current in order to
obtain the same atomic release is required.

Here, we report on measurements both A) with the ECDL laser scanned at a
frequency of 25Hz for a frequency bandwidth covering the 4 peaks of the Doppler
broadened Rb D2 line (as shown in fig. 4.9) and B) tuned on a single frequency,
in particular on the maximum of the transition starting from the ground hyperfine
level Fg = 3 of the 85Rb.

In the following, the reported data have been calculated as the difference be-
tween the signal values, as acquired from the transmitted or reflected beam, and
the reference beam signal values. This operation has been done in order to remove
eventual laser frequency drifts or other noise contributions.

The first measurement lasts 60s, at a ECDL laser fixed frequency. After about
15s from the start, the 445nm desorbing laser has been switched on; it hits the sample
with a power of about 200mW in order to induce the LIAD effect on the sample, and
it is kept on for all the rest duration of the measurement. The sample is tilted by 45°
respect to the horizontal plane and the ECDL and LIAD laser overlap on the Vycor
in the same area. The raw data and the fit are reported in fig. 5.3 as well as the time
of lightning of the blue laser.

The absorption signal evidences a small increase, manifestation of a slow des-
orption of Rb atoms by the porous sample.

The atoms sitting on the surface should be released on a much shorter time
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Figure 5.3: Probe laser absorption signal and fit on a 60s measurement.

scale, but there is not any clear contribution by them in the signal. The time scale
of the absorption changes indicates the activation of both a detachment from the
pore network surface and a diffusion out of the sample. In other words, the inner
released atoms in the sample induced by light, diffuse in the nanoporous structure
before arriving to the interface and then freely fly into the vacuum chamber. There-
fore the problem can be mathematically treated as a diffusion problem in a medium
constituted by the pore network: atoms perform several cycles of adsorption/des-
orption, moving from one another bonding site. Macroscopically, the light changes
the diffusion properties [183]. Therefore the data have been fitted with the following
function:

f (t) =
a√
t
· e−b/t + c (5.1)

The parameter b is physically related to the time interval needed for emptying
by Rb atoms the volume fraction irradiated by the laser beam. The result of the fit
5.1 is reported in fig. 5.3; it gives a value b = 85.65s. This result may be an underes-
timation, if considering that the curve has not reached its maximum value.

For this reason, a longer measurement have been repeated in order to try to get
a saturation value and/or even a change in the signal derivative. In fig. 5.4a the
fit on a set of data from a measurement lasting 900 s is shown. In this case, a small
sudden bump at the lighting time seems to be present, The desorbing laser has been
switched about 60s after the beginning of the acquisition. It is here evident that
the signal starts flattening around time 600s. This is a proof of good loading of the
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sample, with atoms able to deeply penetrate in the nanoporous structure. By fitting
the data with the function 5.1, a value of b = 529.25s is deduced, much longer than
the one obtained in fig. 5.3.

We have simultaneously taken the signal from the channeltron output for a cross
check of the optical transmission result. The electrical response is shown in fig. 5.4b.
The result was unexpected and needs a completely different explanation. The time
behavior of the signal is not synchronized with the Rb vapor density changes. It
seems that other species have been ejected by the desorbing light, again accompa-
nied by a diffusion process, characterized by a different diffusion constant. The
origin of the signal is probably due to the release of what was inside the sample,
rendering it of yellowish color. This adatoms (or molecules) have filled the pore net-
work, also creating some plug or shrinkage in the nanotubes, whose 4nm average
diameter represents a size comparable with atom aggregates, as seen in other PGs.
The bump appeared after around 120s suggests a sudden massive release and the be-
ginning of deliverance of the "alien" species in the vacuum volume. The desorption
seems to be concluded at the end of the acquisition, after 840s of illumination, when
Rb still is ejected. A confirmation of this interpretation comes from the visual ob-
servation of the sample when extracted by the chamber: its transparency was much
higher in the surface area shined by the desorption laser. After several months in the
box in air, the sample has become back yellowish. .

(a) PD signal plot and fitted curve. (b) Channeltron signal plot.

Figure 5.4: (a) Fit on a 900s measurement. (b) Channeltron signal of the same mea-
surement. The signal shows desorption by other species

We have then tried to compare the total detection efficiency of the optical and
the electronic systems. In order to do that, other measurements have been performed
by sweeping the ECDL current at 25.0Hz in order to scan the laser frequency over the
natural mixture Rb D2 line peaks. The modulation has been introduced by a periodic
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triangular current change.
In fig. 5.5 the signal of the transmitted and reflected probe beam together with

the channeltron output are reported. In this case the desorption source for the acti-
vation of the LIAD effect is the light flash.

(a) Reflected beam plot + channeltron. (b) Transmitted beam plot + channeltron.

Figure 5.5: Plot of the 780 nm beam and channeltron during flash LIAD. (a) Reflected
beam signal. (b) Transmitted beam signal.

Both in the transmitted and in the reflected PD response, the typical resonance
peaks on the uphills and downhills of the modulation clearly appear. In both cases,
the Rb resonances last for almost three frequency sweeps, namely ' 0.12 s, before
being reduced to zero by the loss mechanisms.

For what concerns the channeltron, only a spike (∼ms) associated to the flash
has been recorded, without the equivalent time behavior of Rb. We can conclude
that the total detection efficiency of the electronic setup is smaller than that of the
optical system. The absolute efficiency of an ionization detection is for sure higher,
but the distance of the golden mesh from the sample and the angle of view (the solid
angle under which the channeltron sees the nanostructured surface) is pretty small.

5.1.2 200 nm porous size

In this section the studies performed on the porous glass sample with an av-
erage pores size of 200nm will be reported. As can be seen in fig. 5.1, this sample
is completely opaque to light, so all the measurements have been performed by ac-
quiring the reflected beam by tilting the sample of 45°, as sketched in fig. 5.2.

Nevertheless the reflected beam, because of the porous structure and the surface
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Figure 5.6: Plot of the 780 nm reflected beam (blue line) and channeltron signal (or-
ange line). The vertical line indicates the moment in which the blue laser has been
switched on.

roughness of the sample, results very much diffused and attenuated; a short focal
lens was used before the PD aperture. Anyway, the obtained signal resulted more
noisy and with a worse signal-to-noise ratio. Because of this, all the measurements
reported in the following have been taken without sweeping the laser frequency
since the reflected scanned beam would have been impossible to read. Even in this
case the Rb loading took 3 hours with a dispenser current in between 4.5A and 5.0A.

In fig. 5.6 a measurement of 10s during which the blue laser has been switched
on at t = 3.6 s is shown. The beam is reflected by the surface directly exposed to the
dispenser, so it is expected to be more loaded with Rb with respect to the opposite
face.

Both the blue track (photodiode) and the orange one (channeltron) show a bump
close to the 445 nm laser ignition.

Another interesting fact is the spike which simmetrycally appears in both reg-
istrations at about t = 5.4 s. Since it is also evidenced in the channeltron plot, a drift
in the laser frequency can be excluded: it seems a sudden and short release of Rb
atoms, even if the possible explanation is lacking.

A longer measurement of t = 20 s, presented in fig. 5.7, has been done right after
the one reported in fig. 5.6; the blue laser has been switched on and off during the
acquisition procedure. The channeltron presents a similar step-jump as before, and it
goes back to the zero value as soon as the blue laser is switched off. At t = 13.3 s there
is a spike in channeltron signal of a duration of 1s. It seemingly appears in the PD
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Figure 5.7: Plot of the probe 780 nm reflected beam (blue line) and channeltron output
ionization signal (orange line).

signal; the origin of such a bump cannot be attributed to any physical phenomenon
of interest.

Since the 445 nm laser spot excites the same area of the sample as the previous
measurement, the flatness in the probe laser transmission can be explained consider-
ing that the previous illumination completely removed the loaded Rb present in the
irradiated are, while the channeltron signal output is due to the detection of some
other atomic species.

We decided to compare what happens by shining the sample facet not exposed
to the dispenser Rb beam. In fig. 5.8 the corresponding result is reported. Even at the
first illumination with the desorbing laser, no appreciable change in the transmission
probe laser beam has been detected.

Finally, a control on a much longer time scale has been tempted, in order to
detect a behavior similar to the diffusion induced process of the Vycor sample, but,
again, no result was obtained.

5.2 Alumina Substrate

In this section the studies performed of the alumina samples with thicknesses of
300 nm and 100 nm will be reported. The first investigation concerns the dynamics of
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Figure 5.8: Plot of the 780 nm reflected beam (blue line) and channeltron output
ionization signal (orange line).

the loading process of the samples in order to understand if a scattering process of
the Rb beam by the surface is taking place. Anyway, the main finding of this section
regards the detected formation of NPs in the nanoporous structure.

We do not have many information about the nanoporous alumina; most of the
data of some interest for us have been collected by the researchers of the PhysNano
laboratory at the Saint Petersburg National Research University of Information tech-
nologies, Mechanics and Optics (ITMO). For example, the adsorption energy for Rb
atoms on a substrate of bare sapphire has been estimated by them as ∼ 0.7 eV . They
have also studied the velocity distribution features of the desorbed atoms, finding
that the average kinetic energy decreases for photon energies > 2.3 eV [184]. This
measurement goes against the hypothesis of LIAD as a "photoatomic effect", where
we should eventually observe an increase of the square mean velocity.

In fig. 5.9, as a preliminary information, the calculated refractive index n(λ ) for
α-Al2O3 from λ = 0.2 µm to λ = 2 µm [185] is reported. We have replicated in Siena
the absorbance spectra for the porous alumina samples. The corresponding plots
have been obtained via the Agilent Cary WinUV Software. In fig. 5.10, the spec-
trophotometer measurements on the samples with alumina thicknesses of 100 nm

(5.10a) and 300 nm (5.10b) are reported together with the comparison with the spec-
trum of the clean substrate of Al2O3 (without any deposition). The wavelength scan
ranges from 200 nm up to 1100 nm. The Optical Density or absorbance on the y axis
is defined by the eq. 2.12. Note that the measured Optical Density of the alumina
substrate has the same trend of the refractive index in fig. 5.9.

As we have already previously discussed, the substrate shows an almost flat
trend in all the IR and visible part of the spectrum with a rise in the UV zone. The 100
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Figure 5.9: Refractive index of α-Al2O3[185].

(a) (b)

Figure 5.10: Spectral absorbance of the 100 nm and 300 nm alumina samples com-
pared with the spectral absorbance of the α-Al2O3 substrate. (a): absorbance of the
sample with 100 nm thickness, (b): absorbance of the sample with 300 nm thickness.

nm thickness sample presents a single broad peak around 320nm, then the spectrum
decreases in the visible and IR zone. Finally, the 300nm thick sample presents an
oscillatory behaviour, with sharper peaks of different amplitude in the UV and one
broad peak centered at 540nm. This latter feature gives the motivation for the naked
eye observable halo of the 300nm deposition.
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5.2.1 300 nm

In figures 5.11 and 5.12 the signal obtained, respectively, by the channeltron and
the PDs during the loading process of the sample are reported. The dispenser has
been left on for about 480s, while the whole data acquisition lasts 600s. We recall
here that both PDs detect the probe transmission signal, the first on the same side of
dispenser emission, the second one on the other side.

The PDs’ data have been fitted with a decay exponential function:

f(t) = a · e(−b·t)+ c (5.2)

In the following table the extrapolated value of τ= 1/b are reported; this pa-
rameter measures the time interval needed to the dispenser to establish a dynamical
equilibrium regime for the Rb density.

The angles θ = 0°/90° refer to the orientation of the sample with respect to the
optical table: 0° means that the sample is parallel to the horizontal plane, while 90°
means that the sample is vertical, with the alumina surface faced towards the Rb
dispenser.

In the table 5.1 τ values as deduced by the exponential fitting procedure shown
in fig. 5.11 are reported. While these lifetimes are comparable between the two pho-
todiodes, as expected, (the final density has to be detected in the same way by the
transmission probe beams), there is a large difference between the two inclination
measurements. This can be explained in terms of a dependence of the total loss rate
for Rb from this apparently simple geometrical factor. Indeed, the beam scattering
from the sample becomes a relevant phenomenon and can be indirectly estimated.
In fact, an inclination of 90° favors both the adsorption of Rb atoms onto the surface
as well as the scattering of Rb atoms in the chamber. Therefore, due the second pro-
cess, the number of atoms towards the channeltron input increases. All these atoms
disappear from the chamber and a new loss rate is introduced. Therefore, the higher
number of atoms scattered, and arrived on the channeltron brings to an increase in
the time needed to establish an equilibrium condition between the incoming flux of
Rb from the dispenser and the atoms lost by the various mechanisms.

In the fig. 5.12 the acquisition of the channeltron output for the same mea-
surement of fig. 5.11 is shown. These signals give a confirmation of the previous
interpretation.

The sharp peaks in both the measurements are due to the sudden release of spu-
rious elements by the fresh Rb dispenser. These atoms/molecules are detected by the
channeltron since they are getting ionized by the golden mesh in the same way as
the Rb atoms. By the way, we want to concentrate here on the maximum value of the
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(a) (b)

(c) (d)

Figure 5.11: Exponential fit of the loading Rb process. (a) and (b) PDup signal and
sample placed at 0° and 90° respectively, (c) and (d) PDdw signal and sample placed
at 0° and 90°.

τ (s)
0° 90°

UP 41.49 64.95
DW 40.57 63.58

Table 5.1: Extrapolated values of τ for the two different values of θ and the two
acquiring photodiodes.

signal by the channeltron in the two configurations, which corresponds to a drop in
the voltage of ∆max90°=22.87 mV and ∆max0° = 16.24 mV . The higher electronic value at
90° is due to the initial higher number of atoms reaching the channeltron due to the
scattered atoms by the sample surface.

Another interesting aspect is that after the drop, the orange curve reaches a
"plateau", with a value of ∆V0° = 10.73 mV at the end of the loading process, named
To f f . On the other hand the blue line seems to increase during all the measurement,
with a value of ∆V0° = 7.59 mV at To f f . The value of ∆V0° at To f f has been extrapolated
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Figure 5.12: Channeltron signal of the loading process. (blue curve) Sample placed
at 90°, (orange curve) sample placed at 0°.

by linearly fitting the data between the last two peaks. This reflects the fact that,
with an inclination of 90°, the equilibrium condition is reached with longer times,
coherently with what seen in fig. 5.11.

In order to verify the presence of the Rb, after 2 hours of loading, a LIAD illu-
mination with a light flash having a strong component in the blue-UV wavelength
range was performed , in order to check the release efficiency of Rb atoms in the
vacuum from the nanoporous sample. The illumination was made by the upside
window. The Rb atom desorption has been detected by scanning the ECDL probe
laser at 780nm. The obtained result are shown in fig. 5.13, where both the beams
crossing the chamber are recorded. Again, the labels PDup and PDdw refer to the
beam that passes respectively, above and below the sample during the LIAD mea-
surement.

In fig. 5.13 the typical resonance peaks associated to the laser frequency scan
are well above the noise in both the PD signals and last for about 0.2s. This indicates
that there is an actual release of Rb in the chamber, but, since during the deposition
process, the atoms are also adsorbed by the stainless steel walls, identifying the exact
origin of the released atoms may be controversial. In order to overcome this issue,
measurements for two different configurations of the sample respect to the probe
laser beams have been performed; for example, in the previous figure, the sample
was placed with the nanoporous film downwards.

In fig. 5.14, the fits of the two PD curves during the LIAD effect are reported. In
this case, to have the precise dynamics of the desorption, the probe laser is tuned at
a fixed frequency (on an absorption maximum) and the nanoporous alumina film is
faced downwards.
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Figure 5.13: LIAD signal seen on both photodiodes where are present the Rb peaks.

If one consider the desorption from the chamber walls uniform and indepen-
dent on the sample disposition, the laser beam closer to the alumina film should
detect more Rb atoms and larger amplitude variation.

(a) (b)

Figure 5.14: (a): exponential fit on the PDup signal. (b): exponential fit on the PDdw
signal.

Both the curves have been fitted by a decay exponential function, given by eq.
5.2, in order to obtain 1. the recovery time τ , that is an indication of how long
an Rb atom survives in the chamber volume and 2., more important, the varia-
tion amplitude. The obtained values of the recovery time are: τup = 56.7± 0.2 ms

and τdw = 64.9± 0.2 ms. The values of the peak amplitude indicates which beam
passes through more Rb atoms. In this case the PDdw signal is expected to re-
sult more absorbed and indeed the obtained results are: Aup = 10.7± 0.1 mV and
Adw = 17.1±0.1 mV .
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It must be noted that the released atoms come from the most external surface
of the porous structure, as for the pore adsorbed atoms, the desorption is mediated
by a diffusive process which takes place in a much longer time. Nevertheless from
these measurements one can claim that, at least on the most outer part of the film,
there is an effective adsorption of Rb atoms.

The most important result of the investigation on porous alumina samples is
given by the macroscopic evidence of the formation of Rb nanoparticles induced by
the illumination with a laser of wavelength λ = 445 nm, at an output power of 1W

and a laser beam diameter of < 2.5×5.2 mm2. The interaction of the blue photons
with the porous matrix lasted 30 mins and it was performed just after the Rb loading
process, which has lasted 2h, as usual.

During the exposition to the dispenser Rb beam, the sample was tilted of 90° in
such a way to have the nanoporous face towards the Rb dispenser. However, as the
sample surface is not orthogonal to the dispenser, the Rb deposition on the sample
is not expected to be uniform but growing linearly along the sample diameter.

After the blue illumination on the sample a whitish ellipsoidal spot appeared, as
can be seen in fig. 5.15; this spot indicates the possible formation of Rb nanoparticles.

Figure 5.15: Spot on the sample indicating the presence of Rb nanoparticles.

In order to verify this supposition, a diode laser at λ = 852 nm and with a maxi-
mum output power of 1.1mW has been selected to measure the transmission of quasi
resonant light through the sample. In fact, this wavelength does not interact with
bare Rb atoms, but it is in the range of the broad peak of oblate and prolate ellip-
soidal Rb NPs [20], as shown in fig. 3.8.

In order to have a map of the transmission along the sample diameter, 21 posi-
tions, at a 1 mm distance one another, have been tested. Each experimental point has
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Figure 5.16: Scheme of the points along the sample used to measure the transmis-
sion.

been recorded averaging for 10 s. The sample has been shifted by the feedthrough
stainless steel translator stage, to whom the sample holder is mechanically fixed. The
laser beam has been focused on the sample in order to cover the minimum possible
area, for sure, smaller than the spot of the blue laser beam. The sample size and the
points used for the light transmission analysis are sketched in fig. 5.16.

In fig. 5.17, the results of the transmission measurements are shown. The values
labelling the x-axis refer to the distance along the steel rod: a shorter distance means
that the sample is closer to the Rb dispenser and, conversely, the 852 nm laser beam
crosses an area far away from the dispenser. The amplitude behavior is coherent
with what expected, namely a not uniform Rb deposition. Indeed, as can be seen in
fig. 5.17a, at points further from the Rb dispenser, the light transmission is higher,
i.e. points closer to the dispenser have been better covered by Rb. On the contrary,
in correspondence of the spot there is a sudden decrease in the transmission value,
due to the interaction between the Rb NPs and the 852nm laser beam.

These points have been linearly fitted first, in order to extrapolate the angular
coefficient of the straight line, to flatten data and to transform transmission in ab-
sorption. The flattened data have been fitted with a Gaussian curve 1:

f (x) = A · e(−(
x−b

c )2)+d (5.3)

where the Full Width Half Maximum (FWHM) is equal to 2
√

2ln(2) σ= 2
√

ln(2) c.
In fig. 5.17b the result of the Gaussian fit is shown. The FWHM is ' 0.15 cm,

1The beam laser has a Gaussian profile, so the spot on the sample is expected to follow a Gaussian
profile as well.
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(a) Linear fit of the data transmission (b) Gaussian fit

Figure 5.17: (a): Linear fit of the transmission data points. (b): Gaussian fit of the
transmission data.

comparable to the short axis of the blue laser beam elliptical spot; the center is posi-
tioned at x = 9.5 cm. The percentage variation in transmission is of about the 2%. The
detailed MATLAB code used for the acquisition and study of the LIAD dynamics is
reported in appendix A.1.

It is worth noting the two negative holes at the edge of the Gaussian profile,
which correspond to a local increase of the light transmission. This is due to an
emptying effect by the 445nm laser which extend for about 0.5mm at each side. As
already said, the blue laser beam induces a local desorption of the atoms and, in
turn, a formation of nanostructures. The formation is favored where the light is
more intense; this produces a desorption of the atoms which are located close to
the center of the beam spot and a diffusion towards it, for the particular depletion
created by the blue laser.

In the next step, after removal from the vacuum chamber, the sample has been
analyzed at the spectrophotomer by exploring different zones in order to check the
effects of the illumination with the blue laser. In fig. 5.18, four spectra taken in four
different points are reported: the measurements are related to the spot position, two
side positions outside the spot (named "out1" and "out2"), and a position close to the
edge of deposited alumina.

The spectrum of the spot (black line) shows higher values of absorbance for
all the wavelength scanned. In particular, taking into account the "edge" line, the
absorbances for the peaks at about 320 nm and 480 nm are the 77% and the 85% re-
spectively of the spot spectrum value.

This difference is the confirmation of the presence of nanoparticles, which be-
haves as light scattering centers. The fact that no resonance peaks are present is
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Figure 5.18: Absorbance spectrum taken in different points on the sample: center of
the spot (black line), two points close to the spot (red and green lines) and on the edge
between the substrate and the nanoporous film (yellow line).

probably due to the fact that the size of NPs is randomly distributed, as the pore
size in porous alumina is not defined as in the PGs. The removal of part of the
nanoporous film by the blue laser can be excluded since as can be seen in fig. 5.10
this kind of phenomenon would cause, passing from the thicker layer to the thinner
one, a blue-shifting of the peaks as well as a reduction in number of the same. In
the same framework, the 12nm black line shift towards longer wavelength can be
understood as a difference in the local alumina film thickness.

Finally, the 300nm alumina sample has been analyzed at a Scanning Electron
Microscopy (SEM). As the images in fig. 2.6, also this picture was taken with an
instrument at Dipartimento di Scienze Fisiche , della Terra e dell’Ambiente - sezione
di Geologia (courtesy of Giovanna Giorgetti).

This technique allows for an analys of the topology of a surface by means of
a focused electron beam with energy in the range of 0.2 keV up to 40 keV . In the
most common SEM mode, the secondary electrons (which have an energy < 50 eV )
produced by inelastic scattering interactions between the electron beam and and the
substrate and ejected from conduction or valence bands of the specimen atoms, are
detected. The number of the secondary electrons detected depends on the specimen
topography. Given their low energy, these electrons are emitted from within a few
nanometers from the sample surface. They are then unable to provide information
about the most internal structure of the sample.

For usual SEM imaging, the sample surface must be conductive. Nonconduc-
tive specimens collect charge when scanned by the electron beam, causing in turn
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Figure 5.19: SEM image of the 300 nm alumina sample after the Rb deposition pro-
cess.

image artifacts and scanning faults. In order to analyze nonconductive surface, the
sample must be coated with an ultrathin film of conductive material.

In fig. 5.19 a SEM image of the 300 nm alumina sample with a scale bar of 500 nm

is shown. In this picture there is a clear evidence of a formation of islands of the
order of hundreds of nanometer, much larger than the predicted average pore size.
The formation of isolated cluster, instead of a uniform layer, is consistent with the
high roughness of the surface. Roughness and defects goes against the growing of a
uniform layer of the adsorbed specimen. Unfortunately, given the characteristic of
the SEM, it is impossible to put in evidence the internal pore coverage of the sample.

5.2.2 100 nm

In this section the results of the study of the nanoporous 100nm thickness alu-
mina sample are reported. The performed measurements have been taken in strict
analogy with what has been presented in sec. 5.2.1. We can immediately point out
that, due to the thinner layer and the smaller available volume, we have not ob-
served the same behavior, and no evidence of NPs formation has been detected.

After 1 hour of Rb deposition with a dispenser current of I = 5 A, we have tried
to induce a pulsed LIAD effect by the flash light. In fig. 5.20, the corresponding
channeltron signal is shown. The optical signal was simultaneously acquired by the
PDs but it did not reveal any presence of desorbed Rb atoms.
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Figure 5.20: Channeltron signal during LIAD flash.

The typical channeltron peak actually reveals the presence of some ions, as high-
lighted by the slow dynamics towards the nominal zero value of the channeltron
voltage. The peak presents a total 210ms activation time, much longer than the flash
duration. This observation shuold suggest an ejection from the sample, not from the
cell walls, of some impurities in the porous alumina. Because of the lack of Rb in the
signal, the rest of the data have been acquired after a 2 hours exposition time to the
Rb dispenser beam.

The next figures report on the results of an illumination with the 445nm laser at
a power of 500mW , lasting 3.00ks; the illumination starts at ton = 600 s and it ends at
toff = 1800 s, as indicated in the plots by the black vertical lines.

The fig. 5.21a shows a small peak when the blue laser has been switched on and
a slow rise to the zero value, which however happens before the end of the illumi-
nation. This can be due to the fast emptying of the small porous lighted volume.

The fig. 5.21b signal has been obtained by operating a subtraction of signals
referred to the transmitted beam (passing close to the sample) and an external (path
in air) reference beam. then fitting the signal with a linear function to extrapolate
the slope of the line. This procedure has been introduced in order to eliminate the
eventual frequency drift in the laser wavelength. Two peaks are present after ton and
toff as well as other oscillations during the illumination. It is, however, hard to say if
these oscillations in the absorbance are due to release of Rb atoms or to the formation
of nanoparticles.

The next measurement, reported in fig. 5.22, was performed with the sample
tilted at 45° in order that the blue laser and the probe 780nm laser have spatial over-
lapping in the same zone on the sample. In this case the illumination last for 2700
s and starts at ton = 300 s and ends at toff = 3000 s at an incoming power of about
900mW . Again, the plot was obtained by the subtraction procedure.

The signal was then fitted with eq. 5.1 and it presents the same rise as the one
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(a) (b)

Figure 5.21: Illumination of 1200 s with 445 nm laser. Vertical lines indicate the start
and the end of the illumination. (a): Channeltron signal. (b): PDs difference signal.

Figure 5.22: Signal obtained during an illumination of 2700 s.

seen on the Vycor sample. With so much laser intensity, some diffusion seems to
be promoted, but the release of Rb atoms from the porous structures is strongly con-
trasted by some internal competition mechanism. Despite the long illumination time
and the high power of the laser, there was no spot formation: no Rb nanoparticle has
been built, at least in the sensitivity limit of the setup. Spectrophotometer measure-
ments ware not performed on this sample due to the higher and faster oxidation of
the thinner layer.

To conclude, despite the evidence of a presence of Rb atoms both deposited on
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the porous surface and included in the inner volume, the thickness of the sample
seems to inhibit the formation of an adequate effective pore network.

5.3 Porous glass in alkali vapor cells

The main advantage of using a vapor Pyrex cell, is the relatively easier loading
process of the porous glass. The cells contain an alkali reservoir which can be heated
to increase the vapor pressure, if needed. We have studied the behavior of two
PG samples lodged in cells with Rb and Na respectively. The vapor pressure at
room temperature Troom = 325 K for the two alkali species is PRb = 5.54 ·10−4 Pa and
PNa = 1.046 ·10−7 Pa [186]. By making use of the ideal gas law one can easily extimate
the atomic density of a cell with a reservoir at the equilibrium, which results for the
Na atoms:

ρNa =
PNa ·Na

RT
= 2.3 ·107 atoms

cm3 (5.4)

From resonant absorption technique, the measured density of Rb at equilibrium re-

sults 1.6×109atoms/cm3, smaller than the thermodynamical value by a factor 3. This
is a proof that the presence of a porous surface in the cell strongly affects the in-
terplay between the alkali reservoir and the cell volume, given the larger free space
available for atoms inside the PG [20]. Note that the two density values differ by two
orders of magnitude. In order to overcome this issue, the Na cell has been heated in
a home made chalk oven which provides a temperature gradient between the alkali
reservoir and the nanoporous surface.

In fig. 5.23 are shown the pictures of the two cells, placed on the home made
support, containing Na and Rb vapors, respectively in 5.23a and in in 5.23b.

The two porous glasses differ for size and porosity features. The Na glass has
a volume of 14mm×13mm×1mm, an average pore diameter of 20nm and a declared
porosity of 55%; the Rb PG has 30mm×15mm×1mm size, 95% of the total pore num-
ber with a 17nm diameter, and a 53% free volume, a 50m2 internal surface. The two
cylindrical cells are also slightly different in length and diameter, respectively 8.2 cm,
2.5 cm for the Na one, and 7.4 cm and 3.5 cm for the Rb one.

The light sources employed to illuminate the PGs and induce the formation of
NPs are the ones described at the end of section 4.1.1, namely the Manual Tunable
Littman-Lion System Infra-red laser, DLX 110 TOPTICA High-Power Tunable and the
High pressure Hg vapor lamp.

Later, we have analyzed the absorbance spectrum at the spectrophotometer, in
order to see the eventual formation of NPs. The negative values of absorbance in
the plot depend on how the zero of the sample was fixed; more in detail, the spectra
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(a) (b)

Figure 5.23: Pictures of the sealed cells containing a nanoporous glass sample. (a)
Cell containing Na; (b) Cell containing Rb

in par. 5.3.1 are calculated by subtraction of the baseline of the cell (taken before
illumination) and the following measurements.

5.3.1 Na cell

The first step consists in the loading process of PG by the vapor phase atoms.
Heating the cell revealed to be a crucial factor in the loading process. In the case
of Na, the expected size of NPs is of the order of a few nm, in agreement with the
pore diameter, in such a way that the absorbance peak maximum should be centered
around 450nm [187].

In fig. 5.24 the absorbance spectrum in the range 300 nm - 1100 nm is reported:
the illumination time with the 532 nm laser source at an intensity of 50 mW/cm2 is 30
min. In the plot a 0.1 % decrease in the absorbance values around 500 nm is present.
The rest of the spectrum presents a flat trend without any other structure. It must
be taken into account the quite low atomic vapor pressure which does not favor the
adsorption of the atoms on the pore surface. Unfortunately, the Na reservoir appears
empty at naked eyes: the distillation of sodium was partially unsuccessful and the
whole Na drop evaporated without being able to let the vapor density achieve the
level usually associated to the explored temperature range.

The following spectrum has been acquired after an heating process of 4 hours.
The temperature, measured with a thermocouple, was fixed at T' 190◦C on the al-
kali reservoir and at T ' 60◦C on the NP glass side. The illumination has proceeded
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Figure 5.24: Absorbance spectrum after an illumination of 30 min with the 532 nm
laser.

as previously described.
In this case the peak at 500nm increase of a factor 10; in fact, the percentage

decrease is of 1%. This indicates the effectiveness of the heating in the adsorption on
the pore surface. Nevertheless, considering the low atomic pressure, the absorbance
peaks are not present.

Figure 5.25: Absorbance spectrum after 4 hours of heating and an illumination of 30
min with the 532 nm laser.

As the 532nm wavelength is particularly efficient in the atomic desorption and it
is also close to the plasmonic resonance, it favors the SPID effect instead of nanopar-
ticle aggregation: this is a reasonable explanation of the decrease in the absorbance



5.3. Porous glass in alkali vapor cells 97

spectrum.
For the same goal, the Hg lamp has been selected as a desorbing light source;

in fact, its emission range falls enough far away from the predicted Na plasmonic
resonance in such a way to only favor the aggregation of the adsorbed atoms into
nanoparticles. In fig. 5.26 the spectrum after 3 hours of heating and two illumi-
nations is reported: the first 30min duration lightning has taken profit of the green
laser, later on the Hg lamp has been applied for 30min. The lamp intensity was
300mW/cm2, covering a surface of 1 cm2.

Figure 5.26: Absorbance spectrum after 3 hours of heating, a 30 min illumination of
both the 532 nm laser and the high pressure Hg lamp, in sequence.

As can be seen in fig. 5.26, the main effect of the Hg lamp is the removal of the
the emptying effect due to the illumination with the 532 nm laser source and the con-
sequent formation of three peaks centered at 437 nm, 505 nm and 570 nm. The second
wavelength value is in agreement with what observed in [174], which predicts an
average particle size of 12 nm.

There are two interesting features to be underlined:

1. the growth in the IR part of the spectrum which can be associated with the
formation of micrometric size particles.

2. the absorbance decrease in the UV zone in a similar way as the previously
observed 500nm peak. This is a "cleaning" effect on the pores from Na, due
to the main wavelengths emitted by the Hg lamp, which are indeed between
300 nm and 450 nm.

In principle, the growth in the IR part of the spectrum could be contrasted/pre-
vented by an illumination with a light source emitting in the same IR range.
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Figure 5.27: Absorbance spectrum after 6 hours of heating. (black line) 30 min with
Hg lamp, (red line) 30 min with Hg lamp + 5 min with 986 nm laser.

Having this idea in mind, the next experiment has been prepared with the fol-
lowing steps: an heating process of 6 hours. an illumination of 45 min with the Hg
lamp, a further 5 min illumination by the 986 nm laser at 30mW/cm2 intensity. The
results are shown in fig. 5.27.

The IR illumination does not change the spectral response of the sample. There
are again both the peaks in UV-visible part of the spectrum, as induced by the Hg
lamp illumination and the IR growth starting at about 900 nm. The effect of the
986 nm laser is a general downward shift of the spectrum, i.e. the sample has become
more transparent and the NP formation caused by the UV has been reduced.

As a final investigation, in order to have a more complete picture of the cell re-
sponse to an external stimulus in a range not yet explored, a high intensity 780 nm

laser ( 800 mW/cm2) has been introduced, applying the same strategy for the prepa-
ration of the sample and the execution of the measurements. Two types of illumi-
nation have been applied: A) the 780 nm source alone (15 min of application), B) Hg
lamp (45 min) plus 780 nm laser (15 min). In fig. 5.28, the experimental data are
reported.

The result is comparable with what has been found in the case of the 986 nm

laser excitation.
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Figure 5.28: Absorbance spectrum after 6 hours of heating. (black line) 15 min with
780 nm laser, (red line) 45 min with Hg lamp, (green line) 45 min with Hg lamp + 15
min with 780 nm.

5.3.2 Rb cell

It has been clearly proved that a near-IR wavelength destroys the Rb nanostruc-
tures formed by an external illumination [30]. The Rb nanoporous sample, which
has an average pore size of 17 nm, was illuminated only by the Hg lamp beam with
an intensity of 300 mW/cm2 and with the IR 986 nm laser wavelength with an inten-
sity of 30 mW/cm2. The cell was not heated since the Rb atomic vapor density is two
orders of magnitude larger than the Na vapor density as said earlier. In fig. 5.29 are
reported three absorbance spectrum: the black line was taken without any illumina-
tion, the red line after 10′′ illumination with the Hg lamp and the green line after 5
min illumination with the 986 nm laser.

As can be seen by the black line in fig. 5.29, NPs are already present in the
pore matrix without the needing of any illumination, referring to prolate and oblate
spheroid, respectively with a resonance wavelength of λLSP = 899 nm and λLSP =

751 nm as described by the Gans model in sec. 3.5. This is a consequence of the
larger vapor density and the consequently efficient loading. Also, these spectrum
peaks, coincide with the one showed in fig. 3.8, where the sample was irradiated
with a green light at 532 nm for 10 min and with an intensity of 30mW/cm2. In that
case, considering the longer exposure time and the larger desorption efficiency given
by the wavelength of the light source, the resonance peaks have a larger amplitude
an a less growth of the absorbance in the visible-UV part of the spectrum .
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Figure 5.29: Absorbance spectrum. (black line) Spectrum acquired without illumina-
tion, (red line) illumination of 10 s with Hg lamp, (green line) illumination of 5 min
with 986 nm.

There are different mechanisms involved in the process of nanoparticle forma-
tion:

1. the efficient desorption of alkali atoms adsorbed on the porous structure which
has an high surface density.

2. the modification of atoms diffusion parameters induced by the light.

3. the environment in which the atoms are confined which provides a large avail-
able volume and hence a possibly very high atomic vapor density.

4. the presence of nucleation center where alkali atoms can accumulate to start
the formation of aggregates. Nucleation centers can be both defects of pores
structures or defects in the deposited atomic layer.

The size of the aggregated particles depends mainly on the pore size. In this
case, the statistical favored length scale is about 3 nm, with an axial ratio of 1.25
for an oblate and 0.8 for a prolate. It is hard to identify in our kind of investiga-
tion the separated contribution given by each mechanism: nevertheless it is possible
to conclude that the third point gives the most relevant consequence, In fact, such
macroscopic effects are present only in nanoporous materials.

Gans theory of light-matter interaction with metal ellipsoidal nano-particles ex-
plains the observed spectrum predicting a shifting of the atomic lines, depending
on the shape and size of the aggregates, due to the collective behaviour of the outer
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Figure 5.30: Picture of the nanoporous glass sample in the Rb cell after 10 min illu-
mination of 532 nm laser source.

electronic shell in alkali atoms, namely the surface plasmon resonances. This means
that an incident photon, resonant with a plasmonic band, is able to destroy the metal
aggregates by excitation.

Figure 5.31: Absorbance spectra taken during the relaxation process. The sample
was first illuminated for 10 min with the 532 nm laser source. Each lines has been
taken at time interval of 45 min [20].

The effect of the Hg lamp, with only 10′′ of exposition, is to further increase the
formation of particles and then the amplitude of the resonance peaks in the IR part,
while maintaining the same response at shorter wavelength.

The 986nm laser has two effects. First, it is able to destroy the NPs formed in
the pores, being close to the resonant wavelength of 899nm, removing then the two
peaks appeared in the other spectra. Second, it reduces the absorbance value of the
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sample, hence making it more transparent. This may be due to the fact that, together
with the destruction of the aggregates, there is also an emptying effect of the pores.

In fig. 5.30 is shown a picture of the PG sample taken immediately after 10 min

illumination of 532 nm laser beam. It shows the macroscopic effect of the desorbing
laser beam on the illuminated area.

However, as shown in fig. 5.31, without any desorbing illumination, NPs den-
sity decreases, tending to return to the condition before the illumination. The spectra
in fig. 5.31 are taken after the 532 nm laser beam exposition with intervals of 45 min
each one, starting from red line up to the green one.

This is an evidence that the NP is not a stable system: there is a dynamical
equilibrium between Rb pore vapor density, Rb surface density, NPs density and
Rb cell vapor density, as provided by the reservoir. Since the Rb reservoir contains
a massive alkali drop (properly distilled), an infinite quantity of atoms released on
time in vapor phase becomes available to enter the pore structure. The equilibrium
condition keeps changing in time.

It was demonstrated [113] that the nanoparticles growing process corresponds
to a change in the population ratio between oblate and prolate particles shape. To
conclude, mainly because of the greater vapor density, the Rb sample revealed to be
more efficient, as well in the adsorption and desorption process, both in the forma-
tion of NPs.
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Chapter 6

Conclusion and Outlook

In this final chapter the main results of the Ph.D.work described in this
thesis are collected (6.1). Special attention is given to the experimental
data obtained on the nanoporous alumina. In sec. 6.2, a possible perspec-
tive for the future development on the research is provided.

6.1 Conclusion

In this work, optical and electronic techniques for the detection of the light in-
duced desorption mechanisms of rubidium adsorbed onto various porous samples
have been applied. It has been found that, by using porous glass surfaces with dif-
ferent average pore sizes and a proper frequency and intensity level of desorbing
light, it was possible to exploit the LIAD to both load at detectable density values
PG samples and enhance the formation of Rb aggregates in the nanostructured ma-
terials.

In particular, the formation of Rb nanoparticles in a nanoporous alumina 300nm

thick film deposited on a sapphire substrate was demonstrated for the first time, in
the difficult condition determined by a UHV environment. The sample has been pre-
pared by a several hours commercial Rb dispenser loading and by a∼ 1/2h 1.0W blue
laser illumination. The final effect can be appreciated at naked eyes, as a spot of the
beam waist size traced on the sample. It has been proved that the spot corresponds
to a lower transparency both by a 852nm probe beam transmission measurement and
by a spectrophotometer check.



104 Chapter 6. Conclusion and Outlook

As a second relevant result, the data collected with the Vycor 7930 Porous Glass
in UHV have shown a relevant adsorption of Rb atoms deeply implanted in the sam-
ple. This was demonstrated when the desorption was induced by the 445nm laser
beam, provoking a continuous emission of atoms according to a dynamical regime
well fitted by the function f (t) = a√

t ·e
−b/t +c. This is a footprint of a migration of the

atoms in the 4nm diameter pores, enhanced by the light. The high value of the diffu-
sion time to the free fly in UHV indicates a long random walk into the Vycor volume
available, without measurable contributions by surface adatoms. The channeltron
counter part evidences the importance of the desorption of other species stored in
the sample. The blue light becomes a cleaning tool from a significant fraction of the
impurities previously accuulated in open air.

The 200 nm porous glass, because of its opacity, resulted the most difficult sam-
ple to perform measurement on. The optical measurements were performed by ac-
quiring the reflected laser beam and according to them it is difficult to assert an
actual adsorption and release of Rb atoms from the pores structure. Most probably
the Rb atoms only deposited on the more external surface without penetrate in the
structure. It is unknown if this depends on the size or porous structure, or on the
sample quality.

Only the channeltron signal revealed a release of atoms from the sample, but
since this device it can not distinguish between atomic species it may also indicates
that the atoms incoming into the channeltron are not Rb atoms. In both the porous
glass sample no nanoparticles formation has been observed.

A paper dedicated to the results obtained on the Vycor 7930 Porouos Glass is
currently in preparation, as well as another one dedicated to the spectrophotometer
analysis of the porous glasses enclosed in the alkali vapor cells.

The two alumina sample investigated have the same structural characteristic
except for the thickness: 100 nm one and 300 nm the other. For what concerns the
first sample, the channeltron signal revealed the desorption of some atoms by the
surface, however the optical measurements did not reveal the presence of rubidium
atoms on the surface. This was probably due to alumina layer which is not enough
thick and hence has less volume available for the Rb to being adsorbed. Also it was
not seen any nanoparticles formation. Nevertheless, an illumination of 2700 s with
the 780 nm laser source, caused a decrease in the transmitted signal, suggesting than
the presence of Rb onto the surface. However that quantity may be not enough for
the formation of nanoparticles.

Next transmission measurements have been performed along the sample diam-
eter with a 852 nm laser beam, which suggests the effective formation of aggregates
on the sample.

X-Ray diffraction measurements have been performed, at Dipartimento di Scienze
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della Terra of University of Pisa, on the 300 nm alumina sample, after the Rb deposi-
tion process. Those measurements showed that the presence of the nanoporous film
does not affect the diffraction pattern of the crystal structure of α-Al2O3 substrate.
Nanoparticles of Rb are also not revealed with this analysis. It must be noted, how-
ever, that Rb NPs quickly oxidize in air, then their presence in pores structures can
be hardly revealed after the removal of tha sample from the UHV chamber.

Two porous glass enclosed in alkali vapor filled cell have been analyzed by us-
ing a spectrophotometer. One contains Na vapor and porous surface with an average
pores size of 17 nm and porosity of 55% and the other is filled with Rb atoms and
there is a porous glass with 20 nm pores size, comparable then with the previously
described alumina samples, and a porosity of 53%.

It has been acquired absorbance spectra in range of 300 nm to 1100 nm, after
illumination of different time (from 10 seconds up to 30 min) with a 532 nm laser
source and a Hg lamp, which has a predominant component of UV-visible wave-
length component. To favor the adsorption process the aklali reservoir was heated
in an oven while the porous glass was kept at a lower temperature.

The acquired spectra revaled the formation of nanoparticles in particular in the
Rb filled cell, probably due to the fact that the atomic vapor pressure is about 3 order
of magnitude larger than the pressure in the Na cells. An illumination of 10 s with
the Hg lamp was sufficient to induce the formation of Rb aggregate in the porous
glass.

As a general comment it needs to be stressed out that the interest in the study of
the nanoporous alumina mainly lies in the fact that, despite its chemical and electri-
cal properties are well known, the light interaction properties and the possibility of
nanoparticles growing on its surface are little studied and that is the reason behind
the interest in this material. In addition, it is worth to say that the EBPVD is not com-
mercially used to produce randomly oriented porous alumina, indeed the samples
used in this work were provided by the researchers of the Saint Petersburg National
Research University of Information technologies, Mechanics and Optics (ITMO).

To summarize, the most promising results have been obtained on the thicker
sample of nanoporous alumina. This suggests that a minimum thickness is required
to have a enough volume for the atoms to be adsorbed. Alumina substrate demon-
strated to be a proper surface for the Rb atoms to adhere on it, and an illuination with
a proper wavelength, can induce the formation of nanoparticles. Beside this aimed
to be a preliminary study for the adsorption/desorption proces in the UHV regime,
this work showed optimistic and promising result for the continuation of research.
Also the observation on the vapor filled cell revealed the formation of nanoparticles,
in particular in the Rb cell and with an illumination with the Hg lamp.



106 Chapter 6. Conclusion and Outlook

6.2 Outlook

In this section some scenarios for further developments of the current research
are proposed .

The most challenging goal in the experimental work was revealed the loading
process in the UHV environment. The small solid angle covered by the sample as
well as the atom losses, reduce the adsorption of Rb atoms onto the surface. One
way to overcome this problem can be to create a thermal gradient, cooling down the
sample, as it was achieved for the PGs in the vapor cells, in order to promote the
physiadsorption of the atoms onto the surface. Another way to optimize the same
process can be to focus the Rb emission using an effusive source in place of the Rb
dispenser.

Study the alumina in vapor filled cell, hence having a constant flux of atoms
onto the surface, may help the understanding of adsorption/desorption as well as
the nanoparticles formation. Moving the sample from the UHV chamber to the spec-
trophotometer is also a dangerous procedure, since the Rb atoms oxidizes as soon as
they come in contact with the air. To build a complete and self consistent setup a part
of which can be moved to the spectrophotomer without removing the sample from
the vacuum could be designed. For example, one can think of a two chamber ap-
paratus, where one chamber is kept at UHV regime and the other, used for the first
manipulation of the sample, can be removed and kept at a lower quality vacuum
value.

Furthermore, it would be interesting to study the same process with other alka-
lis, such K or Cs, and check if the interaction between the alumina substrate and the
alkali atoms are favored with respect to Rb atoms.

It has been recently demonstrated the formation of micro structures starting
from a layer of Rb od Cs on sapphire and nano porous glass surface, with pores
size between 7 nm and 17 nm [188, 189], by means of a non-diffracting beam, in
particular a Bessel beam. The wavelength used for the structure formation was 532
nm and a light intensity from 450 mW/cm2 up to 4.5 W/cm2. The conversion of a
Gaussian beam into a non-diffractive Bessel-like beam can be made by the use of an
axicon, a special kind of lens which has a conical surface.

A Bessel beam can be written in cylindrical coordinate as:

E(r,φ ,z) = A0eikzzJn(krr)e±inφ (6.1)

where Jn is the nth order Bessel function, kz and kr are the longitudinal and radial
wavectors respectively, so that k =

√
k2

z + k2
r = 2π

λ
, with λ wavelength of the elec-

tromagnetic radiation that generates the Bessel beam. and r, z and φ the radial,
longitudinal and azimuthal component respectively.
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These works demonstrated an efficient and easy way to shape and control the
aggregation of atoms onto a pores structure. That is why it would be interesting
extending this work to the nanoporous alumina and in particular performing that
in the UHV chamber. Different alkali species and different wavelength laser source
may be used as well.
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Appendix A

Matlab code

In this appendix is reported the code used for the signals acquisition and
the gaussian fit of the transmission signal showed in fig. 5.17b regarding
the spot on the 300 nm sample of alumina.

A.1 Gaussian Fit Code

1 c l e a r
2 c l o s e a l l
3

4 n=di r ( ’ * . mat ’ ) ;
5 x = 8 . 4 : 0 . 1 : 1 0 . 4 ;
6 X= s i z e ( x ) ;
7 e r r =zeros (X) ;
8 T=zeros (X) ;
9

10 f o r i =84:104
11 f i lename= s p r i n t f ( ’ trasmissione_campione_852nm_%dmm. mat ’ ,

i ) ;
12 load ( f i lename ) ;
13 i =i −83;
14 PDup_s=smooth (PDup, 1 0 0 ) ;
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15 time0=time ;
16 c l e a r PDdw R i f r a t e dims duration dt Np ans X
17 S=std (PDup) ;
18 FWHM=2.355* S ;
19 t =mean(PDup) ;
20 e r r ( i ) =FWHM;
21 T ( i ) = t ;
22 end
23 c l e a r j i m M FWHM time
24 f i g u r e ;
25 e r r o r b a r ( x , T , err , ’ s ’ , ’ MarkerSize ’ , 4 , ’ MarkerEdgeColor ’ , ’ red ’ ,

’ MarkerFaceColor ’ , ’ red ’ )
26 t i t l e ( ’ Transmission ’ ) ;
27 x l a b e l ( ’ Distance (cm) ’ , ’ FontWeight ’ , ’ bold ’ , ’ FontAngle ’ , ’ I t a l i c

’ ) ;
28 y l a b e l ( ’ S igna l (V) ’ , ’ FontWeight ’ , ’ bold ’ , ’ FontAngle ’ , ’ I t a l i c ’ )

;
29 legend ( ’ s i g n a l not smoothed ’ ) ;
30

31 f i g u r e ;
32 e r r o r b a r ( x , T , err , ’ s ’ , ’ MarkerSize ’ , 4 , ’ MarkerEdgeColor ’ , ’ red ’ ,

’ MarkerFaceColor ’ , ’ red ’ )
33 P= p o l y f i t ( x , T , 1 ) ;
34 y f i t =P ( 1 ) * x+P ( 2 ) ;
35 hold on
36 p l o t ( x , y f i t , ’ r − . ’ ) ;
37 T _ f l a t =T ;
38 T _ f l a t = T _ f l a t −x *P ( 1 ) ;
39 t i t l e ( ’ Transmission ’ ) ;
40 x l a b e l ( ’ Distance (cm) ’ , ’ FontWeight ’ , ’ bold ’ , ’ FontAngle ’ , ’ I t a l i c

’ ) ;
41 y l a b e l ( ’ S igna l (V) ’ , ’ FontWeight ’ , ’ bold ’ , ’ FontAngle ’ , ’ I t a l i c ’ )

;
42 legend ( { ’ t ransmiss ion ’ , ’ l i n e a r f i t ’ } )
43 f i g u r e
44 s c a t t e r ( x , − T _ f l a t , ’ s ’ , ’ MarkerEdgeColor ’ , ’ blue ’ , ’

MarkerFaceColor ’ , ’ blue ’ ) ;
45 [ ymin , xmin]=min ( T _ f l a t ( 1 : end ) ) ;
46 avg=mean( T _ f l a t ) ;
47 v a r i a t i o n = ( ( ymin/avg ) * 1 0 0 ) −100;
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48 %% F i t : ’ Gauss f i t ’ .
49 Y=− T _ f l a t +mean( T _ f l a t ) ;
50 [ xData , yData ] = prepareCurveData ( x , Y ) ;
51 % Set up f i t t y p e and options .
52 f t = f i t t y p e ( ’ a * exp ( − ( ( x−b ) /c ) ^2)+d ’ , ’ independent ’ , ’ x ’ , ’

dependent ’ , ’ y ’ ) ;
53 opts = f i t o p t i o n s ( ’Method ’ , ’ NonlinearLeastSquares ’ ) ;
54 opts . Display = ’ Off ’ ;
55 opts . Lower = [ − I n f − I n f 0 ] ;
56 opts . S t a r t P o i n t = [0 .004735181593712 9 . 5 0 .27692298496089

− 0 . 0 0 4 ] ;
57 % F i t model to data .
58 [ f i t r e s u l t , gof ] = f i t ( xData , yData , f t , opts ) ;
59 f i g u r e
60 e r r o r b a r ( xData , yData , err , ’ s ’ , ’ MarkerSize ’ , 4 , ’

MarkerEdgeColor ’ , ’ b lack ’ , ’ MarkerFaceColor ’ , ’ b lack ’ )
61 hold on
62 p l o t ( f i t r e s u l t )
63 x l a b e l ( ’ Distance (cm) ’ , ’ I n t e r p r e t e r ’ , ’ none ’ ) ;
64 y l a b e l ( ’ Arb i t rary uni t ’ , ’ I n t e r p r e t e r ’ , ’ none ’ ) ;
65 legend ( { ’ t ransmiss ion point ’ , ’ f i t t e d curve ’ } )
66 coef= c o e f f v a l u e s ( f i t r e s u l t ) ;
67 FWHM=2* s q r t ( log ( 2 ) ) * coef ( 3 ) ;
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