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Abstract

Abstract

Supported size-selected metal clusters have attracted considerable interest due
to their special catalytic properties. Optical spectroscopy is a powerful method to
characterise the electronic and geometrical properties of such systems. However,
observing the optical properties of these small clusters is not trivial and highly
sensitive techniques such as cavity ring-down spectroscopy (CRDS), a method
previously used to study gas phase samples, are required. An experimental
apparatus capable of studying the optical properties of support size-selected
metal clusters is presented here for the first time. The metal clusters were
prepared using a state-of-the-art laser ablation source, and size selected prior to
deposition onto an optically transparent support material. CRDS was adapted for
the study of solid samples over an extended wavelength range and used to
investigate the size dependent optical properties of supported metal clusters.

Zusammenfassung

Wegen ihrer besonderen katalytischen Eigenschaften stehen massenselektierte
Metallcluster im Fokus intensiver Forschungsarbeiten. Fiur ihre Charakterisierung
eignen sich spektroskopische Methoden im sichtbaren Bereich, da dadurch
Ruckschlisse auf die elektronische Struktur gewonnen werden konnen. Eine
experimentelle Herausforderung ist dabei die geringe Absorption. Dies erfordert
die Anwendung hoch empfindlicher Methoden wie z.B. die “Cavity Ring-Down
Spectroscopy” (CRDS). Hierbei handelt es sich um eine Methode, die vorwiegend
in der Gasphase verwendet wurde. In dieser Arbeit wird ein neuer experimenteller
Ansatz vorgestellt, mit dem die optischen Eigenschaften getragter Cluster
untersucht werden koénnen. Die Herstellung der Cluster erfolgt mittels einer
Laserverdampfungs-Clusterquelle. Die verwendete spektroskopische Methode ist
die UHV-kompatibl CRD Spektroskopie, die die in-situ Messung Uber einen
groBen spektralen Bereich erlaubt.






1. Introduction

1. Introduction

"What would the properties of materials be if we could really arrange the
atoms the way we want them? They would be very interesting to
investigate theoretically. | can't see exactly what would happen, but | can
hardly doubt that when we have some control of the arrangement of things
on a small scale we will get an enormously greater range of possible
properties that substances can have, and of different things that we can
do." Richard Feynman, 1959

Richard Feynman was surely one of the most visionary scientists in the 20™
century. His ideas have driven many researchers in various fields. The above
mentioned paragraph is an example of his intriguing ideas which has partly
become true. The main message behind his famous speech “There's Plenty of
Room at the Bottom* was, let’s investigate the properties of materials at smaller
and smaller length-scale, since these would be different to what we know from
the bulk and atoms. He was actually asking the scientific community to create
and develop new devices, which needed to go beyond the limits of that time.

Several changes in properties occur as atoms combine to form dimers,
trimers, larger clusters and so on, until finally a size is reached at which the
collection is identifiable as the bulk. An obvious example is made by any metal; a
single atom of any material has no metallic property! There are a number of
fundamentally important questions concerning the nature of the evolution of bulk
metallic properties, for instance. Over what size range are properties intermediate
between those of the atomic and metallic states? Is the transition abrupt or
gradual, monotonic or discontinuous? Do all properties change in parallel
fashion? Is the nature of the evolution the same for all metals, or does each have
its own pattern? These questions have been the topic of many research activities
over the past decades. Currently, a vast collection of experimental and theoretical
data is available which delivers quite satisfying answers to some of these
questions™ ', It is known that dimensional confinement is one of the reasons for
the so called “size effect”, and that depending on the property under
consideration, the characteristic length at which the confinement sets in can vary.
These changes of property can be divided into two regimes; the non-scalable
regime for small clusters where the properties change drastically by adding a
single atom, and the scalable regime where the properties monotonically
converge toward bulk values. Theory has been quite successful in both,
determining and predicting the material properties in the scalable range where an
extrapolation of bulk values through solid state considerations result in good
agreement between experiment and calculation. In the non-scalable range,
however, theory becomes more and more dependant on various assumptions,
and its success is only justified by agreement with the experimental results.
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The optical properties of metal clusters have been the subject of continuously
growing interest, mainly due to the information on the electronic structure which
can be gained. A variety of samples have been studied e.g. clusters in the gas
phase'"'® | clusters embedded in matrices'’?, clusters in solutions?*' and
clusters at surfaces®=*. Among the aforementioned samples, supported clusters
are of high importance since they deliver the most practical way of technological
implementation. However, much less is known about the evolution of the optical
properties of metal clusters with size. Furthermore, it has been shown that the
interaction between clusters and the support material strongly influences the
observed optical properties®® by manipulating the electronic structure of the
clusters through e.g. charge transfer. The medium surrounding the clusters
affects the properties of cluster/medium system. Therefore, this system as a
whole should be studied. The common shortcoming among the investigations
undertaken on supported metal clusters to date is that the size range of the
clusters under study is relatively broad, and size specific information is not
available. This becomes more dramatic in the non-scalable regime for clusters
containing up to 50 atoms, where a drastic change is expected by the addition of
each atom.

Optical absorption spectroscopy is a powerful method to characterise
electronic transitions in very small clusters supported on surfaces, and not only
delivers an insight into their electronic structure, but also when compared to
theoretical predictions, into their geometric structure and interaction with support
material. The low particle concentration of monodispersed materials is an
experimental challenge that has drastically slowed the investigations on size
specific properties of supported species. The subject of the current work is to
tackle this problem by designing a novel experimental apparatus capable of
producing and characterising appropriate samples and measuring the optical
properties of size-selected supported metal clusters. In the context of the
present work, clusters are defined as a number of atoms (N) bound together,
where 1 < N < 20.

In the following, the general aspects of an experimental apparatus suitable for
measuring the optical properties of size-selected supported clusters are first
reviewed. The capabilities that the spectroscopic method should possess and the
specifications of the samples are then given. Following on, the spectroscopic
method of choice is introduced and discussed in detail. The technical difficulties
are outlined and in each case a practical solution is provided. Production of metal
clusters through laser vaporisation cluster source is explained and further details
of the cluster source used in this work are included followed by an overview of
the apparatus as a whole. In Chapter 3 the publications which resulted from this
work are presented accompanied by a short description. Finally, future outlooks
are presented in chapter 4. The development of a unique experimental setup
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requires many custom parts to be designed and constructed. The drawings of
these parts, as used in the presented work are attached in Appendix A.
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2. The apparatus

Generally speaking any experimental equipment designed with the purpose of
measuring the optical properties of supported size-selected metal clusters is
composed of three main parts: 1) A cluster source to produce a beam of metal
clusters of different sizes; 2) lon optics and size selection unit to guide the beam
to the support material where the clusters are deposited after selection of a
specific cluster size from the beam; 3) An analysis unit where the optical
properties are investigated. In the following section, the general prerequisites of
different parts are first presented, and then details of each are given.

2.1. General aspects

Metal nanoclusters are as old as the beautiful metal-containing stained
glasses of the Middle Ages. The very first investigations are perhaps those of
Rayleigh, who recognised that the scattering of light by small metal clusters
embedded in the glass was the source of it’s colour. Gustav Mie followed
Rayleigh’s work with an extensive electrodynamic treatment which is relevant
even today. As might be expected from either a molecular or a solid-state point of
view, atomic clusters have properties different from the bulk. Since then, there
has been great interest in the physics and chemistry of small clusters arising from
their size dependent electronic®®, thermodynamic®” % chemical®®, and magnetic*
properties.

2.1.1. The sample

An exploration of the optical properties of supported size-selected clusters
requires an appropriate cluster/support system. It is of central importance to
create a sample consisting of a single (monodispersed) cluster size. A schematic
of such a sample is shown in Figure 1. In order to fulfil this prerequisite it is
required that a specific cluster size is deposited onto the substrate so that firstly,
no agglomeration occurs and secondly, no fragmentation takes place.
Fragmentation may be avoided by keeping the kinetic energy of the cluster below
a certain limit. To avoid agglomeration, however, the surface coverage (number of

\ Clusters of
Substrate a specific size

Figure 1 Schematic view of a sample which fulfils the
main criterion. It consists of clusters of a single size
which are well separated.
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clusters per unit of surface area) must be less than a certain limit. Assuming a
random distribution of the clusters on the surface, the relevant parameter to be
controlled is the nearest neighbour (NN) distribution function which can be
calculated for a given density (coverage) according to equation (1) *" “? where
H(r), r, p and, v, are the distribution function, the distance between the
clusters, the cluster coverage and the dimension dependent volume of the
clusters (in case of surface coverage v, = 7r?), respectively.

dv, () oo ¢
H(’,):p%e(pn(» (1)

Figure 2 shows the calculated NN distribution function for various cluster
coverages. As is seen in Figure 2A, the most probable value of the NN distance
diminishes for higher coverages. Furthermore, the amount of clusters which have
NNs in distances below a threshold increases as well, as shown in Figure 2B. This
enforces an upper limit on the allowed coverage, which in turn depends on the
size of the clusters. For larger clusters, the NN distance should be larger in order
to have well separated clusters compared to the case of smaller clusters.
However, a certain coverage is necessary in order for the optical properties of the
clusters to be observed. This minimum coverage is mainly predefined by the
detection limit of the measurement method. In the next section, the required
capabilities of the spectroscopic method are discussed.

integrated NN
probabllity [%6]

NN probability
[counts]
o B & a 8

20 40 60 80 100 120 140

o

NN distance [A]

Figure 2 A) The nearest neighbour distribution functions for different cluster coverages. B) The
integrated NN probability in percent. The vertical broken line at r = 5 Angstrom is drawn for
easier comparison.
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In order to have a sample of monodispersed clusters, the correct coverage of
the clusters is only a “necessary” condition. Another issue is to avoid
agglomeration of the clusters via their diffusion across the surface. It is, therefore,
required that either the temperature of the sample stays low enough to freeze the
clusters at their initial positions or to anchor them locally.

A final important requirement for a suitable sample is its purity. A pure sample
consists of clusters and the substrate and no contamination. This may be fulfilled
to some extent by working under ultra high vacuum conditions as will be
discussed in section 2.1.3.

2.1.2. Spectroscopic requirements

The first criterion mentioned in section 2.1.1 may be fulfilled by keeping the
cluster coverage below 102 cm= (the brown curve in Figure 2) for all clusters.
Since small cluster of up to 50 atoms in size will have a radius smaller than 1 nm
(Auss has a diameter of ~1.5 nm), the majority of the clusters will be far enough
from each other and agglomeration will be avoided. Considering the small
absorption cross section of transition metal clusters in the visible range of the
spectrum (o = 0.1 Az it gets larger in the UV), one can conclude that the
spectroscopic method should be able to measure absorption losses (L) in the
order of 10 parts per million (L = p-o). Among the methods which are capable of
measuring such low optical losses, the linear optical methods are preferred since
it is easier to interpret the acquired spectra.

2.1.3. Ultra high vacuum

As already mentioned, the cleanliness of the sample is an important issue,
since the presence of contamination may manipulate the electronic structure of
the system and so the measured optical properties will not be that of the system
of interest. Hence, to avoid the interaction of the cluster/substrate system with
foreign molecules, it is preferred to perform the measurement under vacuum
where the amount of contaminating molecules is reduced. The quality of the
vacuum should allow for a measurement taking about 5 hours to be performed
with negligible contamination. To this end, the mean free path of the molecules
present in the vacuum is the relevant quantity. It can be shown that for pressures
higher than 1x10° mbar, it takes less than one hour for the whole surface, to be
covered by residual water molecules*®, assuming a sticking coefficient of 1. Thus,
it is necessary to have a vacuum of high enough quality (1x10-'°© mbar) in order to
have clean samples over a relatively extended time.

Since the formation of clusters is accompanied by introducing pressures in the
range of 1x10*® mbar, a differentially pumped vacuum system should be
employed. Here the cluster source (where the clusters are produced) is separated
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from the analysis chamber (where the sample is investigated) through a number
of vacuum chambers which are separately pumped, and connected only via small
openings. The cluster beam should be guided to the substrate where deposition
takes place. Common to all cluster sources, is that they produce neutral as well
as negatively and positively charged clusters. It is therefore possible to guide the
charged clusters using electrical fields and separate them according to their mass
to charge ratio.

2.2. Spectroscopic method

The basic capabilities of the suitable spectroscopic method were briefly
mentioned in section 2.1.2. Direct absorption spectroscopy of atoms and
molecules in the gas phase yields both quantitative absolute concentrations as
well as absolute frequency-dependent cross-sections, and is a very powerful tool
in analytical chemistry and physical chemistry. This absoluteness is the reason
why sensitive absorption spectroscopy techniques have gained renewed interest,
even in research fields where more sophisticated laser-based diagnostic
techniques are commonly applied. Among the various direct absorption
techniques, the cavity ring-down (CRD) spectroscopy has proven to be a valuable
addition, since it combines a good sensitivity with a rather simple and
straightforward experimental set-up. In a ‘conventional’ absorption experiment,
one measures the amount of light that is transmitted through a sample. If the light
source is monochromatic (e.g. a laser), one can obtain an absorption spectrum of
the sample by recording the transmitted intensity as a function of the frequency.
Alternatively, a broad light source can be used when the incident light or the
transmitted light is spectrally dispersed. A drawback of direct absorption might
be its limited sensitivity because a small attenuation in transmitted beam has to
be measured on top of a large background. High sensitivity is obtained by using
modulation schemes and by increasing the absorption path length. Alternatively,
other experimental spectroscopy techniques can be used which are based on the
detection of phenomena that are induced by absorption of light, such as pressure
changes in photoacoustic spectroscopy, fluorescence in laser-induced
fluorescence (LIF), or ions in resonant enhanced multiphoton ionization (REMPI).
The great advantage of these techniques is that they are background free. A
disadvantage is the sometimes difficult calibration procedure which is needed to
make these techniques absolute (i.e. these techniques are not self-calibrating).

2.2.1. A short summary of some suitable spectroscopic methods

The main problem associated with laser absorption spectroscopy when
detecting inherently weak absorption (e.g. that of small metal clusters) is that the
change in intensity is very small compared to the initial laser intensity. Therefore
the sensitivity is generally limited by fluctuations in laser intensity. However,
several other laser-based methods of obtaining absorption-related spectra exist

10
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which rely upon some subsequent side effects of the excitation process such as
above-mentioned methods. Examples of such methods are briefly outlined below.

2.2.1.1. Laser induced fluorescence (LIF)

Following the absorption of a photon, an electronically excited molecule may
decay to its ground state by emission of radiation, a process known as
fluorescence. By monitoring this fluorescence (generally at 90° to the laser beam),
molecular absorption can be detected while the input laser wavelength is
scanned. LIF is, at least in theory, a zero-background technique, but some
sources of noise are inevitable, the principal one usually being scattered laser
light from the surfaces. LIF is thus, a highly sensitive absorption technique: for
example, for detection of tropospheric OH, a sensitivity of 1.8x10% molecules per
cm?® was demonstrated and further improvements have since been made “.
Detection of fluorescence is ultimately constrained by the quantum efficiency of
the photomultiplier tube (PMT). A primary limitation of LIF is the requirement that
the excited state must have a large fluorescence quantum yield. Many excited
electronic states decay via other competing pathways, such as predissociation or
collisional quenching, and thus show little or no fluorescence. Examples of small
molecules and radicals commonly probed by LIF include I,, NO, OH, CH, CN, NO,
and CO.

2.2.1.2. Resonance enhanced multiphoton ionisation (REMPI)

A molecule can be induced to absorb two or more photons simultaneously,
provided the intensity of light is sufficiently high to compensate for the very small
cross-sections for such processes. Typically, small molecules composed of light
atoms will have ionisation energies around 10-15 eV, corresponding to the
absorption of three UV photons from the ground state of the neutral molecule.
The cross-section of this ionisation process is greatly enhanced if there is a real
excited state resonant at the energy of one or two absorbed photons. By
monitoring the photoionisation yield as the laser wavelength is scanned, a
spectrum corresponding to absorption to the resonant state is obtained 447,
REMPI has certain advantages over single photon spectroscopy; in particular,
different selection rules for multiphoton transitions allow many previously
unobservable transitions to be seen (e.g. for the two-photon absorption, g-g and
u-u transitions in a centrosymmetric molecule), and it can be mass selective if
used in combination with time of flight (TOF) detection. If the resonant state is
heavily predissociated, however, little or no ion formation will occur. Key species
detected by REMPI include H,, HCI, NO and, CHs.

2.2.1.3. Photoacoustic spectroscopy

Absorption of electromagnetic radiation raises the internal energy of the
molecules in a sample. This energy can be dissipated to a bath gas via collisions

11
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that cause internal (e.g. electronic or vibrational) to translational (E-T or V-T)
energy transfer, resulting in a local, thermally induced pressure increase. A pulsed
laser or modulated continuous wave (CW) laser will thus, generate pressure
waves when tuned to be resonant with an absorption feature of the sample gas,
and these pressure waves may be monitored by a piezoelectric detector or a
microphone placed within the sample cell. The intensity of the sound detected
depends on the degree of heating, which, in turn, is related to the strength of the
absorption: hence, plotting sound level versus laser frequency vyields an
absorption spectrum “8. Photoacoustic spectroscopy is a highly sensitive form of
laser absorption spectroscopy: for example, Davidson et al. *° specified a limiting
absorption coefficient of 4x10"® cm™. The technique has thus found extensive
applications in the study of high vibrational overtones of small hydride molecules
and in analytical chemistry.

2.2.1.4. Degenerate four-wave mixing (DFWM)

DFWM involves the interaction of three coherent laser beams of identical
frequencies with a medium to produce a fourth, coherent signal beam 0 %1, A
simple, qualitative description of the process is as follows: two laser beams cross
at a small angle to produce an optical fringe pattern, which, in an absorbing
medium, will give rise to a spatial modulation of ground and excited state
populations. The third laser beam can then be scattered by Bragg diffraction from
the population grating to produce a signal beam. This process happens when the
medium absorbs; therefore, detection of the signal beam gives an absorption
spectrum. DFWM has the advantage over LIF and REMPI that it can be used to
detect rapidly predissociating species without resultant loss of signal. Because of
its coherent nature, the signal beam may be detected remotely, making DFWM a
useful probe of hostile environments such as flames and plasmas. In practice,
however, DFWM is a difficult technique to implement and the extraction of
quantum-state population distributions from the resultant spectra is complicated
by the non-linear nature of the interaction of light and matter in the DFWM
process. DFWM signal intensities scale with the square of the concentration of
the detected species, making detection of trace species very difficult, and DFWM
cannot generally be regarded as possessing the sensitivity of either LIF or REMPI.
Nevertheless, it has been used for the successful detection of, for example, HCO
from the photolysis of acetaldehyde *2, CH in a flame®® and both C2 and CH in a
diamond-growth reactor 4.

2.2.1.5. Second harmonic generation spectroscopy (SHGS)

Optical second harmonic generation (SHG) is the nonlinear conversion of two
photons of frequency @ to a single photon of frequency 2o which, in the electric
dipole approximation, requires a non-centrosymmetric medium. This
phenomenon is used in laser technology for frequency doubling through non-
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centrosymmetric crystals. SHG may also be obtained at the interface between
two centrosymmetric media, where the symmetry is broken. Since only the few
atomic or molecular monolayers on either side of the interface participate in the
symmetry breaking, the SHG process can be employed as a highly surface
sensitive optical probe of interfacial phenomena %°. The sensitivity of the SHG
technique has led to its application in the study of surface chemistry for a large
number of interfacial systems %6,

2.2.1.6. Intracavity laser absorption spectroscopy (ICLAS)

An absorber placed within a laser cavity can alter the gain and hence, the
output of the laser. Therefore, by placing a narrow band absorber into the cavity
of a laser and determining the gain at different wavelengths, an absorption
spectrum can be obtained. The wavelength-dependent gain can be determined
either by tuning the (narrow-band) laser or by using a broad-band multimode
laser and dispersing the output light with a high resolution spectrograph.
Quantitative intensity measurements may be extracted from these spectra,
allowing concentrations or oscillator strengths to be determined. ICLAS is a very
sensitive technique, which may be performed in the visible range using a dye
laser or in the IR using a colour-centre laser, and has been applied to a number of
species to measure high overtone spectra °’.

2.2.2. Cavity ring-down spectroscopy

CRD spectroscopy is a sensitive absorption technique in which the rate of
absorption rather than the magnitude of the absorption of a light pulse confined in
an optical cavity is measured °8. The sample is placed inside a high-finesse
optical cavity consisting of two highly reflective mirrors. A short laser pulse is
coupled into the cavity, the light is reflected back and forth inside the cavity and,
every time that the light is reflected, a small fraction of it leaks out of the cavity.
Instead of measuring the total intensity of the light exiting the cavity, one
determines the decay time by measuring the time dependence of the light leaking
out of the cavity. In this way the rate of absorption can be obtained; the more the
sample absorbs, the shorter the measured decay time is. There are several
advantages to this approach. Since the absorption is determined from the time
behaviour of the signal, it is independent of any pulse-to-pulse fluctuations of the
laser. Furthermore, the effective absorption path-length, which depends on the
reflectivity of the cavity mirrors, can be very long (up to several kilometres), while
the sample volume can be kept rather small. Compared with other sensitive
absorption techniques, especially those using modulation schemes, CRD
spectroscopy has the additional advantage that the absorption is measured on an
absolute scale since CRDS is a direct technique. Another attractive property is its
simplicity, a CRD setup may be constructed using relatively few components.
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2.2.2.1. History

The work reported by Herbelin et al.®® and Anderson et al.®® can be regarded
as precursors to the CRD technique, although the transmission of a light pulse
through an optical cavity had already been studied for a long time 6'. Herbelin et
al. were the first to propose the use of an optical cavity for measuring the
reflectance of mirror coatings. By intensity modulating a CW light beam and
measuring the phase shift introduced by the optical cavity, they were able to
determine accurately the high reflectance of their mirrors. In 1984, Anderson et al.
demonstrated that the reflectance could be measured even more accurately by
abruptly switching off the CW light source when the intra-cavity field exceeded a
certain threshold value, followed by the recording of the subsequent intensity
decay of the light in the optical cavity. In both techniques, injection of light into
the cavity occurred via accidental coincidences of the (narrow-bandwidth) laser
frequency with the frequency of one of the narrow cavity modes. In 1988 O’Keefe
and Deacon showed that problems associated with mode coincidences could be
circumvented by using a pulsed laser . Additionally, owing to the pulsed
character, no electronics were needed for monitoring the intra-cavity power or for
switching off the laser, before observing the decay transient, thus providing a
simple experimental design for measuring the cavity loss. O’Keefe and Deacon
realized that this method was suitable for measuring the absorption spectrum of
molecules present in the cavity. They demonstrated the sensitivity by recording
the CRD absorption spectrum of the weak blzg—>X32g bands of molecular
oxygen €. Since then, it has been shown by many groups that this technique is
powerful in gas-phase spectroscopy for measurements of either strong
absorptions of species present in trace amounts or weak absorptions of
abundant species and developments in this technique are still continuing today.

2.2.2.2. Theory

The principle behind CRD spectroscopy is very simple and was already
introduced at the beginning of section 2.2.2. A light pulse trapped inside a stable
optical cavity travels back and forth and at each reflection from the mirrors a
portion of it leaks out of the cavity due to the imperfect reflectivity of the cavity
mirrors. This is illustrated schematically for an empty cavity in Figure 3. Here, the
intensity of the laser before the cavity is 7, the intensity of the light travelling to
the right inside the cavity (leaving the front mirror) is labelled Ir, and that of the
light leaving the back mirror outside the cavity is labelled 7, , where nis the
number of round-trips inside the cavity. For a cavity built from two identical
mirrors with reflectivity R, I», can be calculated using equation (2).
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Ir,=1,(1-R)
Ifn = Ifn—l ,RZ
In, =1Ir,(1-R)
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Figure 3 The schematic view of cavity ring-down concept. A laser pulse with intensity 7, is

coupled to the cavity made of two identical highly reflective mirrors. The light leaking out of the
cavity at the back mirror is detected.

The elapsed time between two successive lines at the detector is the round-
trip time (the time it takes for the light to make a complete detour inside the
cavity) and is given by equation (3), where ¢ is the speed of light and dis the
spacing between the cavity mirrors.

n=— 4)

Using equation (4) and rewriting equation (2) one obtains the behaviour of the
intensity of light, which leaks out of the cavity from the back mirror as a function
of time.

1) =10- Ry -ei™™ ©)

It should be noted that since the reflection losses only occur at the mirrors, for
very short laser pulses, this function is essentially discrete and should be handled
with extra care. During the time between successive reflections the intensity of
light inside the cavity is not changing. Figure 4 shows the evolution of the light
intensity inside the cavity for an empty cavity. As for practically used cavities (d <
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2m) the round-trip time is quite short (z.< 14ns) and usual detectors cannot
resolve the signal temporary. Therefore, a smooth exponentially decaying curve is
usually observed.

The ring-down time is defined as the time constant of the decaying signal and
in the case of an empty cavity is given by equation (6). Here, we made use of the
limit equality that for R —»1, In(R) > R-1.

intensity inside the cavity

—
-

time
Figure 4 Evolution of the light intensity inside an empty cavity with time.

1(0)

e

T = _d = d
cin(R) c¢(1-R)

I(z) =

6)

The optical loss (intensity loss of the light) is determined by the unit-less value, L,
and can be calculated according to equation (7).

L(Af) = W (7)

For an empty cavity, where the losses have their origin only in imperfect
reflectivity of the mirrors (or equivalently their non-zero transmission), the loss for
each single pass is given by equation (8).
ar=2

C

L=1-¢"® =1-R 8)
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By comparing equations (8) and (6) it becomes clear that the ring-down time , z,
and, L, are connected. Equation (9) manifests this relation.

d d
T:—:}L:— (9)
cL cT

Introducing a sample into the cavity will cause additional optical losses.
Obviously, the ring-down time becomes shorter. It can be shown that the ring-
down signal will keep its exponential form. The light intensity undergoes a change
by passing through the sample due to absorption and scattering. This attenuation
for each round-trip can be determined from equations (10a) and (10b). Here, L,
denotes absorption loss where, L, stands for scattering loss and, n, is the
number of round-trips.

In = ]n—l : e_LA (1 Oa)
I, =1 ,¢e" (10b)

Similarly to equations (5) and (6), the following overall expression is derived for the
ring-down time.

d
TR L+ L) (1)

Since both, L,, and, L, have positive values, the ring-down time gets smaller

due to introduction of a sample into the cavity. The resulting optical losses, which
originate from the sample, can be put together in a single loss term, L, =L, +L,,
presenting the total loss of the sample. In Figure 5 the schematic ring-down
signal is reproduced for comparison between the above mentioned cases.

A CRDS measurement is about determination of the initial ring-down time of
the cavity without the sample of interest at the first step, and then the
measurement of the ring-down time including the sample, as a function of
wavelength. The optical losses arising from the sample can be then calculated
according to equation (12).

L -4 (E_LJ i~

T 7,

Alternatively and equally valid, one could determine each loss term by
measuring the ring-down time once with and without the specific loss term
included in the total loss. For example, in the case of supported clusters, the two
measurements would be one with the bare substrate before deposition of metal
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clusters and another after deposition. Inserting the recorded ring-down times into
equation (12) the optical losses caused by the clusters can be found.

T —— Exponential decay in empty cavity

—— Exponential decay with sample

Normalised intensity

time

Figure 5 The exponential decay for an empty cavity and a sample-containing cavity.
The intensity scale is normalised for easier comparison. The ring-down time for an

empty cavity is termed 7, .

2.2.2.3. Sensitivity

In this section the variables that influence the attainable sensitivity in CRDS
are addressed. Examples are presented that highlight the fundamental limitations
associated with a given experimental configuration. Unlike techniques that are
typically limited by simple photon or ion-counting statistics, the sensitivity in
CRDS can be dictated by a complex interplay of many variables.

In CRDS, as with other absorption methods, sensitivity is most generally
discussed in terms of the minimum detectable fractional absorption per pass L, ,
since this allows an unambiguous definition for a specified number density and
absorption cross section. For CRDS this is primarily given by equation (13).

L :M:A(ij: 4 pe=127 (13)
min Cz_

cCT T

The use of effective absorption path length values are explicitly avoided
(derived from the number of passes in the decay time) so are sensitivity limits in
terms of inverse path length. In the former this value changes with the strength of
the absorber and in the latter it is specific only for a given molecule with a fixed
number density and absorption cross section. The fundamental limitation of the
sensitivity of CRDS is determined by the accuracy of the ring-down time
measurement. As mirror reflectivity increases, the fractional uncertainty in the
decay time will generally decrease, which subsequently, leads to a higher
sensitivity limit. This fact makes it essential to specify mirror reflectivities to
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assess the sensitivity limit of a CRDS experiment. Although the theoretical limit is
typically not achieved in most experiments, higher mirror reflectivities offer the
simplest means of routinely achieving ppm (part per million) sensitivity levels
without a great deal of effort. This point underscores the desirability and high
priority of obtaining mirrors with the highest possible R value. For a given set of
mirrors, cavity length, laser properties, and detectors are the primary variables
that dictate the experimentally achievable sensitivity.

A convenient starting point for the discussion of CRDS sensitivity is the ideal
model used in the derivation of the first-order exponential expression for the
cavity decay time as introduced in section 2.2.2.2. In this model, the spatial
length of the laser pulse injected into the cavity is assumed to be much shorter
than the cavity round-trip length, leading to discrete pulses being transmitted
through the exit mirror of the cavity with each round-trip. Consequently,
interference effects are not important, and the intensity measured at the detector
(usually a photomultiplier tube) will be a series of pulses of regularly decreasing
intensity spaced in time by 2d/c (see also Figure 3). In this picture, the ultimate
sensitivity will depend explicitly on the ratio of the uncertainty in the number of
round-trips of the light pulse to the total number of round-trips that occur during
the actual measurement of the ring-down time. As an example, consider a cavity
comprised of mirrors having equal reflectivities R = 99.995% that are spaced 0.52
m apart. Then, one measures a decay time of about 34.7 ps, during which time
the light pulse makes more than 9000 round-trips. Here determination of the ring-
down time to within a single round-trip (1 part in 9000) translates into a
spectrometer absorption sensitivity of about 5.5 parts per billion (see equation
(13)). If the individual pulses are well separated and it is possible to resolve the
individual features of each pulse, the cavity decay time can be determined with a
precision greater than the transit time of the light pulse across the cavity, that
subsequently leads to increased sensitivity. This may most easily be achieved by
assuring the length of the laser pulse (~30 cm/ns) is less than the round-trip
length of the cavity; otherwise, the ability to discriminate individual light pulses is
likely lost. For example, a laser pulse with 15 ns pulse-length would undergo ca. 5
round-trips in the same 0.52 m resonator in the duration of the laser pulse. In this
case, the ring-down decay would at best exhibit periodic fluctuations on the
round-trip time. While points on the decay spaced in time by 2d/c still fit to a
simple exponential, and the envelope of these fluctuations should decay
exponentially. When averaged over the round-trip time, these fluctuations will
produce steps rather than a smooth decay. This may hinder the precise
determination of the decay time and so decrease the sensitivity.

In the discussion of absorption sensitivity, it is important to realize that in
CRDS, as the absorption strength increases, the associated precision of the
decay time measurement is reduced. A cavity with a base-line loss (empty cavity
loss for gas phase measurements or alternatively the loss of the cavity plus that
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of the substrate in the case of supported clusters) of 100 ppm with a 10 ppm
absorber (total loss 110 ppm) is capable of determining the absorption to a
precision of 1 ppm for a decay time precision of 1%, while a 400 ppm absorber in
the same cavity (total loss 500 ppm) is only accurate to within 5 ppm for the same
1% decay time precision. In essence, the CRDS method becomes less accurate
as the absorption intensity increases, since the decay time is shorter for larger
absorption. This effect is demonstrated in Figure (6). In this regard, CRDS
possesses a somewhat limited dynamic range, which is severely reduced as
mirror reflectivity decreases. Typically, CRDS is unsuitable for measuring
fractional absorption of greater than a few percent and is therefore complimentary
to other methods, such as Fourier transform spectroscopy, that are capable of
accurately measuring absorption that approaches 100%.

From this discussion, it is clear that extremely high levels of sensitivity can in
theory be reached with the CRDS technique. In practice, however, there are many
factors that limit the experimentally achievable sensitivity. Although CRD
spectroscopy is significantly more sensitive than ‘conventional’ absorption
spectroscopy, in general, it cannot compete with background-free detection
techniques such as LIF, REMPI, and SHG. The CRD technique, however, can still
be applied with success when the molecule’s excited state does not fluoresce (a
prerequisite for LIF) or cannot be ionized (a prerequisite for REMPI). In high-
pressure samples, such as flames and plasmas, CRDS can be successfully used
to extract quantitative absolute concentration data, which is nearly impossible
using either LIF (because of difficulties associated with collisional quenching of
the fluorescing state) or REMPI (owing to difficulties in extracting the charged
particles).

At/t [%]

500 1000 1500
total loss [ppm]

Figure 6 The loss dependent sensitivity of CRDS. Regions of
various L _;, values (the smaller the better) are differently
coloured. The vertical broken line shows that for system of a
specific loss, higher sensitivity can be achieved by higher
precision in time measurement. The horizontal broken line shows
that for a certain relative error of time measurement, the
sensitivity is better for systems with lower loss.
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2.2.2.4. Laser bandwidth and multi-exponential decays

Here the frequency spectrum of the laser light trapped in the cavity is
considered. In the event that CRDS is implemented for quantitative analysis of
spectral intensities, the laser bandwidth with respect to the absorption line width
must be taken into account, as is the case in conventional absorption
spectroscopy (i.e., applicability of Beer's law). However, several phenomena,
unique to CRDS, may occur that result in non-exponential cavity decays and
subsequent distortion of the spectral intensities.

In the case of an empty cavity, the ring-down time is dictated by the
frequency-dependent reflectivity of the mirror coatings, and there will always
exist, a range of decay times for a given bandwidth. The more broadband the
laser light, the larger this range of decay times, and hence, the lower the ultimate
sensitivity. If each frequency of the input bandwidth is not equally attenuated with
each pass, accurate values for the cavity loss are not obtained from fits to a
single exponential. Similarly, when a sample is placed into the cavity, accurate
absorption intensities are not obtained.

In the case of molecular absorption, one must consider the specific interaction
of the input laser spectral content with the absorbing species. In the case of
molecular absorption, where the line width of the molecule is less than that of the
laser light that is coupled into the cavity, only frequency components resonant
with the molecular transition are absorbed as the laser pulse circulates in the
cavity. This effect leads to decays that can deviate significantly from a single
exponential and results in the under calculation of the absorption intensity. If the
light exiting the cavity were dispersed into its various frequency components,
different decay times would be measured for the resonant and non-resonant
components, with subsequent increased absorption for the resonant
components. Hodges et al.®® have demonstrated experimentally that in cases
where the laser light consists of multiple modes and is broader than the line width
of the absorber, its frequency spectrum must be explicitly included to extract
accurate absolute absorption intensities.

2.2.2.5. Cavity ring-down mirrors

The reflectivity of the mirrors, which form the cavity, is of high importance as
was discussed in section 2.2.2.3. The required reflectivity of 99.995% or more, is
much higher than that achieved with normal metallic mirrors, due to absorption
losses. Therefore, dielectric mirrors must be used. The function of dielectric
mirrors is based on the interference of light reflected from the different layers of a
dielectric stack. This is the same principle used in multi-layer anti-reflection
coatings, which are dielectric stacks designed to minimise rather than maximise
reflectivity. Simple dielectric mirrors consist of a stack of layers with a high
refractive index interleaved with layers of a low refractive index. The thicknesses
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reflected waves
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Figure 7 The schematic view of a dielectric
mirror. Layers of high (H) and low (L) refractive
index are differently coloured. The thickness
of each layer is equal to the quarter of the
desired wavelength.

-«

incoming wave

of the layers are chosen such that the path-length differences for reflections from
different high-index layers are integer multiples of the wavelength for which the
mirror is designed. The reflections from the low-index layers have exactly half a
wavelength in path length difference. There is a 180-degree phase shift at a low-
to-high index boundary, compared to a high-to-low index boundary, which means
that these reflections are also in phase. In the case of a mirror at normal
incidence, the layers have a thickness of a quarter wavelength “8. This concept
can be demonstrated analytically by taking a linearly polarised light wave and
determining the wave equations of the reflected waves. The incoming light wave
can be described by its electrical field as in equation (14) where & is the wave
vector and w is the radial frequency of the light.

E = A-cos(wt — kx) (14)

It is important to consider that reflection from an optically denser medium
changes the phase of the wave by . Figure 7 shows the schematic view of a
multilayer dielectric mirror for normal incidence. Taking the interface between the
first layer and air (or vacuum) as the origin of the x axis (x = 0), the reflected wave
at this point will be described by equation (15).

E, = A4, -cos(wt + ) (15)

At the next interface the portion of the light which was transmitted through the
first layer is reflected. The wave reflected from this interface keeps its phase and
at the interface to air (x=0) it has travelled a distance of, 2x /4. At the next
interface the reflected wave undergoes a 180 degrees phase change and should
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put back a distance of a full wavelength to get to x=0 position. Note that the
amplitude of the reflected waves is smaller for deeper layers. The reflected waves
from each interface can be described as follows:

E:Z-Cos(a)t+n7z—(n—l)k§j (16)

Since, k=27/2, equation (16) can be rewritten to equation (17) and it can be
seen that all the reflected waves are in phase and consequently their interference
is fully constructive.

E,=A,-cos(wt+nr—(n-1)r) =4, cos(wt+r) (17)

Because the thickness of the dielectric layers is tuned for a specific
wavelength, these mirrors have a narrow range of high reflectivity which is about
+ 5% of the central wavelength “2 54, It is not possible to cover an extended range
of light wavelengths with a single mirror. A list of the dielectric mirrors (cavity ring-
down mirrors) which are used in this work is presented in table 1.

central wavelength 430 480 520 570 610 640 nm

available range 410-457 | 451-515 | 495-559 | 539-605 | 589-669 | 625-690 | nm

Table 1 The list of the cavity ring-down mirrors used in this work. The central wavelengths and the
available wavelength ranges are given. Note that all adjacent mirrors have an overlap range. For
some of the mirrors the full available range could not be used due to other practical difficulties.

2.2.2.6. Cavity modes and mode matching

Cavity modes are field distributions which reproduce themselves (apart from a
possible loss of power) after one round-trip. They can exist whether or not the
resonator is stable, but the mode properties of unstable resonators are fairly
sophisticated. In the following, only modes of stable resonators are considered.
For optical cavities comprised of two identical spherical mirrors, the cavity modes
(resonator modes) are Laguerre—-Gaussian modes. The simplest of those are the
Gaussian modes, where the field distribution is defined by a Gaussian function.
The evolution of the beam radius and the radius of curvature of the wave-fronts is
determined by the details of the cavity, which dictates the boundary conditions. A
collection of some Laguerre-Gaussian profiles is presented in Figure 8.
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Figure 8 Some Laugerre-Gaussian profiles. The indices,
(mn), stand for the number of radial (m) and angular
(n) nodes. Change of colour indicates 180° rotation of
the electric field vector.

The fundamental (or longitudinal) mode spacing v, (the frequency difference
between adjacent standing waves within the cavity), of the cavity is given by
c/2d, where d is the mirror spacing. Frequencies for the higher order transverse
modes are calculated using equation (18) where ¢ is the longitudinal mode index,
m and n, are the transverse mode indices, and, r, is the mirror radius of
curvature .

2 Al T
Uy = Uy q+;(m+n+1)tan H\/; 1} J (18)

For several compelling reasons, the lowest order transverse mode, TEMqo, is
the most widely used. The flux density is ideally Gaussian over the beam’s cross-
section for TEMg. In addition there are no phase shifts in the electric field across
the beam in contrast to the other modes (see Figure 8), and so, spatial coherency
is close to complete. Furthermore, the beam’s angular divergence is the smallest
and it can be focussed down to the smallest-sized spot ¢. In the following a more
detailed description of Gaussian beams and there properties is given.

The spatial extension of a Gaussian beam with wavelength 1 propagating
along z -axis is given by equation (19). Here o, is the radius of the beam at the
origin of the axis (z =0). At this point the beam has its smallest size, called “beam
waist”.
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o(z) = w,, |1+ (%j (19)

@,

A simple plot of @w(z) against z, is shown in Figure 9 where the relevant
parameters are introduced and will be explained. At each plane, perpendicular to
the propagation axis, the beam has a Gaussian profile. The width reaches its
minimum at the waist and then expands again. The same amount of energy
needs to be distributed in each plane (no energy loss while propagating). As a
consequence, the maximum irradiance is achieved at the beam waist. The
distance at which the width of the beam spreads, J2 times the beam waist, is
known as the Rayleigh range, and can be shown using equation (19) that:

P08
A—
R

(20)

The divergence of the beam is shown in Figure 9 byé#. In the paraxial
approach, where the beam’s transversal dimension is small (which means that the
angular spectrum of the amplitude distribution is located around the axis of
propagation), the divergence is given by equation (21).

A
0 =tan(0) =— 21)
72'600

From equation (21), it is seen that the divergence and the beam waist are
reciprocal parameters. This means, that large values of the beam waist results in
lower divergence, and vice versa.

Another important parameter, concerning Gaussian beams, is the radius of
curvature of the wavefront. Its dependence with, z, is given through equation

(22).
R(z) = 2[1{’3 j } (22)

Equation (22) suggests that when z tends to infinity, a linear variation with, z,
is achieved, which is typical for a spherical wavefront originated at z =0, e.g.
coming from a point source. However, the radius of curvature is infinity at the
beam waist. This means, that at this position, (beam waist) the wavefront is plane.
Figure 10 illustrates this dependency.
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w(z)

Figure 9 Gaussian beam with @(z)as a function of propagation distance z .

indicated are: Rayleigh range z, and beam divergence 6.

Again from equation (22), the position of the minimum radius of curvature with
regard to the beam waist, can be derived as in equation (23). Note that, the
unfortunate similar notation of z, . (the zvalue at which the minimum radius of
curvature occurs) and z, (Rayleigh range) may cause confusion.

2

Tw,

z, =t—
min 2{

=xtz, (23)

As already mentioned at the beginning of this sub-section, there are many
reasons why it is desired to work with Gaussian laser beams (TEMqo). The case of
CRDS is no exception. However, more care should be taken, since the laser
beam has some properties dependent on the laser system, and the beam
parameters do not necessarily match those of the ring-down cavity. In the
following, the behaviour of a Gaussian beam inside the cavity is first described
and the process of mode matching is then introduced.

Being confined to an optical cavity, a Gaussian beam can only be stable if its
parameters match those dictated by the cavity. For example, the radius of
curvature of the beam should match that of the cavity mirrors at the mirror
position and so, the position of the beam waist inside the cavity as well as its
size, and consequently the divergence of the beam are predefined by the cavity.
For an optical resonator which is built out of two identical spherical mirrors with
radius of curvature, R, , and spacing, d, the beam waist of the stable Gaussian
beam, called “cavity waist”, can be calculated using equation (24).

dA?
Oy = 4\/47r2 (2R, —d) (24)
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Figure 10 Radius of curvature of a Gaussian beam
around the beam waist. The beam reaches a minimum

of the radius of curvature at distances +z, and -z,
from the beam waist.

Knowing the cavity waist, all the other parameters are easily calculated from
equations (19-23). In order to excite only the TEMo mode of the cavity, it is
required that the laser beam, which is coupled into the cavity has the same beam
parameters. This is generally not the case and hence, a process of mode
matching is required, where the laser beam is modified prior to the cavity, so that
the beam parameters match.

It is possible to condense the properties of a Gaussian beam in a single
complex value, which is called the complex beam parameter and is termed, ¢ . As
expected, this value varies with z and is given through equation (25).

1 _ 1 i
q9(z) R(z) 7o(z)’

(25)

For a mode matched system, the complex beam parameter of the incoming
laser beam should be equal to that of the Gaussian beam, stable in the cavity.
When the beam is propagating through air or vacuum, it is trivial to follow the
evolution of ¢(z). However, a beam passing through various optical elements is
manipulated in a more complex manner. Matrix optics has been well established
a long time ago % %7. Within the paraxial approach, it provides a strong tool by
describing the effect of an optical system as the cascade operation of its
components. In the so called ray transfer matrix analysis, each optical component
is represented by a matrix and the evolution of the beam through the whole
system, is achieved by transformation of the initial parameters of the beam by the
resultant matrix product. In paraxial optics, the light is presented by its height and
its angle with respect to the optical axis of the system. These two parameters can
be arranged as a column vector. The simplest mathematical object relating two
vectors (beside the multiplication by a scalar quantity) is a matrix. In this case the
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transfer matrix is a 2x2 matrix, that is usually called ABCD matrix because its
elements are labelled as A, B, C, and D. The relation can be written as:

[zj :[é g](iﬁ] 26)

In equation (26), the column vector with index 1 stands for the input ray, and
index 2 stands for the output ray. An interesting result of equation (26) is obtained
by definition of a new variable as the ratio between height and angle. From Figure
11, this parameter coincides with the distance between the ray-optical axis
interception, and the position of reference for the description of the ray. This
distance is interpreted as the radius of curvature of a wavefront, departing from
that intersection point and arriving to the plane of interest, where the column
vector is described. When this radius of curvature is obtained by using the matrix
relation, the following result is found:

AR +B
R, =
CR +D

(27)

This expression is known as the ABCD law for the radius of curvature. It
relates the input and output radii of curvatures for an optical system described by
the corresponding ABCD matrix.

The complex beam parameter of a Gaussian beam is the complex equivalent
of the radius of curvature and is sometimes called the complex radius of
curvature. The so called ABCD law for Gaussian beams is the result of applying
the ABCD law for the radius of curvature, to the complex radius of curvature, and
is given by equation (28).

_Aq,+B

__qu+l) (28)

q,

The results of the application of the ABCD law can be written in terms of the
complex radius of curvature and the Gaussian width by properly taking the real
and imaginary parts of the resulting complex radius of curvature.

When a Gaussian beam propagates along an ABCD optical system, its
complex radius of curvature is changed according to the ABCD law. However,
there exists an invariant parameter that remains the same throughout the whole
optical system. This parameter is defined as:

Ow, _4
V4
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Figure 11 The optical system is represented by the ABCD matrix. The
input (blue spot) and the output (red spot) rays are characterised by their
height and their slope with respect to the optical axis. The radius of
curvature is related to the distance between the intersection of the ray with
the optical axis and the input or the output planes.

A list of transfer matrices for various optical elements is presented in table 2.
For some transfer matrices, extra care is required, e.g. the radius of curvature of a
mirror can be either positive or negative, depending from which side the ray is
approaching. The necessary hints are included in the right column of table 2.

The process of mode matching has two main steps. First, the input and output
complex beam parameters (complex radius of curvatures) ¢, and ¢,, should be
determined. In the case of CRDS, this would translate in knowing the complex
parameter of the beam prior to the ring-down cavity (g, ), and the complex beam
parameter of the TEMo mode of the ring-down cavity (g,,). The next step is
about choosing the right ABCD matrix, which makes the suitable transformation.
Usually a limited number of optical elements are available, like a set of lenses with
fixed focal length, and mirrors of given radius of curvature. Therefore, the single
ABCD matrices for the elements are fixed and known beforehand. The only
transfer matrix, which has an available variable, is the free space propagation.
Hence, the main challenge is to find the proper distances that the beam needs to
travel between the elements. However, it is not always possible to find a solution
and one may need to replace some of the optics (e.g. lenses with different focal
length and so on).

A hidden assumption in the discussion of mode matching, as introduced
previously, is that the laser beam is a Gaussian beam. This, however, is quite
often not true and there are not many laser systems which deliver the TEMqo
mode. Fortunately, it is possible to clean the beam from all the non-Gaussian
components, through spatial filtering, so that only the fundamental mode is
remaining.

Spatial filtering is based on Fourier optics and is commonly used to clean up
the laser beam profile, in order to obtain a beam, which contains only a single
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Optical action ABCD matrix Notes
Propagation in free space or i ol )
in a medium with constant [ = distance
refractive index 0 1
1 0
Reflection from a flat mirror 0 1 identity matrix

initial refractive index

: . Ny =
Refractionat a flat interface n, = final refractive index

< f—
S |8 o
~——

1 0
R{_aﬂectlon from a curved 2 R = radius of curvature,R > 0 for concave
mirror =
1 0 f = focal length of lens where /> 0 for
Passing through a thin lens | convex/positive (converging) lens. Valid if
—: ] and only if the focal length is much greater
f than the thickness of the lens.
1 0 R = radius of curvature, R > 0 for convex
Refractionat a curved (centre of curvature after interface)
interface m—n, " | | n, =initial refractive index
R-n, n, n, = final refractive index.

Table 2 Ray transfer (ABCD) matrices for common optical processes. The right column includes
some hints about the matrices which need extra care while being applied.

transverse mode of the laser’s resonator. To achieve this aim, the beam is
focussed through a lens. At the focal plane of the lens the two-dimensional
Fourier transform of the transverse intensity distribution of the beam is formed. In
this context, the focal plane is called the transform plane. The light at the very
centre of the transform pattern corresponds to a perfect, wide plane wave. Other
light correspond to the structure of the beam, with light further from the central
spot corresponding to more complex structures. It is possible to manipulate this
pattern at the focal plane and by back transformation of the beam (letting it
through another lens), reform a collimated beam with a new transverse profile.
The most common way of doing this, is to place a pinhole at the focal plane that
allows the desired light (in the centre) to pass, while blocking the rest. This way
an almost perfect Gaussian beam can be achieved 8.

Both, mode matching and spatial filtering have been performed in this work.
The details of the elements are presented in section 2.2.7., where the schematic
view of the optical setup is introduced. Before, some information on the ring-
down cavity and the laser system are given in the next sections.
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2.2.3. CRDS under UHV conditions

As already mentioned in section 2.1.3, it is necessary that the samples stay in
ultra-high vacuum (UHV). In this section the implementation of CRDS in UHV
conditions is discussed.

Principally, there are no problems concerning applicability of the method
under UHV conditions. However, a few technical difficulties need to be overcome.
One issue is that the laser source cannot be located inside the vacuum, while at
least the inner side of the cavity ring-down mirrors needs to be in vacuum. This is
required, since introducing any component other than the sample of interest, into
the ring-down cavity, will increase the overall optical loss, and so diminish
sensitivity (see Figure 6). There are two possible approaches to this issue. One
possibility is to use the mirrors as vacuum windows, where one side is inside the
vacuum chamber and the other side is outside. The main disadvantage of this
approach is the problem with the vacuum sealing. Here the mirror coating may be
damaged by sealing components, which are in direct contact with the mirror’s
surface. The other possibility is to have the cavity ring-down mirrors completely
inside the vacuum. The main challenge concerning this approach is the
accessibility of the mirrors for alignment, once in vacuum.

Another issue is concerning the samples. Performing CRDS under vacuum,
using a single cavity at a time is less attractive. In this case, for every cavity set,
the vacuum chamber should be vented, regardless which of the two above-

Translation feedthrough »
Rotation feedthrough -

Mirror holder flange

Plate cover window

Plate cover

Rotation axis

Mirror holder plate and
single mirror holders

Figure 12 The UHV compatible mirror holder.
Individual parts are differently coloured and labelled.
With this mirror holder it is possible to install up to
ten cavities into vacuum and align them from
outside.
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mentioned approaches are taken. Consequently, the sample is contaminated
while the mirrors are being replaced. This problem would be overcome by simply
replacing the sample with a new one as well, however, by doing so the direct
comparison between data set is not unambiguously possible. From this
discussion it becomes clear that the best solution would be to have all the
cavities available in vacuum. In the following a UHV compatible mirror holder is
introduced as the solution to these problems.

A schematic view of the mirror holder is illustrated in Figure 12. The function of
the mirror holder can be explained as the following. A plate, which contains ten
single mirror holders, is pressed against a plate cover using a spring. The plate
cover, has a window (a hole), which is slightly bigger than the aperture of the
mirrors. The plate and the plate cover, are mounted on a vacuum flange (mirror
holder flange), upon which three vacuum feedthroughs and a vacuum window
(CaF, window) are mounted. The flange window and the window of the plate
cover are on the same optical axis. The central feedthrough is a rotation
feedthrough and is used to rotate the mirror plate from outside of the vacuum.
This can be used to bring any of the ten single mirror holders in front of the
window of the plate cover. The other two feedthroughs are translation
feedthroughs and serve as alignment screws, to tilt the whole mirror holder plate.
Using a pair of this mirror holder, it is possible to mount up to ten cavity ring-
down mirrors on each and once in vacuum, also align them to form a high-finesse
cavity, for each pair. As a result, it is possible to measure a sample over the range
of ten different cavities without venting the chamber, leading to more reliable and
faster measurements. The detailed plans of the mirror holder are included in
Appendix A.

2.2.4. Laser system

An important part of any spectroscopic setup is the light source. In CRDS, a
tuneable laser source is required. Optical parametric oscillator (OPO) lasers are a
good choice, since they deliver a broad range of wavelengths. In this work an
OPO laser has been used for spectroscopic studies, of which a brief description
is included here.

The optical parametric oscillator makes use of nonlinear optical effects, in
order to obtain tuneable emission. Here the parametric interaction involves three
waves. A high frequency wave, called the pump, with a frequency, w,, interacts
via the nonlinear response of a medium with a pair of lower frequency
electromagnetic waves, called the signal and idler, at frequencies, o, and w;
respectively, to produce amplification at these two frequencies. By varying
parameters associated with the interaction, the signal and idler frequencies can
be changed, resulting in a tuneable source of radiation. The three frequencies are
connected by the relation given in equation (30).
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w, =0+, (30)

Equation (30) implies energy conservation. For the interaction of the three
waves to be effective, it is required that the momentum is conserved as well. This
can be mathematically expressed through equation (31), where £,, k; and k; stand
for the wave vectors of the pump, signal, and idler wave, respectively.

k, =k +k 1)

When equation (31) is satisfied, the three waves are said to be phase matched.
This effect is responsible for the tunability of the OPO. By varying the angle
between the three waves for a nonlinear interaction, the frequencies of the signal
and idler wave satisfying the conservation equation can be varied. A complete
treatment of the OPO process can be find for example in the laser handbook,
edited by Arecchi and Schulz-Dubois . Compared to dye lasers, OPO lasers are
more convenient to operate because the time consuming dye solution changing is
avoided.

In this work a midband OPO (GWU VisIR2/400 ULD), pumped with the third
harmonic of a Nd:YAG laser (Innolas Spitlight-1200), with a bandwidth below 10
cm™, and a pulse duration between 3-7 ns, and a repetition rate of 20 Hz is used.
The output energy varies between 10 and 20 mJ per pulse, depending on the
wavelength. The profile of the beam is nearly rectangular and has a size of about
8x8 mm?, and is linearly polarised.

2.2.5. Detection unit

The light leaking out of the ring-down cavity has a much lower intensity,
compared to the light which approaches the cavity, therefore, a sensitive light
detector should be employed. In addition, the detector needs to be fast,
compared to the ring-down time, in order to avoid the manipulation of the
exponential decay of the cavity via the time constant of the detector.
Photomultiplier tubes (PMT) are sensitive photon detection devices, which can be
quite fast. These detectors multiply the current produced by incident light, by as
much as 100 million times in multiple dynode stages, enabling individual photons
to be detected, when the incident flux of light is very low. A schematic over-view
of a PMT is shown in Figure 13. The function of the PMT can be explained as the
following. Photomultipliers are constructed from a glass envelope with a high
vacuum inside, which houses a photocathode, several dynodes, and an anode.
Incident photons strike the photocathode material, which is present as a thin
deposit on the entry window of the device. Free electrons are produced as a
consequence of the photoelectric effect. These electrons are directed, by the
focusing electrode, toward the electron multiplier, where electrons are multiplied
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Figure 13 The operation principle of photomultiplier tube is shown. A photo-electron
which is produced at the photocathode as the photon strikes on it is focussed towards
the first dynode. There further electrons are ejected through secondary emission and
are accelerated towards the next dynode and so on. At the anode a measureable
current of electrons is achieved. The whole process takes place in the vacuum tube.

by the process of secondary emission. The electron multiplier consists of a
number of electrodes called, dynodes (see Figure 13). Each dynode is held at a
more positive voltage than the previous. The electrons leave the photocathode,
having the energy of the incoming photon (minus the work function of the
photocathode). As the electrons move toward the first dynode, they are
accelerated by the electric field and arrive with much greater energy. Upon
striking the first dynode, more low energy electrons are emitted, and these
electrons in turn are accelerated toward the second dynode. The geometry of the
dynode chain is such, that a cascade occurs with an ever-increasing number of
electrons being produced at each stage. Finally, the electrons reach the anode,
where the accumulation of charge results in a sharp current pulse, indicating the
arrival of a photon at the photocathode.

In this work a photomultiplier tube is used (Hamamatsu 7732-10), which has a
broad range of operation, from 190 nm up to 900 nm. The light leaking out of the
back mirror is guided by a pair of silver mirrors, and then focussed on to the PMT.
The output of the PMT is fed into an 8 bit digital storage oscilloscope (LeCroy
Waverunner 6051), which can save the data on the internal hard drive. Online
monitoring of the signal quality is performed through a self-developed LabView
program. The recorded data are then transferred to a desktop, where the final
treatment takes place using self-developed procedures in IgorPro.
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2.2.6. Application of CRDS to solid samples

CRDS has been mainly applied to investigate gas phase samples. It’s
application to solid samples is underdeveloped due to the fact that a solid sample
generally introduces high optical losses through reflection and scattering. This
increased loss affects the sensitivity of the method as discussed in section
2.2.2.3. (see Figure 6). In spite of this challenge, some solid phase approaches
have been reported. There are two main methods for application of CRDS to a
solid sample, namely the transmission and the reflection mode. In transmission
mode, the sample is placed inside the cavity and the light passes through it, as in
the gas phase CRDS. Here, however, special care should be taken to minimise
the reflection losses. This can be achieved by aligning the sample either
perpendicular to the optical axis, so that the reflected light stays inside the cavity,
or at the Brewster’'s angle to the optical axis, where the reflection of the p-
polarised light is theoretically zero. In reflection mode, the sample is usually
located inside the cavity and the light reflected from the surface of interest, is
kept in the cavity. Here, folded cavities are usually used, where the optical axis is
folded. Since in this case the reflectivity of the sample should be high, either
dielectric mirrors are used as the substrate, on which the sample of interest is
directly deposited (an expensive method), or the total internal reflection in a prism
is used. In the latter case, the sample of interest is brought on to the surface of
the prism, where the total internal reflection takes place and the attenuation in the
beam intensity is caused by absorption of the evanescent wave. A short summary
of these methods is given here.

2.2.6.1. Reflection mode condensed phase CRDS

Here, only evanescent wave CRDS is considered, since this is the most widely
(perhaps the only) applied method. Pipino et al. were the first group who made
use of total internal reflection (TIR) and evanescent wave (EW) absorption in cavity
ring-down spectroscopy . The very concept of the technique can be described
according to Figure 14. A folded cavity is arranged with the inclusion a high
quality prism, so that the two sides of the prism are normal to the light
propagation axis. This way, the reflected light is maintained inside the cavity. At
the third face of the prism, where the total internal reflection occurs, an
evanescent wave is formed which may be absorbed by the molecules and/or thin
film which are deposited at this surface. Due to the limited penetration depth of
the EW this technique is highly surface sensitive. There are other alternative
configurations to this method. For example, it is possible to coat the two prism
sides with multilayer films and form a dielectric mirror 7°. Here, the cavity consists
of the prism itself, and the problem with the reflection at these surfaces is
circumvented completely. Another possibility is to use a Pellin-Broca prism and
align it in a way that the light reaches the prism surface at the Brewster’s angle "".

The main disadvantage of this technique lays in the fact, that for each new
sample the prism needs to be either cleaned, which not always is trivial ( e.g. in
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Figure 14 Schematic over-view of an EW-CRDS configuration. The total
internal reflection at the surface of a high quality prism and the formation of
evanescent wave is used to investigate the optical properties of molecules
and/or films on the surface of the prism. Photons are shown by wavy arrows.
The light path inside the prism is indicated by the broken line.

the case of size-selected clusters) and is usually costly, or replaced. However,
there have been developments in order to clean the prisms reliably e.g. by plasma
ashing ™2, and to reuse them several times .

2.2.6.2. Transmission mode condensed phase CRDS

The first report about application of CRDS to condensed phase samples, in
reflection mode, is that of Engeln et al. where the absorption spectrum of a 20-30
nm thick Ceo film deposited on a 3 mm thick ZnSe substrate " was measured.
They inserted the substrate into the cavity, perpendicular to the optical axis of the
linear cavity. This configuration has been used by other groups as well 7*77, In this
case the cavity is actually divided in three cavities; one formed by the front mirror
and the substrate’s surface, one formed by the two surfaces of the substrate and
the third one formed by the substrate’s surface an the back mirror %. In order to
minimise the losses in this configuration, it is required that the two surfaces of the
substrate are parallel and of high quality. Alternatively the substrate can be
brought to the cavity at Brewster’s angle, which can be calculated according to
Snell’s law using equation (32). Here, 6, is the Brewster’s angle and », and n,are
the refractive indices of vacuum and the substrate respectively.

0, =tan™ (EJ (32)

n,

In this case, the light reflected from the substrate leaves the cavity and is
encountered as optical loss. At Brewster’s angle, however, the reflection curve of
the p-polarised light reaches the minimum value of zero. This property can be
used to reduce the reflection losses to a great extent. Expectedly, the surface
quality of the substrate is as important as in the normal configuration, however,
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Figure 15 Schematic view of the two possible configurations for application
of CRDS to condensed phase samples in transmission mode. The angle of
incidence is equal to zero in the perpendicular (normal) configuration and is
equal to Brewster’s angle in the case of Brewster’s angle configuration.

the parallelism of the two surfaces is less critical, since the angle dependence of
the reflection loss is much smoother for the Brewster’s angle compared to the
normal angle 8. The main disadvantage of the Brewster’s angle configuration is
that only p-polarised light can be utilised. The other challenge in using the
Brewster’s angle arrangement is that, for a heterogeneous sample (e.g. a
substrate covered with clusters), the Brewster’s angle is not unambiguously
defined. Figure 15 depicts these two configurations.

For measurement of size-selected supported clusters, the choice of substrate
material is critical. Since the main topic of interest is the optical properties of the
clusters and the substrate actually plays the role of the support, it is preferred
that the optical losses due to the substrate are as low as possible. In terms of
substrate properties, this translates in being transparent and having surfaces of
high optical quality (low roughness, to minimise scattering losses), which are
parallel. As already mentioned, the Brewster’s angle configuration is less sensitive
to the parallelism of the surfaces and therefore, such substrates are easier to get.
On the other hand the thickness of the substrate plays a minor role in normal
incidence, in contrast to Brewster’s angle incidence, if the material is not
absorbing. In the latter, the beam displacement, as the light passes through the
substrate, gets larger for thicker samples. This makes no complication to CRDS
under ambient conditions (e.g. on an optical table in the lab), since the back
mirror can be positioned accordingly to compensate for the effect. For CRDS to
be performed under UHV conditions this requires an extra degree of freedom to
position the mirrors. There is, however, another criterion which is only relevant for
the Brewster’s angle arrangement. The substrate material should not possess
birefringence, since this would cause the rotation of the polarisation. The rotated
portion of the light will be reflected out of the cavity by the substrate in the next
pass. This will increase the optical losses and as a consequence, the sensitivity
will be reduced (see section 2.2.2.3.). Here, only materials which are either cubic
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in structure (these are isotropic) or amorphous (having no long term crystalline
order), may be employed. All other materials show, to a lower or higher extent,
birefringence effects and are therefore, not suitable. A list of some suitable
materials is presented in table 3. In this work a transmission mode arrangement
has been chosen, because it is easier to implement in to vacuum. From the two
possible configurations presented in Figure 15, the Brewster’s angle layout is
chosen. The main argument here is the availability of suitable substrates.

The cleanliness of the support material plays an important role. On one side
the purity of the sample (cluster/substrate), is crucial for the reliability of the
optical measurements. On the other side, the optical loss of the system, which
affects the sensitivity of the method, will be higher in presence of contaminations.
Therefore, the substrates are cleaned by spectroscopy grade acetone, through
sweeping by a lens cleaning tissue, prior to use. This is done before the
substrates are mounted into the vacuum. Once in vacuum, another cleaning step
may be performed via sputtering by Ar* ions generated by a commercial sputter
gun (EX03 lon Gun System-Thermo VG Scientific).

I material I structure m‘;i‘::[rﬁm] I
MgO cubic 250-8000
KBr cubic 300-20000
LiF cubic 150-9000
BaF, cubic 150-15000
CaF, cubic 300-7000
BK7 glass 350-1700
Sio, glass 200-2100
YSZ cubic 400-6000

Table 3 A list of materials which are suitable for
Brewster’s angle configuration CRDS. BK7 is a
borosilicate glass. YSZ stands for yttria-stabilised
zirconia.
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2.2.7. The optical setup

At this point almost all the optical components which are used in the
spectroscopic part have been introduced. In this chapter all the parts are
combined to give a complete overview of the optical setup. A schematic view is
illustrated in Figure16. Since the laser output is not necessarily at the same level
as that of the optical axis of the cavity, some level-adjustment is required. This is
easily done by a combination of at least two mirrors. Here, a three-mirror
combination is used in order to keep all the reflections at 90 degrees and
consequently, preserve the polarisation of the beam.

/ ! [l level adjustment OPQ laser
| [l mirror combination

polarisation-rotating
periscope

glass lens
CaF, window

silver mirror I (" m o
iris -
<
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Figure 16 Schematic overview of the optical setup. The output of the OPO
laser is brought to the desired height through a set of three mirrors (level
adjustment mirror combination). The beam is then spatially filtered by focussing
it through a 35 ym pinhole using a glass lens L, (f = 40 mm). Mode matching is
performed by the means of two glass lenses L, (f = 100 mm) and L; (f = 500
mm). The position of the lenses with respect to the cavity was calculated
through ray transfer matrix analysis. The polarisation of the beam (originally s-
polarised) is rotated via a periscope (polarisation-rotating periscope) prior to
the cavity. A number of silver mirrors and irises are used to guide the beam and
to keep trace of its path way respectively. The cavity mirror spacing is 52 cm.
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As already mentioned in section 2.2.4., the beam profile of the OPO system,
needs to be cleaned. Consequently, a spatial filter is used which consists of a
glass lens with a focal length of 40 mm and a high power pinhole 35 pm in
diameter. The result is an almost perfect Gaussian beam. Mode matching of this
beam with regards to the cavity is performed using a pair of glass lenses (L. and
Ls in Figure 16). For mode matching calculations, the complex beam parameter at
the pinhole position and at the middle of the ring-down cavity, are taken as the
initial and final states, respectively. The full transfer matrix of the whole system is
the product of the transfer matrices of each element including the free space
travels. The full matrix A_ can be divided into three smaller matrices A,, (the

matrix describing the path from the outer surface of the cavity mirror to the

middle of the cavity), A,, (the matrix describing the path from the outer surface of
the vacuum window to the outer surface of the cavity mirror), and TAT (the matrix

describing the path from the pinhole to the outer surface of the vacuum window).
The mathematical description of each path is given in the equation (33), for the
special case presented here.

A. = A, A, A (33a)

from the outer surface of the cavity mirror to the middle of the cavity

1 0 1 0
1 26 1 0.66 ™
515 151 1 =
o 1] |09 1515 0o 1 0 ——_ M (33b)
600-1 1 — 1.515
traveling half  refractionat at the inner surface  traveling throug the refraction at the outer
of the cavity of the mirror (n; = 1.515) thickness of the mirror  surface of the mirror (ny=1)

from the outer surface of the window to the outer surface of the cavity mirror

12 t 1 o5y [P0 ] =
0 1 0 1433 0 1 0 S (33¢)
NI 1 — 1.433
traveling from the refraction at the inner surface  traveling through the refraction at the outer
vacuum window to  of the window (n;=1.433) thickness of the window  surface of the window
the cavity mirror
from the pinhole to the outer surface of the vacuum window
1 d, L0y a) [} 0 1 d, —
1 1 = A (33d)
0 1 -—— 1|10 1 -— 1 0 1
— 50 — 10 —

traveling from the  passing through L,  traveling from  passing trough L, traveling from the
lens (L;) to the L, tol, pinhole to L,
vacuum window
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The numerical values, which are used in equation (33), are depicted in Figure
17. The reflection from the flat silver mirrors is not included in the calculation,

since these are represented by the unity matrix. The complex beam parameters at
the middle of the cavity, ¢, and at the pinhole, g,, are given through equations

(24-25). At both of these positions, the radius of curvature is infinity, so that the
beam parameter is purely imaginary. The beam waist at the pinhole can be
considered as that of a Gaussian beam which keeps its full power after traversing

the pinhole. Considering the Gaussian profile of the beam, at a radius ofZw,, (@,

is the waist of the beam) from the centre of the beam, more than 99% of the total
power is contained. The values of the beam parameters at the pinhole and at the
middle of the cavity are given in equations (34) and (35), respectively, for a laser
wavelength of 520 nm.

1.1 1’12 —_ > =i‘”f = —13.33574i cm™*

qp 0 7za)p - 2& 47"p (34)
T

1 1 il —iA

Lt - =-0.008186i cm*

It can be seen from equation (35), that the beam parameter in the middle of

the cavity, is not wavelength dependent. Starting from these values the free
parameters in equation (33) (d,, d, and d,), should be found so that the resulting

ABCD matrix transfers the beam parameter of the pinhole to that of the ring-down
cavity. This is about solving a set of two equations (one for real part and one for
the imaginary part of the beam parameter), with three unknowns. This can only be
done by guessing an initial value for one, and search for the answers for the other
two. Doing so, the distances between the elements are found for the case of only
one single wavelength. In principle this procedure should be repeated for all the
wavelengths. Here, however, the values calculated for 520 nm are taken and
starting from those values the position of the lenses with regard to the cavity
mirror are adjusted (through micrometer stages), for the best mode matching by
monitoring the quality of the CRDS signal. A solution was found for d; = 8.3 cm, d>
= 18.33 cm and d; = 164.82 cm. The Mathematica code of the calculation is
included in Appendix B1.
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Figure 17 Mode matching optical layout is schematically presented. The beam
parameter at the pinhole is to be matched to the beam parameter at the middle of the
cavity. The data which are required for the calculation of the transfer (ABCD) matrix are
included.

2.3. Production of small metal clusters

The development of cluster sources and subsequently the investigation of
cluster properties started back in the 1960s 7°®'. The breakthrough was the idea
of utilising the non-equilibrium conditions of an adiabatically expanding vapour.
Clusters formation is believed to be due to the supersaturating of the rapidly
cooled vapour flow which stimulated homogenous nucleation in the beam #'.
Cluster ion beams are efficient tools for manipulating agglomerates of atoms
providing control over the synthesis of structures on the nanometer scale, in
particular, control of cluster size and interaction energy with the substrate 8284,
Cluster beams can also be utilized for formation of ordered arrays on patterned or
functionalised surfaces & . One of the main advantages of the cluster ion beam
technique, compared to some other methods such as chemical preparation 8 88
or the atomic vapour growth of nanoparticles &, is the precise control of the
cluster impact energy, high cluster size resolution, and easy fabrication of very
small clusters consisting of just a few or few tens of atoms, having sizes below or
in the region of 1 nm.
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2.3.1. Cluster sources

There are various possibilities to produce atomic clusters from bulk material.
Common to almost all methods is that atoms are first extracted from the bulk
material and then single atoms are brought together to form atomic clusters. An
exception to this general picture is the liquid-metal ion source, which is briefly
introduced in section 2.3.1.4. A short summary of the most commonly used
cluster sources is presented here.

2.3.1.1. Seeded supersonic nozzle source

In this source, metal is vaporised in a hot oven. The metal vapour is seeded in
an inert carrier gas by pressurising the oven with the inert gas. The mixture is
ejected into vacuum through a small hole, producing a supersonic molecular
beam®. This source is perhaps the most intense cluster source and is capable of
producing clusters with up to several hundreds of atoms. The molecular beam is
continuous and possesses a reasonably narrow velocity distribution. The main
disadvantage of this source is it’s limitation to low-boiling-point metals.

2.3.1.2. Gas aggregation cluster source

This source is particularly efficient in the production of large clusters with
more than 10000 atoms per cluster. The intensities are generally much lower than
seeded supersonic nozzle sources. Here metal is vaporised and introduced in a
flow of cold inert gas. Due to the low temperature of the inert gas the vapour
becomes highly supersaturated and clusters are primarily produced by
successive single-atom addition. Since the reverse process (re-evaporation) is
negligible, thermodynamic stability of the clusters plays a vanishing role in the
cluster abundances and the size distribution is a relatively smooth® %2,

2.3.1.3. lon sputtering source

Cluster ion beams are produced by bombarding a metal surface with high
energy inert gas ions. The cluster intensities are typically exponentially decreasing
functions of the cluster size®. High intensities for mass selected clusters (on the
order of 10 nA) have been reported' for smaller sizes. The initial cluster ion
temperatures are very high. The clusters typically cool by in-flight evaporation and
therefore, the abundance spectra reflect the thermodynamic stabilities related to
the clusters binding energies. This source delivers a continuous molecular beam
of cluster ions with temperatures close to the evaporation limit.

2.3.1.4. Liquid-metal ion source

These sources are mainly used to produce multiply charged clusters of low-
melting point metals. In this kind of source a needle is wetted with the metal and
is heated above the melting point of the metal. Then a potential is applied which
causes a high electric field at the tip of the needle. Subsequently, a spray of very
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small droplets of hot metal is emitted from the tip. The formed droplets undergo
evaporative cooling and fission and form smaller clusters® .

2.3.1.5. Laser vaporisation cluster source

The first version of the laser vaporisation cluster source (LVC) was reported
back in early 1980s, at Rice University in the group of R. E. Smalley®. They
combined the laser vaporisation technique with the pulsed supersonic nozzle
technology, which was in heavy use in their group. The use of lasers to vaporise
material is very important as it allows the production of metal vapours of even the
most refractory metals such as W and Mo without heating any part of the
apparatus up to extremely high temperatures. The supersonic expansion is the
other important phenomenon employed in LVC sources. A schematic view of a
LVC source is shown in Figure 18.

Laser vaporisation cluster sources produce clusters in the size range from the
single atom to several hundreds of atoms per cluster. These sources are pulsed
and, although the time-averaged flux is low compared to the other sources,
intensities within a pulse are typically higher. Since in this source, metal vapour is
generated by the pulsed-laser ablation of the metal, clusters of any metal can be
produced® . Similar to seeded supersonic nozzle sources, the vaporised
material is cooled by collisions with inert gas molecules. Here, however, the gas is
pulsed. The inert gas/cluster mixture is then ejected out of the nozzle and so the
cluster beam is formed. The clusters formed in this source are generally cold, due
to higher instantaneous pressures in the source, which are possible because the
gas is pulsed and the time-averaged pressure remains below pumping limits. The
observation of neutral iron clusters with an argon atom attached to them is a
direct evidence of the low temperature of clusters formed in this kind of source'.
The clusters can be cooled even further by reducing the temperature of the
nozzle or of the entire source. The other advantage of these sources is the low
material consumption. For the laser vaporization source to function, the following
three major technical details are of importance: 1) the movement of the target to

as inlet
g yd
/A
metal .
target s — eXpansion to vacuum

vaporisation
laser beam

Figure 18 A schematic over-view of the laser vaporisation
cluster source is illustrated. A laser beam is focussed on to
a metal target in the presence of a buffer gas to produce
plasma. The plume is mixed with the gas and is expanded
through vacuum.
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prevent the laser pulses from burning holes and grooves into the target, which is
important to obtain stable cluster beams; 2) the design of the source cavity and
expansion zone, which determine cluster size distributions, temperatures, and
flux; 3) the pulsed inert gas assembly and the tightness of the source, in order to
obtain reproducible He pulses, and stable cluster beams.

In this work a laser vaporisation cluster source similar to that of Heiz et al.*" is
used to produce small metal clusters. The third harmonic (355 nm) of a 50 Hz
Nd:YAG laser (Innolas Spitlight 600, ~80 mJ/pulse, <10 ns pulse-width) is focused
onto the rotating metal disk. Pure He (He 6.0, Air Liquid) is used as buffer gas,
and is pulsed with the same frequency as the laser using a homemade
piezovalve. The gas pulse is delayed with respect to the laser pulse by means of a
delay generator (Berkeley Nucleonic Corps, 500 Pulse Generator) which in turn is
triggered by the laser. The mixture of the buffer gas and the plasma is expanded
through a nozzle which is 67 mm long and 2 mm in diameter. This expansion
cools the plasma and causes the formation of clusters (neutral as well as charged
both negatively and positively). To move the target disk we use a slightly modified
principle introduced by Gangopadhyay and Lisy °'. The disk is integrated in a
motor driven hypocycloidal planetary gear assembly. It consists of the target disk
with a diameter of 45 mm, which is fixed to an inner gear (diameter 50 mm). This
disk turns inside an outer gear which is screwed on a mirror polished stainless
steel disk serving as the ground plate. The laser hole is drilled off-axis into the
ground plate. With this mechanism the laser beam burns a hypocycloid pattern
into the disk which covers more than 90% of the target area. The usable surface
is therefore almost 15 cm? and about a factor of 10 larger than in conventional
sources using rods as targets 9% During operation the disk turns with a
frequency of 0.5-2 Hz. It is pushed against the ground plate by a spring
mechanism. The sealing between the disk and the ground plate is done by a flat
Teflon ring. Unlike other sources the expansion nozzle is coaxial with respect to
the incoming vaporisation laser beam. This reduces the total volume of the
thermalisation cavity and therefore higher pressures may be achieved with the
same He back pressure. A 3-dimensional view of the source chamber is
presented in Figure 19 and the detailed plans of the source are included in
Appendix A2.

The relevant parameters for the operation of the source are the energy of the
laser, the pressure of the buffer gas, the delay between the gas and laser pulse,
the voltage which is applied to the piezovalve and the gas pulse duration. The
energy of the ablation laser needs to be over a threshold value. No systematic
study on this parameter has been performed, however, for laser energies below
70 md the stability of the source is drastically reduced. The pressure of the He
gas varies between 3 and 10 bar with higher pressure suitable for formation of
larger clusters. The delay of the gas pulse should be tuned so that at the moment
of the plasma formation the optimum gas pressure is achieved. This value varies
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depending on material and the desired cluster size. The opening of the piezovalve
is controlled through a high voltage (between 300 and 600 V) and is another
method of changing the actual pressure in the source.

skimmer nozzle piezo valve hypocycloidal planetary
N\ \ housing gear assembly
N\ \ ,

motor coupling

\
target holder gas inlet gas valve motor

Figure 19 A 3D view of the cluster source used in this work is presented. Individual parts
are labelled in the figure.

Clusters of different materials (Cu, Ag, Au, Pd, Co, Fe, Pt, Ni and Nb) and of all
masses up to 4000 amu could be produced. A mass spectrum for Pt,* clusters
(n=1-20) is shown in Figure 20. Cluster currents of about 100 pA are easily
achieved.
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Figure 20 Mass spectrum of Pt clusters produced by the cluster source used in
this work is shown. The inset shows the peaks for Pt atom up to Pts. The source
has been optimised for production of Pt;g clusters.
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2.3.1.6. Pulsed arc cluster ion source

Quite similar to the laser vaporisation cluster sources are the pulsed arc
cluster ion sources, where the metal is vaporised not by a laser but by an intense
electrical discharge. The main advantages over the laser vaporisation source are
the lower price, because it does not require a laser, and the higher cluster
intensities'®. In general the clusters are not cold, however, under suitable
conditions Van der Waals complexes with Ar atoms have been reported %,

2.4. lon optics and mass selection unit

As mentioned in section 2.1.3., the cluster beam needs to be guided through a
differentially pumped vacuum system. In this case ion optics are used to control
the path of the ions through each pumping stage. A 3-dimensional view of the
employed system is presented in Figure (21). In the following the cluster beam
path is described starting from the skimmer down to the focussing octopole,
including a short description of each element.

gate valves ——-—
rf-quadrupole

mass spectrometer
electrostatic ienses

linear octopole

focussing octpole

skimmer
electrostatic
quadupole deflector

Figure 21 3D view of the cluster beam path through the differentially pumped vacuum
system, including the ion optics, is illustrated. Individual components are labelled.

Leaving the nozzle, the clusters traverse a skimmer with an opening of 5 mm
in diameter. The main functions of the skimmer are to collimate the expanded gas
mixture into a beam ' and to separate the source chamber from the octopole
chamber (see Figure 21). The skimmer is electrically separated from the chamber
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and its potential can be controlled to perform a kind of high pass filtering of the
cluster ion energies. The neutral gas flow which leaves the nozzle (mainly He
atoms) has a conical shape. The distance between the skimmer and the nozzle
can be varied. As the distance between the skimmer and the nozzle increases,
the part of this cone which gets through the skimmer, and therefore contributes
to the pressure in the octopole chamber, decreases.

Immediately behind the skimmer, a radio-frequency (rf) driven octopole is
located to guide the ions. The frequency and the power of the octopole are
controlled by an amateur rf transceiver (Kenwood TS-570S). A direct current (DC)
voltage is applied on top of the rf field to increase the transmission of the
octopole. For the purpose of controlling the rf signal and the floating of the
octopole by the DC voltage, both voltages are applied via an interposed
homemade amplifier-transformer circuit %8,

After the octopole ion-guide, the cluster beam travels through a small orifice (5
mm in diameter) before it enters a set of three electrostatic immersion lenses
(each consisting of three cylindrical electrodes). If the potentials on the first and
the last element of an immersion lens are equal it is called unipotential or Einzel
lens. Either of the two can be used to focus an ion beam . In the present work
the potentials were controlled separately.

The electrostatic lenses focus the ion beam into an electrostatic quadruple
deflector, where the positively charged ions undergo a 90° deflection. At this
point, the negatively charged ions are separated and neutral species are
abandoned. This separation is crucial, since the neutrals cannot be mass selected
and if they make it to the surface of the support material, where the clusters are
deposited, the size selectivity of the measurement is lost. The deflector is
composed of four quarter-cylindrical electrodes approximating the hyperbolic
shape suggested by Zeman °,

After exiting the deflector, a set of three electrostatic immersion lenses are
again employed to focus the beam, which now consists of only positively charged
clusters, into a commercial quadruple mass spectrometer (Extrel 5500 series,
mass range up to 4000 amu). The quadruple mass spectrometer (QMS) can be
used either in mass filter or ion guide mode. In the ion guide mode (rf only) all the
masses are transmitted through the QMS. In the mass filter mode, a specific
mass to charge ratio is transmitted and a cluster beam consisting of cluster
cations of only one single mass leaves the QMS.

The mass selected beam traverses through an rf-driven conical octopole

(focussing octopole) %, which is controlled by a separate amateur rf transceiver.
Here, similarly to the guiding octopole, a DC voltage is applied on top of the rf
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field to increase the transmission. The focussing octopole is used to control the
size of the cluster spot which is deposited on the surface.

The energy of the cluster ions can be monitored by applying a retarding
voltage to a metal plate downstream the focussing octopole. This metal plate is
mounted on a translation feedthrough and can be removed out of the cluster
beam for deposition. A typical energy analysis of Nix* clusters is depicted in
Figure (22).

di/dy [pAN]
|
fd] JuesnD

-20 -10 0 10 20 30
Retarding Voltage [V]

Figure 22 Retarding field analysis of Nix* clusters produced by the
cluster source used in this work. Here, the cluster current is measured
on a faraday plate while the retarding voltage is scanned from -20 V
up tp +30 V. The mean kinetic energy of the clusters is ~ 9 eV (the
vertical broken line) with a FWHM of ~7.5 eV. This indicates an
energy-per-atom value of 0.2-0.9 eV.

2.5. Deposition

2.5.1. Neutralisation and electron source

The mass selected cluster cations are deposited onto the support material.
Due to the fact that the support material (for a list look at table 3) is an insulator, it
is therefore, necessary to neutralise the cluster ions, so that deposition is not
interrupted by the electrostatic field created at the substrate, which deflects the
cluster ions coming next. Consequently, an electron source of home design
(Figure 23) is used. The electron source is composed of a body, a filament which
is wiggled over a ceramic tube and two independently controllable metal grids. By
placing the filament into the housing, the possible contamination of the support
through the atoms or cations, which are vaporised from the filament, is
completely avoided. Furthermore, the energy and the amount of electrons are
separately controllable by altering the voltages at the two grids and the body and
the potential of the filament. The body of the source is biased to a negative
potential so that the electrons are deflected away. The positive potential at the
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Filament housing 1

Tantal filament
fdetal mesh
Filament housing 2

End plate

Figure 23 A 3D view of the electron source is presented. A tantalum
filament is used as the source of thermal electrons. The filament is
placed inside a metal housing which can be biased to a potential.
Two metal mesh grids are used to accelerate the electrons.

first grid accelerates towards the second cage where the electrons are again
deflected from the body and pulled by the second grid. The current flowing
through the filament can be controlled to vary the amount of the emitted thermal
electrons. Electron currents of up to 2uA are achieved. Detailed plans of the
electron source are included in Appendix A3.

The process of neutralisation happens almost exclusively at the surface, since
the clusters are too fast (1-2 km/s, as a result of supersonic expansion) and the
probability of capturing an electron in flight is too small. This means that the
cluster ions arrive at the surface where they can take up an electron and become
neutral. The electron current should be high enough, so that the positive charge
of the cluster cations is fully compensated. This can be achieved with a
continuous supply of electron current, which is about 20 times higher than the
cluster current, since the clusters are produced at a repletion rate of 50 Hz. For a
typical cluster current of +100 pA, an electron current of -2 nA is sufficient.

2.5.2. Temperature of the sample

Altering the temperature of the substrate provides the possibility to render the
behaviour of the sample at different temperatures for example to study in inset of
the surface diffusion or desorption of the clusters on the surface. To this end a
broad range of available temperature is advantageous.

Considering the size and the thermal properties of the substrate and the
geometrical arrangement, the temperature profile of the substrate as a function of

time can be calculated according to the heat transfer differential equation given in
equation (36) "', where T =T(x,y,t) [K] is the temperature of the substrate, a

[m*s™'] is the temperature conductivity, 4 [m®] is the surface area of the
substrate, V [m’] is the volume of the substrate, o [Js"'m?K™] is the Stefan-
Boltzmann constant, ¢ [Jkg'K™'] is the specific heat capacity, p [kgm™] is the
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Figure 24 Boundary conditions and results of time dependent heat
transfer equation given in equation (36) for a quartz substrate (20 x 20
mm? and 0.13 mm thick) for different values of parameter b, solved for
the middle point of the substrate (x = 10mm, y = 10mm).

density, 6 [K] is the temperature of the radiative heater surrounding the
substrate, ¢is the unit-less emissivity and, b is a unit-less factor determining the
effectivity of the radiative heat transfer being 1 for a closed body. The first term
on the right hand side of the equation explains the heat transfer and distribution
inside the material, where the second term treats the radiative absorption and
emission. In Vacuum heat transfer by convection is neglected.

oT O°T O°T 0°T\ 2Ace(bO*-T*)
—=a + (36)

a ar oy’ N Vep

Since the substrate is very thin, the temperature gradient through the
thickness of the substrate can be neglected and the problem can be reduced to
two dimensions. In the general case that the temperature profile at the surface is
position dependent, the surface area in the nominator of the very right term in
equation (36) should be replaced by a two dimensional integral over the
coordinates. Accounting for the above mentioned issues, equation (36) can be
rewritten as in equation (37), where x' and )’ represent the side length of the
substrate in x and y directions respectively.

2 2 Xy
o _,| 9T, o1, 20 [ [@o* —1*)dyax (37)
ot ox~ Oy Vepos

Equation (37) can be solved numerically for a given set of boundary
conditions. This equation was solved for a quartz glass substrate (4 = 20 x 20mm?,
d =150u thick, p=2210 kgm™, ¢=730 Jkg' K™, a=0.87x10"° m°s™" and &£=0.8)
which is held at a constant temperature from all the edges and is located inside a
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closed cage which is at the constant temperature 6 =295K (to simulate the walls
of the vacuum chamber). The effectivity factor is varied from its maximum value b
= 1 down to b = 0.3 which corresponds to a shielding of 70%. Figure (24) shows
the boundary conditions and results for the time evolution of the temperature at
the centre of a substrate which is held on all edges at liquid nitrogen (LN)
temperature (70 K). It is seen from Figure (24) that when starting with a substrate
at room temperature, even by cooling the substrate (in the given geometry) down
to LN temperature, the LN temperature cannot be achieved. This is due the
radiation which comes from the vacuum walls (In our example the cage walls).
First after blocking this radiation, lower temperatures may be achieved. The
Mathematica code of the calculation is included in Appendix B2.

2.5.3. Sample holder and the second cooling shield

As shown in Figure (24) the temperature of the sample can only be reduced to
low temperatures by shielding the radiation of the vacuum walls. In order to shield
the radiation it is required that the radiation is absorbed at some place other than
the substrate and is not subsequently reemitted. This can be done by surrounding
the substrate through a cooled metal surface, which is kept at a lower or same
temperature than the desired temperature of the substrate. This heat sink can be
realised in our case by a suitable design of a sample holder as is presented in
Figure (25). The sample holder is mounted on a cryogenic manipulator (Vacuum
Generators, xyz + 360° rotation) and can be cooled down to LN temperature.
Using the sample holder presented in Figure (25) about a third of the radiation

Copper sample
holder

Electron source
holder

Electron source

Substrate

Figure 25 A 3D view of the sample holder is shown
including the electron source. The sample holder is
cooled down to liquid nitrogen temperatures and
shields the substrate from ~ 30% of the
surrounding radiations.
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from the vacuum walls is blocked. This corresponds roughly to the red curve (b =
0.7) in Figure (24). It should be noted that the electron source gets warm and
radiates heat when in function and serves as an additional heat source for the
substrate. It is therefore preferred to shield the electron source to be able to
reduce the temperature as calculated in Figure (24). The sample holder presented
in Figure (25) blocks the radiation of the electron source almost completely. The
detailed plans of the sample holder construction are included in Appendix A4.

Due to the fact that the Brewster’'s angle configuration is used for CRDS
measurements, further shielding cannot be realised by the sample holder.
However it is possible to surround the sample holder with cylindrical double
walled tube which is held at LN temperature. A view of this second shield with the
sample holder is depicted in Figure (26). It should be mentioned that the second
shield not only blocks the radiation from the walls and so stops the warming of
the substrate, but also cools the substrate. Since, it is kept at a lower temperature
and heat is transferred through radiation now from the substrate to the second
shield. The detailed plans of the second cooling shield are presented in Appendix
A5.

Liguid nitrogen

/nlet

2nd shield

sample holder_\_w

electron source

\ ' -
: peninng
/
substrate — Lase, b
-~ 2m

Figure 26 A schematic view of the double-walled second cooling
shield is shown including the sample holder and electron source. The
volume between the two walls of the shield is filled with liquid nitrogen
for cooling purposes. The laser path is indicated. The second shield is
made of stainless steel. Here, a transparent view is presented for
convenience.
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2.6. The overview of the setup

Here a summary of the setup as a whole is presented. A 3 dimensional view of
the vacuum chamber together with the optical setup is shown in Figure (27) . The
apparatus can be divided in four main parts: 1) cluster source; 2) ion optics and
mass selection unit; 3) analysis unit and 4) the optical setup. These parts are
labelled in Figure (27).

1- cluster source

2- ion optics and mass selection unit
2a- octopole + electrostatic lenses
2b- deflector + electrostatic lenses
2c- QMS + focussing octopole

3- analysis chamber 2
4- UHV mirror exchanger \
5- cryogenic xyz-® manipulator

6- vaporisation laser

7- OPQ laser

8- optical bench

9- spatial filter and mode matching
optics

10- detection unit

Figure 27 A 3D overview of the apparatus built in the course of this work is presented. Individual
parts are labelled. The apparatus may be observed as consisting of four main parts: a cluster
source (1, and 6), ion optics an mass selection unit (2a, 2b and 2c¢), analysis chamber (3- including
4 and 5) and optical setup (4, 7, 8, 9 and 10).

A newly built laser vaporisation cluster source is utilised for the production of
metal clusters. The resultant cluster beam is guided through electrostatic ion
optics and rf-multipoles toward the support material whereon they are deposited
after size selection. Since the substrate materials suitable for CRDS
measurements presented here are insulators, the cluster cations should be
neutralised in order to avoid interruptions in deposition process. To this end, a
novel electron source is designed, to supply a controllable amount of electrons
with a specified energy, and block the vaporised material. This means that the
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substrate and cluster cations are only exposed to the electrons, and are not
contaminated, in contrast to the commonly used bare hot filaments.

A cryogenic sample holder is designed, which allows deposition and
spectroscopic measurements at low temperatures. In UHV conditions, heat is
mainly transferred through radiation. This effect is fully considered in the
development of the sample holder, based on theoretical calculations for the
special case presented here.

The highly sensitive technique of cavity ring-down spectroscopy is adopted to
measure the optical properties of supported size selected clusters. The
vulnerability of the clusters and their electronic structure, against any
contamination limits the measurements to ultra high vacuum conditions. The
cavity ring-down spectrometer is therefore designed to be compatible with these
conditions. To this aim a unique UHV-compatible mirror exchanger is proposed
and constructed, which completely circumvents the aforementioned practical
difficulties.
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3. Publications

In the course of this work, three peer reviewed journal articles have been
published about the feasibility, characterisation, and application of cavity ring-
down spectroscopy to study size-selected supported metal clusters. In this
section, each article is presented after a short description of it’s context. The
order in which these articles are presented follows their topics relative
importance, and relevance to the context of this work.

The successful application of the CRDS technique to study condensed phase
samples is demonstrated in paper 3, however, for relatively large gold
nanoparticles, which have been produced wet chemically, dip-coated on to thin
SiO, substrates. These measurements are performed under ambient conditions
and present a proof of principle.

In paper 1, the details of the new experimental apparatus including the laser
vaporisation cluster source, the ion optics including mass selection unit, and the
CRD spectrometer are given. The performances of each of the compartments are
discussed. The preliminary results on a model system are used to pronounce the
high sensitivity of the technique and to explain the measurement procedure.
Details of data treatment are given and justified. In addition the first experimental
findings on optical properties of Ni clusters are presented. The spectra are
interpreted according to simple Mie-Drude model and partial oscillator strength.

Paper 2 treats the practical issues concerning the experimental setup
introduced in paper 1. The criteria for support material are discussed and
commercially available substrates are compared. The high sensitivity of CRDS is
utilised to characterise the quality of the materials and it is shown that trace
amounts of impurity are unambiguously detectable. The structural deformation of
some samples is observed to increase the optical losses drastically, which leads
to a limited measurement temperature range. Furthermore, a low damage method
for in-situ cleaning of the support material is introduced, and again characterised
through CRDS. The successful removal of clusters from surfaces is
demonstrated, which allows multiple reuse of the substrates.
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3.1. Paper 1

Cavity ring-down spectrometer for measuring the
optical response of supported size-selected clusters
and surface defects in ultrahigh vacuum

In the following article the experimental apparatus is introduced and all the
details concerning the hardware of the setup are included. This paper serves as
the reference for the coming experiments which will be performed using the
CRDS experimental setup.

The cluster source, ion optics and mass selection unit, and analysis chamber
are explained. The vacuum compatible cavity ring-down mirror exchanger is
introduced to the scientific community for the first time, and its function is
described. The optical setup, including the laser system and detection unit, is
presented.

The performance of various parts of the apparatus is presented. The capability
of the cluster source to produce clusters of transition metals is mentioned in the
case of gold and nickel. The process of deposition is characterised through
analytical methods such as atomic absorption spectrometry (AAS) and total
reflection x-ray fluorescence (TXRF). It is shown that, more than 70% of the
nominally deposited gold clusters are detected at the surface. This indicates the
successful neutralisation of clusters by the electron source. The possibility to
control the size of the cluster spot at the surface of the support material by the
means of the focussing octopole is demonstrated, and the recorded cluster spot
size as a function of the distance between the substrate and the focussing
octopole is presented.

The high sensitivity of the CRD spectrometer is inferred, by comparison of
recorded spectra by CRDS and a commercial UV-Vis spectrometer, for a model
system of laser dye mixture. The presented spectra are used to outline the
measurement procedure and provide details of the data treatment.

The application of the CRD spectrometer to study supported metal clusters is
indicated by measuring the optical loss spectra of size-selected Nickel clusters
(Nin, n= 7, 10, and 20) on the wavelength range between 417 and 669 nm. The
spectra are discussed based on simple Mie theory calculations. The oscillator
strength sum rule is applied to give further insight into the quality of the recorded
spectra.

Finally the evidence of detection of surface defects through CRDS is
mentioned and its relevance and importance is emphasised.
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Cavity ring-down spectrometer for measuring the optical response
of supported size-selected clusters and surface defects in ultrahigh vacuum

A. Kartouzian,a) M. Thamer, T. Soini, J. Peter, P. Pitschi, S. Gilb, and U. Heiz
Technische Universitdt Miinchen, Lehrstuhl fiir Physikalische Chemie Lichtenbergstr. 4,
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A cavity ring-down spectrometer designed to investigate optical properties of size-selected clusters
on surfaces under ultrahigh vacuum (UHV) conditions is presented. Clusters are produced using a
laser vaporization cluster source with typical size-selected cluster currents of about 100 pA. The size
of the deposition area can be controlled by means of a focusing octopole. Using the UHV
compatible mirror exchanger, it is possible to have up to ten ring-down cavities and to adjust them
while in vacuum. With ten cavities it is possible to cover a continuous spectral range as broad as 600
nm. The sensitivity of the method is shown to be about 5 ppm, which is two orders of magnitude
better than commercial techniques. The optical spectra of small Niy clusters (N=7, 10, and 20)
supported at amorphous SiO, in the range between 417 and 669 nm are presented. Simple Mie
theory calculations and oscillator-strength sum rule are in good agreement with the experimental
data. The method proved to be sensitive enough for detection of defect sites and therefore makes it
possible to study the interaction between the clusters and different surface defects. Furthermore the
cryogenic sample holder can be used to perform cavity ring-down spectroscopy at low

temperatures. © 2008 American Institute of Physics. [DOI: 10.1063/1.3053179]

I. INTRODUCTION

In the past decades, optical properties of metal clusters
have been extensively studied, theoretically as well as
experimentally.lf8 One of the motivations is the information
expected to be gained on the electronic structure of clusters
and particularly the evolution of the optical response with
cluster size and shape, which is important for the design of
optical materials. In this respect, supported metal clusters are
especially relevant as any technical application of metal clus-
ters definitely requires any kind of support. Compared to the
gas phase, there are not many studies reported on optical
properties of supported clusters; this is a direct result of ex-
perimental and theoretical difficulties. Relatively low absorp-
tion cross-sections of the coinage metal clusters make it nec-
essary to increase the number of clusters under investigation
in order to obtain measurable responses. On planar surfaces,
high cluster densities would lead to cluster aggregation and
thus the obtained results become ambiguous and cannot be
attributed to a single cluster size. This becomes particularly
important in the nonscaleable size regime for clusters with
up to about 50 atoms where the cluster properties vary dras-
tically with addition of each single atom.”"?

Electron and optical spectroscopy techniques such as
photoelectron  spectroscopy and electron energy loss
spectroscopy,13 absorption, fluorescence, and excitation
spectroscopies14 have been commonly used to explore the
electronic structure of supported clusters. Another interesting
possibility to study occupied electronic state densities is pro-
vided by the surface sensitive metastable He* impact electron
spectroscopy.IS The above mentioned prerequisite for the in-
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vestigation of mass-selected supported metal clusters,
namely, the need to avoid aggregation, is also valid when
applying these techniques. Therefore it is necessary to keep
the particle density as low as 1% of a monolayer or less
(<2 %108 cluster cm‘2).16 This, together with the low ab-
sorption cross-sections of metal clusters especially in the vis-
ible range of the spectrum, pushes the conventional methods
to their sensitivity limits and beyond. In ultraviolet (UV) and
x-ray, the absorption cross-sections usually increase and
some important results have been achieved with the required
low cluster coverage,17 however, in the visible range a more
sensitive technique must be employed. Cavity ring-down
spectroscopy (CRDS) is an extremely sensitive technique,
which has been applied in the gas phase, e.g., for trace ma-
terial detection'® " and can be adopted to be used as a suit-
able tool to study the photoabsorption properties of sup-
ported metal clusters.”' * The high sensitivity of the method
makes it possible to detect absorption losses as low as 10
ppm.”

An experimental setup consisting of a high frequency
laser vaporization cluster source, ion optics to guide the clus-
ters onto the substrate and mass filter a single cluster size, as
well as a dedicated analysis chamber to perform the CRDS
measurements is presented. The practical difficulties of per-
forming CRDS under ultrahigh vacuum (UHV) conditions
and its application to mass-selected supported clusters are
described. The sensitivity of the technique is discussed and
the performance of the whole setup and its components is
summarized. The performance of the method is illustrated by
reporting on the optical spectra of small Ni clusters sup-
ported on amorphous SiO, surfaces. Finally the results are
discussed and conclusions of the work are given.

© 2008 American Institute of Physics
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FIG. 1. (a) Three-dimensional view of the setup. Different parts are depicted
and labeled. Ion optics including guiding octopole, Einzel lenses, and focus-
ing octopole are shown, as well as mirror exchanger component. Also indi-
cated are the pumping units. The numbers in parentheses refer to the part
numbers used in schematic view. (b) Schematic view of the setup. Here the
laser entrance for vaporization laser and probe laser (OPO) are better ob-
served. A convex lens (f=1000 mm, not shown here) is used to focus the
vaporization laser on the target surface. Setup is divided in three main parts:
source chamber, ion optics, and mass selection and analysis chamber.

Il. EXPERIMENTAL DESIGN

The experimental setup is composed of two main parts:
(I) the cluster deposition unit including laser vaporization
cluster source, ion optics, and mass selection device (for
brief details see Sec. II A) and (II) the CRDS UHYV analysis
chamber. The latter is specifically designed to carry out cav-
ity ring-down (CRD) measurements and will be discussed in
more detail in Sec. II B. The vacuum system is divided into
four differentially pumped chambers. This is required in or-
der to maintain UHV conditions (1071°-~10"!' mbar) in the
analysis chamber while having rough vacuum (10~! mbar)
in the expansion zone of the cluster source. An overview of
the setup is shown in Fig. 1. The source chamber is pumped
by a 139 1s7! Roots pump (Balzers WKP-500A) backed
with a rotary pump (Balzers UNO 060A). The base pressure
is about 10> mbar. During cluster formation the partial
pressure of the carrier gas (He) inside the source chamber
increases up to 10~ mbar. The second chamber (octopole
chamber) is pumped by a 1250 1s~!' turbo pump (Pfeiffer
TPU 1201 P) backed with a rotary pump (Leybold-Heraeus
D65BCS); the base pressure is 107 mbar. Following the
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skimmer, there are several sets of Einzel lenses and a qua-
dropole deflector. This part of the vacuum chamber can be
separated from the octopole and analysis chambers with two
gate valves. The deflector chamber is pumped by a 500 157!
turbo pump (Pfeiffer TPU510) backed with a rotary pump
(Balzers DUO 016B) and pressures down to 2 X 10~ mbar
are reached. Finally the analysis chamber is equipped with a
500 1s~!' turbo pump (Pfeiffer TMU 521P) backed with a
dual membrane pump (Pfeiffer XtraDry 150-2), an ion pump
and a titanium sublimation pump (Varian Vaclon plus 300
Combination Pump 919-2641). After bake out a base pres-
sure of 1 107!% mbar is achieved.

A. Cluster source, ion optics, and mass selection

The cluster source is similar to the one introduced by
Heiz ef al.”> The third harmonic of a 50 Hz Nd-doped yt-
trium aluminum garnet (Nd-YAG) laser (Innolas Spitlight
600) is focused onto the rotating metal disk. Pure He (He
6.0, air liquid) is used as carrier gas. The gas is pulsed into
the source chamber using a homemade piezovalve. The gas-
pulse delay (with respect to the laser pulse) and duration is
controlled by a homemade piezopulser. For optimum cluster
current, it is found that opening the piezovalve slightly ear-
lier than the laser pulse is required in order to obtain the
highest gas pressures before plasma formation. The piezo-
valve and the expansion nozzle (67 mm long and 2 mm in
diameter) are not cooled. The clusters (cations, anions, and
neutrals) are formed in the nozzle and traverse a skimmer
with an opening of 5 mm in diameter. The skimmer separates
the source chamber and the octopole chamber having work-
ing pressures of 1072 and 107> mbar, respectively. The 50
cm long octopole serves as an ion guide. The frequency and
the power of the octopole are controlled by an amateur rf
transceiver (Kenwood TS-570S). The octopole chamber is
connected to the deflector chamber via an orifice of 5 mm in
diameter. In the deflector chamber, the clusters are further
guided through a series of Einzel lenses until they reach the
electrostatic quadropole deflector of in-house design. Deflec-
tion of the cluster beam is essential in order to separate neu-
tral clusters from the ions and thus to prevent deposition of
mass-unselected neutral clusters on the support. The deflec-
tor is a two-dimensional (2D) quadropole composed of four
cylindrical electrodes approximating the hyperbolic shape
suggested by Zeman.”® After exiting the deflector, charged
clusters are focused into a commercial quadropole mass
spectrometer (Extrel 5500 series, mass range up to 4000
amu) by another set of electrostatic lenses. After mass-
selection, the cluster ions immediately enter a focusing
octopole,27 which is controlled by another amateur rf trans-
ceiver. The clusters are then deposited onto the substrate (in
this work: amorphous SiO,), which is fixed to a cryogenic
sample holder mounted on a UHV manipulator with four
degrees of freedom (x,y,z, ¢). Depending on the distance of
the focusing octopole from the sample, the former either
works as a focusing or defocusing element. In this way, the
spot area of the deposited clusters can be controlled. The
focusing octopole can be replaced by a channeltron amplifier
in order to record mass spectra. The cluster source produces
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both positively and negatively charged clusters. Ion optics
and the cluster source can be optimized for the deposition of
both types of ions. In this work, cations are used as they can
easily be neutralized by an electron beam upon deposition
onto an isolating substrate. This is necessary because other-
wise the support will become charged and the ions conse-
quently deflected by the generated electrostatic field. A hot
tantalum (Ta) filament (0.1 mm thick and 60 mm long) is
used as an electron source. The filament is heated by a typi-
cal current of 0.75 A, supplied by a high precision dc power
supply (Voltcraft PPS-3502). A metal plate is mounted onto a
separate translational feedthrough and is connected to an
electrometer (Keithley 6517A). This is used as a Faraday cup
to measure either cluster currents or the emitted electrons
from the hot filament. The energy distribution of the clusters
is obtained by applying a retarding voltage on the metal plate
and recording the cluster current as a function of the applied
voltage.

B. Analysis chamber and detection unit

The analysis chamber has been optimized for CRDS
measurements, and additionally surface preparation tech-
niques (sputter gun, gas inlet system) are available. The main
parts are an xyz manipulator with a 360°-rotation stage
(Vacuum generators), a cryogenic sample holder where the
substrate and the Ta filament are mounted and the UHV com-
patible mirror exchanger of in-house design. The manipula-
tor is used for moving the substrate from measurement posi-
tion P, to deposition position Pp,.

To carry out CRDS on supported clusters, the sample
can be inserted into the cavity either at Brewster’s angle or
perpendicularly to the optical axis of the cavity. In the latter
configuration, the substrate must be plan parallel and reveal
optically flat surfaces in order to minimize losses due to re-
flection and thus optimizing sensitivity. The drawback of
samples, which fulfill these conditions are the high price and
the fact that the angular dependence is very sharp.28 In con-
trast, for the Brewster’s angle configuration, the reflection
loss varies relatively smoothly28 with the angle and therefore
roughness of the substrate surface and the angle mismatch of
two sides are not as critical. The main disadvantage of the
Brewster’s angle configuration is that only p-polarized light
(with respect to the substrate) can be used. In both configu-
rations the angle of the substrate with respect to the optical
axis of the cavity is crucial. In this work the Brewster’s angle
configuration is used. In order to analyze the sample surface
and to obtain a two dimensional image (surface map) of the
cluster density (see below), the sample is moved at Brew-
ster’s angle and at the center of the cavity in the x and z
direction.

A schematic view of the optical setup is illustrated in
Fig. 2(a). The output of a Nd-YAG pumped optical paramet-
ric oscillator (OPO) laser (Innolas integra, 20 Hz, ~3-7 ns
pulses, 10 cm™) is injected into the stable cavity without
mode matching optics. The light leaking from the cavity is
then guided through a polarizer where the light intensity can
be controlled to avoid saturation of the detector. A convex
lens is used to focus the light onto a diffuser so that the mode
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FIG. 2. (a) Schematic view of the optical setup used for the CRDS mea-
surements. The output of an OPO laser is injected into the stable cavity
without mode matching optics. The light leaking from the cavity is then
guided through a polarizer where the light intensity can be controlled to
avoid saturation of the detector. A convex lens is used to focus the light onto
a diffuser so that the mode structure of the laser is lost. After the diffuser, the
light is focused by another convex lens onto the photomultiplier tube. (b)
The wavelength dependence loss of the cavity mirrors is depicted. Note the
limited range and the overlap between the used cavities. The wavelength
range of each cavity is indicated. (c) The construction of the UHV compat-
ible mirror exchanger.

structure of the laser is lost. After the diffuser, the light is
focused by another convex lens onto the photomultiplier tube
(Hamamatsu H7732-10). The signals are recorded and pro-
cessed in situ with an oscilloscope (Lecroy Waverunner
6051). Data acquisition and scanning of the laser are fully
automated by a self-written LABVIEW program. Since the re-
flectivity of the mirrors depends on the wavelength as does
the intensity of the light leaking out of the ring-down cavity,
the sensitivity of the detector must be adjusted in order to
avoid saturation of the detector while still achieving maxi-
mum resolution of the oscilloscope for all wavelengths. This
is done by applying a variable sensitivity voltage to the de-
tector. To this purpose, the sensitivity of the detector is con-
trolled from a calibration table using the auxiliary output of
the oscilloscope. The sensitivity voltage is optimized for
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each mirror set for various wavelengths in an interval of 5
nm. During measurements, the calibration data are interpo-
lated for the wavelengths in between. The most essential part
of the analysis chamber is the UHV compatible mirror ex-
changer with up to 10 mirrors. Since the highly reflective
CRD mirrors have a narrow bandwidth of about 60 nm, sev-
eral mirrors must be used to cover the visible and near UV
range. In the experiments presented here, five different cavi-
ties are employed for the range between 420-670 nm, which
consists of two highly reflective mirrors (R>99.99%, Los
Gatos Research). The length of the cavities is 51 cm [see Fig.
2(b)]. For this purpose we designed a UHV compatible mir-
ror exchanger [Fig. 2(c)] allowing the use of up to ten dif-
ferent cavities. It is designed in such a way that the cavities
can be adjusted from the outside without venting the analysis
chamber and realigning the probe laser. The mirror ex-
changer consists of a rotatable disk plate, the plane of which
can be adjusted by two linear feedthroughs. This disk plate
contains ten single mirror holders, which can be adjusted
separately. The disk plate is mounted onto a conflat flange
(CF-150). A small viewport is used for the probe laser. By
rotating the two disk plates, one of the cavities can be used
for the CRD measurements. The alignment of the cavities is
carried out as follows: before pumping, the UHV chamber
coarse alignment of each cavity is done separately by means
of the individual mirror holders. At UHV conditions, each
cavity is optimized by aligning the disk plate with the linear
feedthroughs.

lll. CHARACTERIZATION OF THE SETUP

Prior to the investigation of the optical properties of
size-selected clusters on surfaces, the performance of the
cluster source and the focusing octopole as well as the effi-
ciency of the neutralization is tested. The mass spectra of
gold and nickel reveal well-resolved cluster sizes over the
whole mass range of the quadropole mass spectrometer (for
gold, Auy, N=1-20). Typical cluster currents vary between
1 nA for Auf and 120 pA for Auj, clusters. Upon deposition,
the cluster ions are neutralized by electrons from a hot fila-
ment. Successful deposition of the clusters is verified by
atomic absorption spectrometry29 (AAS) and total reflection
x-ray fluorescence (TXRF).” After deposition of approxi-
mately 14.7 ng Au, clusters, more than 10 ng gold is de-
tected. Thus the efficiency is at least 70%. The deviation is
attributed to uncertainties in cluster current measurements
and the material loss during dissolving gold in aqua regia
[HNO;+3HCl(aq)] from the substrate surface.

The performance of the focusing octopole is character-
ized by evaluating the size of the cluster spots measured by
CRDS. Spot sizes as function of the distance between the
focusing octopole and the substrate are illustrated in Fig. 3
and show nonlinear dependency. The spot sizes are obtained
by mapping the optical losses with CRDS at a fixed wave-
length in an area around cluster deposition. The obtained
map is fitted by a 2D Gaussian, the full width at half maxi-
mum of which defines the spot size. Transmission of the
focusing octopole is obtained from the ratio of the cluster
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FIG. 3. Dependence of cluster spot size on the distance from focusing
octopole. As the distance is increased, a nonlinear increase in the cluster
spot size is observed.

current measured at the entrance plate of the focusing octo-
pole to that at the sample; a typical value is ~60%.

The sensitivity of the CRD spectroscopy is determined
by the minimal loss detection limit L,;,. Ly, iS generally
calculated as the product of the intrinsic loss of the cavity
and the relative error in the measurement of the ring-down
time 7{w). Equation (1) gives the relation between ring-down
time 7(w), the roundtrip losses L;,(w) generated in the cavity,
and round trip time ¢,.

t, t,
- E L,»(w) Lcavily(w) + Lsubstrale(w) + Lcluster(w) )
i

()

(1)

The total intrinsic losses of the cavity include the losses
of cavity mirrors and the losses due to the substrate L,
= Leavity+ Loubstrate- From Eq. (1), it follows that by measuring
m(w) the individual losses can directly be calculated by per-
forming experiments with and without substrate and/or clus-
ters. Typical values of L, are ~25 ppm after investigating
75 000 CRD traces measured at 570 nm for a SiO, sample of
0.13 mm thickness. The detection limit can be substantially
improved by averaging. Using the same raw data and aver-
aging 100 traces, a detection limit of ~2.4 ppm is achieved.
Care should be taken when considering this value since the
absolute number of the detection limit varies with the intrin-
sic loss of the cavity at different wavelengths: L, increases
as the intrinsic losses increase. This is the reason for the
lower sensitivity of CRDS for supported clusters; due to the
presence of the substrate, the loss of the cavity is increased.
The relative error of m(w) when averaging 100 traces is
0.3%. This leads to a maximum detection limit of 10 ppm
over the whole wavelength range since the intrinsic loss of
the cavity including the substrate has never been observed to
be higher than 3300 ppm. In the majority of the investigated
wavelength range, () is better than 5 ppm.

IV. EXPERIMENTAL PROCEDURE

All measurements are performed at room temperature.
Thin amorphous SiO, plates are used as substrate (Marien-
feld BK7, 0.13 mm thick), cleaned with the highest purity
acetone (Merck spectroscopy grade) and mounted in the
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analysis chamber. The surface of the substrate is mapped
using CRDS at a single wavelength by scanning the substrate
in the x and z direction in increments of 0.5 mm. Subse-
quently the clusters are deposited at the substrate position
with the highest surface quality (an area with small and con-
stant loss). The exact position of the cluster spot (Pgyppie) is
then determined with respect to the horizontal and vertical
edges of the substrate. The position of the substrate edges
can easily be determined by the high scattering losses ob-
served in the CRDS measurement. In fact, the ring-down
signal almost vanishes when the edge of the glass is brought
into the cavity. Due to the finite size of the laser spot inside
the cavity, this measurement has an uncertainty of about 0.1
mm. A second position is chosen as reference point
(Preference)- The clusters are deposited at Pgypie. The cluster
current is optimized for the corresponding cluster size. After
deposition, CRD spectra are recorded at both positions,
Pample aNd Preference> and for the empty cavity. For each mir-
ror pair, the cavity is readjusted and the positions of substrate
edges are measured to determine the exact positions Pg,mpie
and P, ference- This reduces a possible position mismatch. At
each wavelength, 100 CRD signals are averaged to improve
the signal-to-noise ratio. The resulting spectrum over a given
wavelength range is composed of the recorded data from the
different cavities. Figure 4 illustrates the data treatment pro-
cedure for a model system. To demonstrate the performance
of the CRD spectrometer, a solution containing Coumarin
334®, Rhodamine B®, and Oxazine 1® laser dyes dissolved
in methanol was chosen (1.5 mg I"! for Rhodamine B®,
concentration of Coumarin 334® and Oxazinel® were ad-
justed to get 0.2 and 1 as peak height ratio in solution, re-
spectively). The substrate was dip coated with the solution
and then measured. The number density of dye molecules at
the surface could be calculated from the known absorption
cross-sections of the dyes. In the case of Rhodamine B®
~3.3X 10" cm™ was determined. In a first step, the empty
cavity loss is subtracted from spectra measured at Py, and
Peference- The result is depicted in Fig. 4(a). Figure 4(b)
shows the difference between the two spectra, which is the
spectrum of the sample only. The mirrors used in this work
are chosen in a way that an overlap of at least 8§ nm is
available. This allows adjustments (scaling and/or shifting)
of the spectra from the different cavities, as in the overlap
region identical absolute absorption cross-sections must be
measured. Simple shifting is justified because the substrate
surface is not homogeneous. The error in the position (0.1
mm) results in variations in the absolute loss, which in turn
causes a shift upon the subtraction of the sample spectra.
Scaling is justified when taking variations in the surface cov-
erage into account. Typically cluster coverages reveal Gauss-
ian distributions and a mismatch of 0.1 mm for Py, for the
different cavities can result in variations in absolute loss val-
ues, which scale linearly with the deviation in the total num-
ber of probed molecules or clusters. In this work, a combi-
nation of scaling and shifting is used in order to compensate
for both uncertainties. Typical scaling factors lie between
0.98 and 1.02 and absolute shifts are smaller than 150 ppm.
In addition, a surface map is measured at an arbitrary wave-
length around Pg,,e. From the map, the absolute loss at the
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FIG. 4. Absorption spectrum of a dye mixture solution (1.5 mg 1~ for
Rhodamine B®, concentration of Coumarin 334®, and Oxazinel® were
adjusted to get 0.2 and 1 as peak height ratio in solution, respectively)
recorded by CRDS. Different colors indicate different cavity mirrors. (a)
The loss of the uncoated substrate and coated substrate (labeled as substrate
and sample, respectively) are shown. Intrinsic loss of the cavity without
substrate is subtracted already. (b) The difference between “sample” and
“substrate” losses is shown. Note the shift at overlap regions. (c) The scaled
version of part A. (d) The scaled version of part B and the UV/visible
measurement of the same sample (labeled as CRDS and UV/visible, respec-
tively). The UV/visible spectrum is upshifted by 300 ppm for better illus-
tration. In both cases, the measured data and a smooth line to guide the eyes
are shown.

specific wavelength is extracted. The corrected spectrum is
then shifted as a whole so that the loss value at that specific
wavelength is consistent with the one observed in the surface
map. Note that the correction procedure does not add or re-
move any features to or from the measured spectrum. The
corrected version of Fig. 4(a) is depicted in Fig. 4(c). It is
crucial to consider this information while interpreting the
spectra because they deliver the information, whether or not
the structures in the spectra are originating from the back-
ground. At the end, Fig. 4(d) (solid line) presents the final
result of the measurement, which is the corrected version of
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Fig. 4(b). The dashed line in Fig. 4(d) shows the absorption
spectrum of dye mixture measured by commercial UV/
visible (analytic-Jena Specord 40) in step mode with 2 s
integration time as a reference (max integration time of 10 s
did not reduce the noise level). The peak positions and rela-
tive intensities are in perfect agreement with the spectrum
measured by CRDS and shown in Fig. 4(d) by the solid line.
The UV/visible data at shorter wavelengths have, however, a
much larger noise level compared to the spectrum obtained
by CRDS. The CRD spectrum has a relative error of 2% and
is much more accurate than UV/visible with an error of up to
50% [see Fig. 4(d) in the range of 430-500 nm]. Both spec-
tra depict all the spectral features of the dyes found in refer-
ence data from the dye producers. This comparison clearly
reveals the procedure for measuring CRD spectra, which
leads to reliable data and shows CRDS to be superior in
sensitivity by almost 2 orders of magnitude as verified by
concentration dependent measurements.

V. RESULTS AND DISCUSSION

The results on CRDS spectra in the visible range of size-
selected Ni clusters supported on amorphous silica are re-
ported. Upon deposition on the insulating substrate, the clus-
ters are neutralized by electrons from a hot filament,
furthermore the cluster current could not be measured con-
tinuously but only at a given interval with the movable Far-
aday cup. Assuming a neutralization efficiency of unity and
stable cluster currents between measuring intervals the cov-
erages p have been determined to be 10'> cm™2. In the fol-
lowing, we express the optical results in loss per pass A and
not in cross-section o (0=A/p) in order to exclude any sys-
tematic errors in cluster coverages. The spectra obtained be-
tween 417 and 669 nm are represented in Fig. 5 for Ni;, Ni,
and Ni,,. The spectrum of the uncoated substrate is sub-
tracted. For all three cluster sizes, a structureless increase in
the loss is observed for increasing photon energies. Two
steps at ~480 and 600 nm are observed in all spectra. It may
be that all three cluster sizes reveal such features and that
they are indeed intrinsic to the three cluster sizes. Note, how-
ever, that the spectra of amorphous silica reveal small ab-
sorption bands at these two wavelengths (bottom of Fig.
S5—marked with two arrows; also shown as comparison is
the spectrum of Ni,y), which can be attributed to defect
sites.”’ The clusters are likely to be trapped at these sites and
as the spectrum of the silica substrate is taken as background
(see Sec. IV) the two absorption bands related to defects are
manifested in the spectra of the clusters as negative absorp-
tions (e.g., steps). The intensity of the absorption bands var-
ies from substrate to substrate and this is the reason why the
negative absorptions are differently pronounced for different
measurements.

The optical response of free nickel spheres with dia-
meters much smaller than the wavelength of the probing
light can be predicted by using the classical Mie theory,
where the wavelength dependent absorption cross-section
omic(N) of a nickel sphere with volume V and the dielectric
function e=¢g+ig, can be written as
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FIG. 5. Experimentally measured spectra of Ni, (n=7, 10, and 20) clusters
supported on silica surface (three upper panels). The spectra show almost no
structure and are in good agreement with simple Mie calculation for free Ni
clusters (inset). Oscillator strength scales with cluster size almost perfectly
showing two and three times higher losses for Ni,, compared to Ni,, and
Ni;, respectively. There are two steps in all spectra at around 480 and 600
nm. These are originating from uncoated substrate spectrum, which shows
two features (arrows in bottom graph) at 460 and 585 nm. For comparison,
the spectrum recorded at cluster coated substrate is shown as well. This on
the other hand is smooth and monotonous. Note that it is not possible to fit
a \™* function to the spectra. This indicates that the scattering losses are not
the main part of the measured optical losses for the clusters inside the cavity,
however, their contribution cannot be excluded.
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V is the volume of the Ni,, clusters and is calculated from the
bulk density; note that this is the only size dependent para-
meter in this model. For the dielectric function, the bulk
value of nickel® is used. The calculated spectrum is depicted
as inset of Fig. 5, from which it is evident that small free Ni
clusters reveal a smooth absorption spectrum at wavelengths
above 350 nm, which is consistent with the CRD spectra. A
small band is observed at ~340 nm (3.65 eV) and distinct
absorption bands only at higher energies. Furthermore, our
data are consistent with photodissociation spectra of Ni,Ar,,
clusters in the gas phase from Knickelbein et al.>® These
measurements were also interpreted by the simple Mie ap-
proximation. Nour et al.** studied the electronic spectra of
small nickel clusters trapped in argon matrices at 12 K and
found a band centered at 415 nm (3 eV). The maximum of
this band is not covered by the range measured in this work.
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At a temperature of 12 K, they could clearly resolve three
vibronic bands of Ni, and Nij clusters. The vibronic bands of
Ni; and larger clusters could not be resolved in an experi-
ment performed at 300 K. In experiments presented here, the
transitions are additionally broadened due to the interaction
with the substrate. The CRD spectra of Ni atoms and dimers
on SiO, substrate have been recorded as well (not shown
here). Interestingly, no sharp absorption peaks could be ob-
served in the measured range neither for Ni atoms nor for Ni
dimers. Strong interactions between Ni atoms and dimers
with the substrate indeed shift the expected peaks to wave-
lengths out of the range investigated here (to either lower or
higher wavelengths). The band of nickel clusters in argon
matrices at 415 nm is redshifted by 75 nm when comparing
to the band at 340 nm predicted by simple Mie calculations.
A similar shift has been observed by Knickelbein et al.* for
Ni, Ar,, clusters. For nickel clusters on surfaces shifts in both
directions are possible35 our results suggest, however, that
the peak is redshifted by less than 75 nm or even blueshifted
when comparing absolute peak positions.

According to classical and quantum theories, the sum of
oscillator strengths from all electronic transitions over the
whole spectral range scales with the total number of elec-
trons in the molecule.’® Thus the partial oscillator strength
for each cluster size can be obtained by integrating the ab-
sorption cross-sections over the wavelength range of the ex-
periment

f ~ J'Gé9 nm (Tn()\)dk ~ 1J669 nm An()\)d)\

2
A=417 nm A

3)

2
A=417 nm A P

The ratio of the partial oscillator strength for each pair of
clusters (fio/f7.f20/f7.f20!f10) can be extracted and so the
following values are obtained from the recorded spectra:
fro/ f7=1.37, f20/f7=2.78, and f>q/ f10=2.04. Despite the fact
that the measured range covers only a small portion of the
oscillator strength, these values fit almost perfectly to the
expected theoretical data.

VI. CONCLUSION

In this paper the design of an experimental setup dedi-
cated to the measurements of the optical properties of size-
selected clusters on various support materials by CRDS un-
der UHV conditions is presented. A UHV compatible mirror
exchanger allows for carrying out experiments in the whole
visible range efficiently and the setup is robust enough to be
used on a daily basis. The sensitivity of CRDS is better than
10 ppm over the whole spectral range, improved perfor-
mance can be obtained for selected support materials and
cavities. The sensitivity (~2.5 ppm) is at least two orders of
magnitude better than that obtained with commercial tech-
niques (~500 ppm). Only with this superior sensitivity it is
possible to study optical properties of size-selected clusters
on surfaces, although experiments could be carried out on
any optically transparent substrate materials. Results on size-
selected Ni clusters fit well to simple Mie calculations. The
ratios of the partial oscillator strength for each pair of clus-
ters are consistent with the oscillator strength sum rule. The
agreement of the general shape of the obtained spectra with

J. Appl. Phys. 104, 124313 (2008)

Mie theory suggests that the electronic states involved in the
optical transition are not to be perturbed considerably by the
interaction with the amorphous silica substrate.

The sensitivity of the setup is also sufficient for the char-
acterization of defect sites on various support materials.
Combining optical data of defect sites and of size selected
clusters will allow a complete picture of the trapping sites for
the clusters on the substrate to be obtained. Further tempera-
ture dependent measurements will further reveal thermal sta-
bilities of size-selected clusters on various support materials.
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3. Publications

3.2. Paper 2

Characterisation and cleaning of oxide support
materials for cavity ring-down spectroscopy

The importance of the choice of support material for CRDS measurements on
size-selected supported metal clusters is discussed thoroughly in previous
sections. In the following contribution some of the commercially available
substrates are tested for their compatibility and quality. Sputtering with low
energy Ar* ions produced by a commercial ion source is introduced as a non-
destructive method to clean substrates and remove previously deposited clusters
from their surface. Characterisation is performed using the cavity ring-down
spectrometer introduced in paper 1.

In the experimental part the measurement apparatus is described briefly. The
concepts of spatial filtering and mode matching are given and their application in
the case of the used laser system is justified. It is shown that an improved beam
profile is achieved through spatial filtering, and that the relative error of the
measurement is reduced by about 50% with mode matching.

From the materials suitable for Brewster’s angle configuration CRDS,
amorphous silica, borosilicate, and yttria stabilisd zirconia (YSZ) are tested and
compared based on their optical losses. It is shown that the commercially
available borosilicate substrates provide the highest optical quality. The high
sensitivity of the apparatus is again demonstrated by the detection of trace
amounts of Nd ions in YSZ samples.

It is observed that the optical quality of the borosilicate samples is degraded
after common bake-out procedures. X-ray diffraction measurements reveal that
the structure of the borosilicate glass undergoes a deformation after being
exposed to slightly elevated temperatures (~140 °C) for over five days.

The high optical quality of the substrates which is required for CRDS
measurements, together with the low thickness makes their manufacturing both
difficult and costly. This triggers a motivation to develop a method for cleaning
substrates from deposited clusters so that they may be reused more often. In this
paper, the successful application of low energy ion sputtering for substrate
cleaning is demonstrated, and it is indicated that the method causes marginal
damages to the support material as characterised by the cavity ring-down
spectrometer. The removal of gold clusters from the surface is confirmed through
analytical methods including atomic absorption spectrometry and total reflection
x-ray fluorescence.
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Cavity ring-down spectroscopy (CRDS) has been applied to
characterise different oxide materials (amorphous silica,
borosilicate and yttria stabilised zirconia YSZ) which are
suitable to be used as support material for size-selected metal
clusters. The sensitivity of the spectroscopic method was
improved by means of transversal mode matching and spatial
filtering of the laser beam profile, reducing the relative error by
50%. The high sensitivity of CRDS allows the detection of trace
amounts of impurities and defect sites in the samples, based on
their absorption properties. In YSZ, traces of Nd have been

1 Introduction Supported metal nanoclusters play an
important role in modern chemical catalysis, as novel
catalytic properties may evolve in the nanoscale size regime
[1]. The evolution of the electronic properties of metal
clusters with size is accompanied by dramatic changes in the
optical, chemical and magnetic behaviour of small clusters
and nanoparticles with respect to bulk materials. Optical
characteristics of metal clusters and their variation with size,
shape and environment are of fundamental interest, both
theoretically and experimentally [2—6]. Understanding the
link between the electronic structure and catalytic activity of
metal nanoparticles is key for future material design and
efficiency optimisation. A powerful method to investigate
the electronic structure of matter is optical spectroscopy. In
the study of supported size-selected metal clusters, it is
necessary to employ a highly sensitive spectroscopic method
because of their (i) small absorption cross-section, and
(ii) low surface coverage (to hinder agglomeration).

Cavity ring-down spectroscopy (CRDS) is an extremely
sensitive technique, which has been widely used in gas phase
studies, e.g. for trace material detection with sensitivities in
ppb range [7-9]. When applied to solid samples, it is capable
of measuring optical losses with sensitivities lower than

£, BWILEY .
% InterScience

detected. The optical quality of the substrates was determined
qualitatively according to the measured optical losses. CRDS
surface maps have been used to monitor the homogeneity of the
support materials, and the influence of ion bombardment on the
surface has been studied. It is shown that in the case of BK7®
substrates, sputtering with low energy Ar" ions could remove
deposited gold clusters almost completely causing very low
damage to the surface. These results were confirmed analyti-
cally.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5 ppm [10-23]. The lower sensitivity of CRDS in the case of
solid samples is caused by additional losses originating from
scattering, reflection at the interfaces and absorption of the
substrate material, which are not present in gas phase
measurements. Therefore, the choice of support material and
its quality is of great importance for the desired performance
of CRDS.

Beside the intrinsic properties of oxide support
materials, the geometry of the setup plays a decisive role in
reducing losses. The substrate can be inserted into the cavity
either perpendicularly or at the Brewster’s angle to the
optical axis of the cavity. In the former configuration, the
substrate must be perfectly plane parallel and optically flat
due to the sharp angular dependency of reflection losses [24].
The limited availability of such substrates is their main
drawback. In contrast, for the Brewster’s angle configur-
ation, the reflection loss varies relatively smoothly with the
angle [24] and therefore, the roughness of the substrate’s
surface and the angle mismatch between two sides are not as
critical. The main disadvantage of the Brewster’s angle
configuration, however, is that only p-polarised light can be
used. Furthermore, to avoid birefringence, the oxide
materials must have either an amorphous structure or posses

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



G’

physica
status
solidi

2 A. Kartouzian et al.: Characterisation and cleaning of oxide support materials for CRDS

Table 1 A list of some optical materials suitable for CRDS in
Brewster’s angle configuration.

material structure transparent window (nm)
N glass 200-2100
BK7Y glass 360-1700
YSZ cubic 400-6000
MgO cubic 300-6000

a cubic lattice. Birefringence causes the increase of optical
losses by rotating the polarisation. A list of selected materials
that fulfil the criteria mentioned above is presented in
Table 1. It is obvious that the substrate should be transparent
in the measurement range.

The current work presents a spectroscopic comparison
among some of the oxide support materials for Brewster’s
angle configuration (SiO, glass, BK7® glass and yttria
stabilised zirconia (YSZ)). Additionally, a low damage
method is introduced for cleaning the substrates after being
coated with metal clusters. In the experimental section, the
UHV apparatus and the spectroscopy are described briefly
and the measurements are explained. The results are then
discussed followed by the conclusions of the work.

2 Experimental The experimental setup was intro-
duced in a previous paper [13] and hence only a brief des-
cription is included here. Metal clusters were produced using
a laser vaporisation cluster source. The metal atoms from a
target were evaporated by the third harmonic of a Nd-doped
yttrium aluminium garnet (Nd:YAG) laser to form a plasma.
Clusters were formed upon collision with carrier gas mole-
cules and the following supersonic expansion through a
nozzle. Positively charged cluster ions were guided by a set of
ion optics and focused into a quadropole mass-selecting unit
by a set of Einzel lenses. Following a path through a focusing
octopole, the mass-selected clusters were soft-landed onto the
support, upon which they are neutralised by thermal electrons

from a hot filament. The sample was then transferred into the
optical cavity, where the CRDS measurements were carried
out under ultra-high vacuum conditions using a tuneable laser
source. A midband OPO laser (Innolas) was used for
spectroscopic studies (repetition rate: 20Hz, energy per
pulse: 10-35 mJ, pulse duration: 7 ns and line width: 0.1 nm).

Spatial filtering and mode matching were performed to
reduce the noise level. Many reports have manifested the
application of CRDS to different samples without mode
matching optics [9-13, 25-27]. In order to achieve the
highest possible sensitivity, however, mode matching is
necessary. In an optical cavity, different transverse electro-
magnetic (TEM) modes hit the mirrors at different profiles
and positions, and in addition possess a different profile and
size inside the cavity. Each TEM mode travels therefore
effectively through a different cavity. The ring-down signal
is consequently a multi-exponential function [28-31] with
random fluctuations due to variations in the mode structure
of the laser. In the case of an inhomogeneous solid sample
this problem is magnified. Having different spot sizes and
profiles inside the cavity implies that different TEM modes
go through the sample at different positions, covering
different areas and so averaging over various regions. For
best results, the TEM, mode of the laser should be coupled
into the cavity such that the TEM, mode is the only excited
mode of the cavity [28, 29]. To this end, the output of the
laser was focused through a pinhole in order to pick out the
TEM,, mode. The resulting single mode laser beam was then
guided through two spherical lenses before it entered the
ring-down cavity. The position and focal length of the lenses
were calculated based on ray transfer matrix analysis
(RTMA) [32] to match the TEM,, mode of the cavity.
Figure 1A demonstrates the schematic view of the mode
matching optics used in this work. The relative errors for loss
measurements with and without mode matching are shown in
Fig. 1B. The histograms are based on single shot measure-
ments recorded at 570nm for BK7®™ substrates. An
improvement of about 50% was observed. Averaging 100

| |to detector
|

Figure 1 (A) The schematic view of the
mode matching optics used in this work.
Thedistancesdl,d2 and d3 are calculated
based on the RTMA method. (B) The
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L1 Pin hole L2 L3 CaF, cavity ring-dovn mimors
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histograms of 100 ring-down signals at
570nm for BK7™ substrates with and
without mode matching. The relative
error of the measured losses is two times
better for the mode matched case. (C) A
snap shot of the laser beam profile after
spatial filtering. A round Gaussian inten-
sity distribution corresponding to TEM,
mode is observed.
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shots will further reduce the error by a factor of ~10 as shown
in a previous contribution [13].

Surface map images were taken before and after
deposition of clusters by scanning an 11 x 11 mesh
(10 x 10mm?®) of the substrate’s surface while recording
100 CRD signals at each point at a fixed wavelength. These
surface images contain information about the sample’s
surface with the sensitivity of CRDS. The effect of any
treatment of the samples could be monitored using the
surface maps, e.g. the damage caused by low energy ion
bombardment could be determined quantitatively.

A method to remove the clusters from the substrate
without damaging its surface will make it possible to use the
same substrate for different measurements. This will not only
reduce the time demanding venting/pumping/bake-out steps,
but also economically justify the use of support materials
with higher quality. Heating and ion bombardment are
commonly used in surface science for cleaning purposes.
However, heating can only be applied as long as no structural
change in substrate, e.g. crystallisation, phase transformation
or dopant segregation takes place. A commercial sputter gun
(EX03 Ion Gun System-Thermo VG Scientific) was used to
remove the clusters from oxide surfaces by Ar' ions. The
effect of sputtering on the optical losses of the substrate and
the efficiency of cluster desorption are discussed.

3 Results and discussion The optical spectrum of an
YSZ substrate (500 pm thick, Crystal GmbH) measured by
CRDS is shown in Fig. 2. According to literature YSZ is a
transparent material [33] in the visible and infrared range of
the spectrum, however, the spectrum shows distinct sharp
peaks. These absorption peaks are not intrinsic to pure YSZ
and indicate the presence of one or more rare earth metal
impurities [33, 34]. The absorption peaks observed in Fig. 2
are mainly attributed to the presence of trace amounts of Nd.
Many studies show similar absorption peaks for Nd** ions in
different media [35-37]. The intense peak at 588.3nm
corresponds to the transition from “Ig/2 to *Gs» and has been
used to determine the concentration of Nd in YAG crystals
[38]. The substrate presented here apparently cannot be used
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Figure 2 The optical loss spectrum of a 500 pwm thick YSZ sample
with Nd content recorded by CRDS. Note the high absorption losses
(up to 7000 ppm). The sharp absorption bands are common among
rare earth metals due to their f—f transitions.
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Figure 3 The optical losses of BK7 substrates recorded by CRDS.
Low optical losses between 50 and 450 ppm are measured for an
untreated sample (marked with circles). After being heated at 140 °C
for over 5 days, optical quality of the substrate has degraded
drastically (marked with +).

as a support material for size-selected clusters in CRDS
measurements, where an optical loss of 10-500 ppm is
expected [13]. )

Figure 3 shows the spectra of 130 wm thick BK7®
substrates. The presence of borates and other oxides (Na,O,
K0, etc.) in BK7® may play an important role in CRDS
measurements. On the one hand, they may increase the
binding probability of metal clusters to the surface compared
to pure silicates [10, 39-41]. On the other hand, they limit the
treatment possibilities like heating, due to the low melting
point of borosilicate glasses (~650°C). Under elevated
temperatures, substituent atoms become mobile and sub-
strate deformation occurs. XRD measurements reveal slight
structural deformation in samples after being heated at
140 °C over 5 days during a bake-out process. This affects the
optical losses of the substrates as shown in Fig. 3, e.g. by
introducing higher scattering losses. This indicates that the
substrate is not thermally stable and cannot be used for high
temperature measurements. However, at slightly increased
temperature of about 70°C no changes in the optical
properties have been observed.

The optical loss spectrum of a 150 pwm thick glassy silica
sample is illustrated in Fig. 4. Amorphous silica is

SiO, glass

Loss per pass [ppm]
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Figure 4 The optical loss spectrum of amorphous silica recorded
by CRDS.
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transparent from 200 to 2100 nm (Table 1). Compared to
borosilicate glass the optical losses are about 500 ppm higher
in the case of a-Si0,. Similar to BK7® samples, glassy silica
supplies a featureless optical background, suitable for CRDS
measurements on supported size-selected clusters. The
monotonous loss increase toward shorter wavelengths in
the case of Silica glass and BK7™® has its origin in the fact that
for these materials the optical losses in the measured range
are dominated by the scattering losses which increase for
shorter wavelengths. )

Surface maps of a BK7™ substrate before and after
deposition of unselected gold clusters, and after sputtering
for 10 min with low energy Ar™ ions (300 eV) are illustrated
in Fig. 5. The first image (Fig. 5A) demonstrates the optical
loss profile of the sample prior to cluster deposition. The
inhomogeneous character of the substrate is clearly seen. The
optical losses of the substrate vary between 450 and
700 ppm. After deposition of gold clusters (~2% of a
monolayer), a loss enhancement on the coated area is
observed (Fig. 5B). Figure 5C shows the influence of the
subsequent sputtering on the substrate. At first glance, it is
clear that the cluster spot has disappeared. Subtracting the
map before deposition from the one after deposition shows
the spatial distribution of the clusters at the surface and the
increased loss due to the clusters, only (Fig. 5D). The round
shape of this spot is caused by the focusing octopole which
has a round opening [13, 42]. It should be mentioned here
that the surface maps have been recorded by moving the
substrate in two directions both perpendicular to the optical
axis. The step sizes have been chosen to be 1 mm in the
direction parallel to the rotation axis of the manipulator and
cos(fg) mm (P = Brewster’s angle) for the other direction.
This way the steps are equal with respect to the substrate
surface, for both dimensions and a symmetric shape is
expected. The presence of gold is confirmed by additional
analytical investigations (atomic absorption spectroscopy
(AAS) and total reflection X-ray fluorescence (TXRF)) of the
sample after sputtering, revealing the presence of less than

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5 Surface images of a BK7®™
substrate at 520nm (10 x 10 mm>).
(A) Before any treatment. Optical losses
of the substrate vary with position.
(B) After deposition of unselected gold
clusters. Local increase of the optical loss
is observed. (C) After sputtering the sur-
face with low energy argon ions. The
image is quiet similar to that of an
untreated substrate. (D) Image A is sub-
tracted from image B. Counters indicate a
round two-dimensional Gaussian distri-
bution of clusters. (E) Image A is sub-
tracted from image C. The surface profile
of the substrate is practically unchanged.
An average increase in measured loss of
less than 50 ppm is observed.
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1% of the total amount of deposited gold. Note that, the
optical loss profile of the surface shows a similar pattern as
before deposition. Direct comparison between the images
recorded before deposition and after sputtering (Fig. 5E)
indicates a slight increase in optical losses. The cluster spot,
however, has totally vanished. Apparently sputtering has not
changed the measured optical loss profile. Nevertheless, a
slight overall increase of the optical loss of the sample
(~50ppm) is observed. The high optical quality of the
substrate has not been affected, suggesting that surface
roughening has occurred homogeneously. Regions marked
by arrows in Fig. 5A have not been influenced by sputtering
at all. One possible explanation would be the presence of
scattering centres inside the material including gas bubbles,
segregates, unreleased stress, etc. It should be mentioned
here that the size of the features in surface maps measured
by CRDS is affected by the size of the laser spot. The
observed shape and size is a convolution of the laser spot
and the feature. Increasing the energy of Ar' ions did not
show a better cleaning efficiency but increased the optical
losses of the substrate. Therefore, the optical losses of the
substrate caused by sputtering can be attributed to surface
roughening.

4 Conclusions Different oxide materials were charac-
terised using a cavity ring-down spectrometer. The sensi-
tivity of the spectrometer was improved by using mode
matching optics and spatial filtering. YSZ is theoretically an
appropriate material to be used as a support for metal clusters
in CRDS studies; however, high purity is required. Trace
amounts of Nd in YSZ were clearly detected by CRDS.
Considering the optical losses, the BK7®™ samples are the
most appropriate substrates for CRDS measurements. The
low optical loss and availability of this material are its major
advantages over other substrates. The main disadvantage of
borosilicate glass is its low melting point. Heating up to
140 °C over 5 days caused deformation in glass structure
which increased the optical losses drastically. Silica glass

www.pss-b.com
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shows higher optical losses compared to the borosilicate
samples. This material is a proper alternative substrate for
optical measurements on size-selected clusters. A low
optical damage cleaning method was introduced to remove
the metal clusters from the support material using low energy
Ar™ ions sputtering.
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3. Publications

3.3. Paper 3
Cavity ring-down spectroscopy of metallic gold nanoparticles

The following paper addresses the application of cavity ring-down
spectroscopy to study the optical properties of supported gold nano-particles of
various sizes.

In the experimental section, the preparation of the nano-particles is first
described briefly. Here the nano-particles are produced wet chemically by loading
block co-polymer reverse micelles (block-poly (2-vinylpyridine)-polystyrene) with
a metal salt (AuHCl4). At equilibrium the micelles are homogeneously loaded and
so the amount of the metal salt inside each micelle is the same. The
spectroscopic samples are produced by dip-coating the support material with the
loaded micelles, before plasma etching to remove the organic polymers and
reduce the salt to metallic gold. It is exhibited that the particles are in an oxidised
state after plasma etching through x-ray photoelectron spectroscopy
experiments. The unstable gold oxide is then reduced to metallic gold either by
annealing or alternatively storing at ambient conditions for several days. The size
distribution of the samples is characterised by atomic force microscopy
experiments.

The cavity ring-down setup used to perform the spectroscopic measurements
is introduced. In contrast to the measurements in paper 1 and 2, here the
experiments were performed under ambient conditions. The principles of the
CRDS are reviewed and some details on data acquisition and treatment are given.
The challenges regarding the application of CRDS to the condensed phase are
explained and various aspects of the quality of the substrate materials are
pointed out.

Surface Plasmon resonance is observed for the nano-particles investigated in
this work. However the peak is not as distinct as it is for matrix isolated silver or
larger gold nano-particles. The experimental findings are compared to Mie-Drude
calculations considering both the peak positions and broadenings. Good
agreement between the experimental results and theoretical calculations are
found. The details of the findings are discussed based on the contribution of a
skin region with decreased polarisability, in order to explain the deviation from the
red-shift in the peak position for decreasing particle size which is predicted by the
Mie calculations and has been observed for free alkali clusters.
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Abstract. The optical properties of supported gold nanoparticles with sizes of 1.3 nm, 1.6 nm, 2.5 nm,
and 2.9 nm have been studies by using cavity ring-down spectroscopy in the photon energy range between
1.8 eV and 3.0 eV. The obtained results show the possibility to obtain optical information of nanoassembled
materials with high sensitivity. The experimental findings are compared to calculations using Mie-Drude
theory. Whereas the broadening of the surface plasmon resonance with decreasing size is well described
by this model, the observed blue-shift of the surface plasmon resonance contradicts the predictions of the
Mie-Drude theory. The latter effect can be explained by the presence of a skin region with decreased polar-
izability typical for coinage metal particles. Furthermore, it is found that the supported gold nanoparticles
are robust under ambient conditions, an important issue when using these materials for optical applications.

PACS. 61.46.Df Nanoparticles

1 Introduction

Progress in nanoscience made new materials, consisting of
monodispersed nanoclusters or nanoparticles with narrow
size distributions, available [1-3]. Such materials can for
instance be synthesized by cluster deposition from pre-
formed molecular beams [1], the deposition of molecular
precursors [3] or by self-assembly on surfaces [2]. The inter-
est in such nanostructured materials, comes in part from
their fascinating optical properties, which can be tuned
in a sophisticated way by varying size or the chemical
composition of the nanoparticles [4-6]. The unique optical
properties of metal nanoparticles have their origin in the
surface plasmon, which strongly depends on size, shape
and surrounding of the particle [7—11]. Experimental stud-
ies of optical properties of nanoparticles on surfaces is not
trivial, as the surface density of the particles has to be
low, in order to keep the particles well separated. These,
together with the relatively low absorption cross sections
of small metal particles, prevent the use of regular spec-
troscopic methods to obtain optical information of such
nanoassembled materials.

Cavity ring-down spectroscopy (CRDS) has been
proven to be very sensitive and it has been applied success-
fully in the gas phase for studying transitions of molecules
with low absorption cross sections at low densities [12—14].
A few studies demonstrated the feasibility to use cavity
ring-down spectroscopy (CRDS) for the optical character-
ization of thin films or particles supported on transpar-
ent samples with high sensitivity [15-18]. CRDS is based

a

e-mail: Stefan.Gilb@mytum.de

on an optical cavity built of two highly reflective mir-
rors (R > 99.99), in which a short light pulse of a given
wavelength is introduced. By measuring the lifetime of the
light pulse inside the cavity (called ring-down time), one
is able to determine the intrinsic loss of the cavity due
to transmission through the mirrors, scattering losses and
in the present case losses from the support material in-
side the cavity. This intrinsic loss of the support material
can be compared to the one obtained after nanoparticle
preparation on the support material, resulting in the loss
due to the nanoparticles. The losses of the nanoparticles
as function of wavelength correspond to the absorption
spectrum of the respective nanoparticles. In this work we
apply CRDS for studying two dimensional arrays of gold
nanoparticles with sizes ranging from ~1 nm up to ~3 nm
on amorphous SiOs and discuss the experimental findings
with the aid of classical Mie-Drude theory.

2 Experimental
2.1 Preparation of the particles

The preparation of the nanoparticles is described in detail
elsewhere and will be only briefly discussed here [2,19]
It is based on a two step process. First, spherical re-
verse micelles are formed by dissolving polystyrene (PS)-
block-poly(2-vinylpyridine) in an apolar solvent such as
toluene. A metal salt, in this case HAuCly is added to
the solution and the salt slowly migrates into the core
of the micelles while carefully stirring the micelle solu-
tion. At equilibrium, all micelles are loaded with an equal
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amount of metal salt, resulting in a small size dispersion
of the final metal particles. The loaded micelles are trans-
ferred onto the substrate by dip coating. At this stage,
the loaded micelles are distributed on the substrate in
a hexagonal arrangement. Removing the ligand polymer
and reducing the metal precursor salt to pure metal are
done by exposing the “monomicellar” layer to an oxygen
plasma. X-ray photoelectron spectroscopy experiments re-
vealed that after the oxygen plasma treatment gold ox-
ides are formed. After an annealing step, or alternatively
after storing at ambient conditions for several days, the
Auy 03 is completely reduced to Au [20]. It has been ob-
served previously that the original order of the micellar
arrangement is conserved, and a two dimensional array of
hexagonally arranged nanoparticles is obtained [20]. Typ-
ical size distributions were measured by AFM to be e.g.
29 nm + 0.5 nm, or 1.3 £ 0.3 nm [2]. It has also been
shown that on sapphire and silicon supports the particles
have a nearly spherical shape, and it is assumed that this
is also true on the silica substrates used in this work [19].

For the CRDS experiments a transparent substrate is
required to perform the measurements; for this reason mi-
croscopy coverslip plates with a thickness of 0.13-0.16 mm
were used as substrate materials. The dip coating was
done for half of the glass substrate, resulting in substrates,
which are half covered on both sides with micelles. The in-
vestigated samples were the result of two different batches.
The first batch includes the nanoparticles with an average
diameter of 2.9 nm, 1.6 nm, and 1.3 nm, respectively and
was stored for more than 9 months before the experiments
were carried out. A second batch was used to produce sam-
ples with an average diameter of 2.9 nm and was mea-
sured about one month after preparation. The samples
were stored under ambient conditions between prepara-
tion and measurement. The measurements also were done
under ambient condition.

2.2 CRD setup

The optical setup is illustrated in Figure 1. A stable ring-
down cavity is formed by 2 confocal mirrors (Los Gatos
Research Inc.) with a focal length of 6 m and a cavity
length of 1.38 m. The pulsed radiation is produced by a
Nd:YAG-laser-pumped midband optical parametric oscil-
lator (OPO) (Innolas SpitLight-1200, GWU VisIR2/400
ULD) with a bandwidth below 7 cm~! and a pulse length
of ~7 ns. The output energy varies between ~10 mJ and
20 mJ per pulse depending on the wavelength. No special
mode matching optics are used to adapt the laser profile
to the cavity modes, but pinholes along the laser path are
used to simplify the day to day alignment and select a ho-
mogeneous part of the otherwise rather large, nearly rect-
angular laser beam of the OPO-laser. The light is linearly
polarized by a Glan-laser-polarizer directly in front of the
cavity. The laser pulse injected into the cavity remains in
the cavity for several microseconds. Its intensity is reduced
after every round trip by the losses at the mirrors (scat-
tering, transmission), and absorption and scattering losses
of the sample. The light leaking out of the second cavity
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Fig. 1. Schematic illustration of the optical setup used in the
experiment. PH: pinholes, HR: high reflective mirrors, POL:
polarizers, PM: photomultiplier, DSO: digital oscilloscope, S:
sample at Brewster’s angle.

mirror is detected and amplified with a photomultiplier
(Hamamatsu 7732-10). A rotatable polarizer in front of
the photomultiplier serves as variable intensity attenuator
and prevents saturation of the photomultiplier tube. The
signal from the photomultiplier is fed into an 8 bit digi-
tal storage oscilloscope (LeCroy Waverunner 6051), which
measures single traces and saves them to the internal hard
drive.

The wavelength scans are fully automated. The wave-
length dependent output power of the OPO as well as the
strongly wavelength dependent reflectivity of the cavity
mirrors, require a change of the photomultiplier sensitiv-
ity to use the full dynamic range of the photomultiplier
and the oscilloscope. This is done automatically by a home
written LabView program for every measured wavelength
by means of a lookup table. The LabView program runs
on the internal computer of the oscilloscope, and also con-
trols the wavelength settings of the OPO-laser. The used
cavity mirrors cover only 30 to 70 nm around a center
wavelength. To cover the entire wavelength range from
420 nm to 700 nm, we use 6 cavities centered at wave-
lengths of 430 nm, 480 nm, 520 nm, 570 nm, 610 nm and
640 nm, respectively. The cavity mirrors are chosen to
have a minimum of 6 nm spectral overlap between the
different cavities. However, typically an overlap between
the cavities of more than 15 nm is achieved.

To determine the ring-down time at each measured
point, 80 single ring-down traces were acquired. To each
trace a single exponential decay according to the function

I(t) = Io + I exp (_3) (1)

T

is fitted wusing the mnonlinear Levenberg-Marquardt
method. Iy and I; are the offset and a scaling factor, re-
spectively; 7 is the ring-down time. Due to instabilities of
the laser system, about 1-4% of the laser shots have in-
tensities close to zero, resulting in meaningless negative or
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unrealistically large ring-down times in the order of ms. To
prevent a corruption of the mean ring-down time by these
single events, only ring-down times in a range of 100% of
the median ring-down time were averaged to obtain a final
value for a given wavelength point. The outlier percentage
was in no case above 4% (e.g. 3 out of 80 measurements).
From the averaged ring-down time 7, the cavity length L,
and the speed of light ¢, the loss can be calculated by:

A=1—exp (_51). 2)

cCT

While the shot to shot standard deviation is in the order
of 5%, the overall noise can be estimated directly from
the scatter between adjacent data points in the obtained
spectra and is typically ~+140 ppm (see e.g. Fig. 3).

The main challenge in using solid samples in CRDS is
the intrinsic loss due to scattering from the sample sur-
faces. One way to minimize these losses is to mount the
glass slide perfectly perpendicular to the cavity axis, keep-
ing reflection losses from the surfaces inside the cavity. The
disadvantage of this method is the elaborate alignment
that is required, since the slightest misalignment increases
the loss by orders of magnitudes. The second method is the
alignment of the sample at Brewster’s angle, in which no
reflections from the optical surfaces are to be expected.
Due to the insensitivity of the reflectivity as a function
of the angle around Brewster’s angle (56°), the align-
ment is rather insensitive. Also, by putting the sample at
Brewster’s angle, the polarization of the light inside the
cavity is fixed to p-polarization with respect to the sam-
ple. With the coverslip plates used in the preparation of
the nanoparticles, the first method, with a perpendicular
alignment of the sample was not only difficult to achieve,
but also inferior in terms of losses compared to Brewster’s
angle configuration, which is rather easy to obtain. We
attribute this to the imperfect planarity of the coverslip
plates. In all measurements present here, the Brewster’s
angle configuration was used. The Brewster’s angle of the
sample was aligned prior to measurement for every one
of the six cavities at the center wavelength of the cor-
responding cavity. We note that even in the case of the
substrate to be well-aligned at Brewster’s angle, losses of
1000-2000 ppm were observed, which is an order of mag-
nitude higher than what is to be expected from absorption
of a thin glass plate. This is partly due to the fact, that
cleaning of the samples after preparation of the nanoparti-
cles is not possible. But also in the case of freshly cleaned
coverslip plates, we find high losses, which we attribute
to the birefringence of the plates effectively creating small
contributions of s-polarization at every pass through the
sample. This polarization component is, due to reflection
at the sample surface, not stable in the cavity.

3 Theory

The Mie-Drude theory is used to describe the spectra of
nanoparticles in the size range considered here. The the-
ory describes scattering and absorption of a plane wave
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by a single sphere [21]. The derivation of the theory and
application to nanoparticles can be found, for example, in
reference [22]. We followed the method of implementation
described in references [23,24] and only a brief descrip-
tion will be given here. The particle and the surrounding
media are considered as homogeneous and are described
by the bulk optical dielectric functions. Since the size of
the particles is much smaller than the wavelength of the
exciting radiation, the discussion can be restricted to the
dipole term in the multipole expansion of the solution of
the Maxwell equations. The cross section in the dipole
approximation is then given by:

3/2
m

— ®)

c=9¢ 0 —
¢ [e1(w) + 2em)” + €3(w)

with w and ¢ being the frequency and the speed of light,
respectively, e, the dielectric constant of the media sur-
rounding the nanoparticle, and 1} being the volume of the
particle. £1(w) and e2(w) are the real and imaginary part
of the dielectric constant of the absorbing solid. In the
Mie-Drude model, the size effect is introduced by a size
dependent scattering rate which alters the free electron
contribution to the dielectric function. The scattering rate
of the bulk, I, is increased through a size dependent scat-
tering rate. The latter can be interpreted as the average
rate, with which the excited plasmon hits the outside of
the particle. The total scattering rate ws is thus equal to:

UF
s =1 + A—. 4
w + 7 (4)

In this equation R is the radius of the particle and v is the
Fermi velocity (vp = 1.4 x 10% cm/s for gold) [25]. The
proportional factor, A, is a model dependent parameter
and his value depends on the type of scattering assumed.
This parameter, essential a size scaling parameter, takes
the value of unity for isotropic scattering or 3/4 if diffusive
scattering is assumed. The value of 1, which corresponds
to an isotropic scattering, is used throughout the calcu-
lations in this work. To incorporate the scattering into
the dielectric function, the latter is separated into the
free-electron (Drude) contribution (€1p/2p(w)) from the
s-electrons and the interband contribution (er1p/218(w))
originating from the d-electrons

g2(w) = eap(w) + €2p (w).
()
The free electron part for the bulk can be calculated by:

e1(w) = ep(w) + eip(w),

2
wp

w2412’

ean(w) = w‘;’;’ifm (6)

ElD(w) =1-
Here wp is the plasma frequency corresponding to 8.89 eV
for gold, 'y is the plasmon scattering rate in the bulk gold
and corresponds to 1.11 x 10'* s~! for gold. The dielec-
tric function from bulk can be found in [26]. From there
€1p/2n(w) can be determined. In Figure 2 the size evo-
lution of the spectrum predicted by this model is shown.
For the case of a 2 nm particles it is shown how a size
dispersion of +0.5 nm affects the spectral response of the
nanoparticle in the framework of the Mie-Drude theory.
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Fig. 2. Absorption cross sections calculated by the Mie-Drude
theory as explained in the text. The spectra were normalized
to an equal absorption at 4 eV and vertically shifted. The di-
ameters used in the simulation are: 0.5, 1, 2, 5, 10, 20 nm and
bulk.

4 Results and discussion

To acquire the whole spectrum from 1.78 eV to 2.95 pho-
ton energy we used 6 different cavity mirror sets, centered
at different wavelengths. We denoted the range of the used
cavities in Figure 3. Each individual run obtained by using
a single cavity was scaled by a factor, .S, to achieve rea-
sonable overlap of the measured losses between adjacent
cavities. The values of S were between 0.85 and 1.15. This
uncertainty is caused by day to day variation of the mea-
sured losses and it is attributed to changes of the area on
the sample probed by the laser beam. In fact, we found
that the measured loss shows a dependence on the sub-
strate position. Since this is true also for the reference,
e.g. the uncoated part of the substrate (see below), we at-
tribute this effect to the oxygen plasma treatment. It may
lead to a random modification of the substrate surface.
Thus, the alignment of the laser beam and laser mode
fluctuations are very important.

To obtain the absorption spectra of the nanoparticles,
the contribution to the absorption from the SiOs support
has to be subtracted. To obtain a reference spectrum the
following procedure was carried out. The samples were
prepared in such a way that only half of the area was
dip coated with nanoparticles. Thus, the region with the
nanoparticles was used for sample measurement, whereas
the uncoated area served as reference. To minimize errors
due to inhomogeneities of the substrate, a sample and
a reference point was picked prior to the measurement
and kept identical throughout the measurement. Figure 3
shows measurements of the sample and reference spec-
tra taken at an area with gold nanoparticles with mean
diameters of 2.5 and an area of the clean SiOs support,
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Fig. 3. Illustration of the reference method employed to dis-
entangle the contribution from the support. Shown is the mea-
sured spectrum of the area with nanoparticles (sample) and the
area without nanoparticles (reference). The difference of these
two spectra is regarded as the absorption of the nanoparticles.
Note, that the traces are not shifted and represent the real
losses. The gold nanoparticles used in these studies have an
average diameter of 2.5 nm. The solid line the difference spec-
trum represents moving averaged data to guide the eye. On
the top of the graph the spectral ranges of the used cavities
are illustrated by horizontal lines.

respectively. The difference spectrum is also shown in Fig-
ure 3 and it is attributed to the pure absorption spec-
trum of the respective nanoparticles. Despite the align-
ment of the substrate at Brewster’s angle, the uncoated
substrate shows a considerable extinction of light due
to birefringence, absorption and scattering as mentioned
above. More important, however, the reference spectrum
is structureless and the loss increases linearly with the
photon energy as shown in Figure 3. This characteristic
behavior is typical for all SiOs support materials used so
far, whether they were treated by sputter-oxidation dur-
ing sample preparation or whether they were new and
untreated. Note, that for the lowest photon energy the
loss in the difference spectrum shown in Figure 3 is not
close to zero as one would expect for gold nanoparticles
in the size range above 2 nm [22]. This indicates that in
the present measurements there is an offset, which varies
from sample to sample (cf. also Fig. 4). As described above
and in contrast to the invariant spectral response of the
substrate, the absolute losses measured at different posi-
tions of the substrate is inhomogeneous. This, however,
results in an absolute shift of the loss in the difference
spectra. It is important to note that the distinct spectral
structure observed in the difference spectra can, however,
unambiguously be attributed to the optical response of
the nanoparticles alone and does not originate from spec-
tral fluctuations in the reference measurements of the sub-
strate. In Figures 3 and 4 no baseline correction was car-
ried out in order to correct for this offset. The theoretical
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Fig. 4. Experimental data for supported nanoparticles of dif-
ferent mean diameters, (d) ((d) = 1.3 nm, 1.6 nm, 2.9 nm). The
solid line is a moving average to guide the eye. The y-scaling
is proportional to d [3] and chosen to reflect the volume de-
pendence of the absorption cross section. We assume that the
loss of the nanoparticles is close to zero at the lowest photon
energy and set the offset of the y-axis for the theoretical spec-
tra accordingly (see text). The theoretical spectra are obtained
by using the Mie-Drude theory and are represented as dotted
lines.

spectra shown in Figure 4, however, were shifted in order
to account for the offset with respect to the measured loss
found at 1.8 eV.

Figure 4 depicts the spectra of the nanoparticles
obtained after subtraction of the reference spectrum.
Whereas the average sizes of the nanoparticles were
changed from 1.3 nm, 1.6 nm, and 2.9 nm, the aver-
age nearest neighbor distance was similar for all samples
(=35 nm), resulting in similar nanoparticle densities on
the surface. The scaling factors of the three y-coordinates
were chosen to be proportional to the volumes of the cor-
responding nanoparticles, in order to correct for the pro-
portionality of the absorption cross section to the volume
of the three nanoparticles as predicted by the Mie-Drude
model (cf. Eq. (3)). Indeed, a first look at the spectra is
in agreement with the prediction that the absolute ab-
sorption cross section scales with the particle’s volume.
Furthermore all spectra show an onset in the absorption
above 1.8 eV. Maximal absorption cross sections are ob-
served for energies around 2.4 eV, which corresponds to
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the energy of the surface plasmon resonance (SPR) peak.
For the nanoparticles studied here, the surface plasmon
peak is not as distinct as it is for matrix isolated silver
nanoparticles or larger gold nanoparticles [22,27]. This be-
havior is well predicted by the Mie-Drude theory as dis-
played in Figures 3 and 4 [28]. The physical reason is the
considerable lowering of the lifetime due to scattering at
the particle boundaries, an effect which is enhanced for
small particles. Smaller lifetimes result in a broadening of
the SPR. As the onset of the interband transition in gold
is below 2 eV these two contributions to the oscillator
strength merge. Also this effect is well described by the
Mie-Drude theory as shown by the simulated spectra in
Figure 4 (dashed line). Similar effects have been observed
for gold nanoparticles smaller than about 4 nm stabilized
in various matrices like alumina or glass [6,22,24] and in
solution [23].

While in the case of free alkali clusters a red shift of the
SPR with decreasing cluster size has been measured [29],
our data show a slight blue shift of the energy of maximal
absorption when decreasing the mean particle diameter
from 2.9 nm to 1.6 nm. This blue shift is in contradiction
with the Mie-Drude theory, as it predicts a slight red-shift
as shown in Figure 2. This observed blue shift, however, is
in agreement with other experimental findings for coinage
metal nanoparticles in the same size range [24]. For the
coinage metals, the higher localization of the d-electrons
compared to the s-electrons leads to an ineffective ion po-
larizability in the outer rim of the nanoparticles [24,30].
This concept, introduced by Liebsch [31], predicts an al-
teration of the dielectric function. Lermé et. al integrated
this alteration into semi-quantal theoretical calculation,
and was able to explain the observed blue shift. The stan-
dard Mie-Drude model is indeed not able to describe this
effect, since the bulk dielectric function is used throughout
the nanoparticle. An extension of the Mie-Drude theory
to take this surface effect into account is possible, but is
beyond the scope of this experimental publication [32].

Further, we see no influence of the substrate, while in a
former study on gold atoms and dimers a strong influence
of surface defects has been observed [16,33]. In that study
we showed that the observed optical transitions involves
electronic states, which are localized in the substrate-
gold bond. This one electron transitions are orders of
magnitude smaller than the collective electron excitations
observed here.

5 Conclusion

In this work we measured for the first time the size evolu-
tion of two-dimensional hexagonally ordered arrays of gold
nanoparticles in a size range of 1.3 nm up to 2.9 nm by
using CRDS. This possibility clearly reveals the high sen-
sitivity of CRDS in comparison with other optical meth-
ods. The measured spectra show typical characteristics of
small gold particles, which proves the long term stability
of these two dimensional nanostructures against complete
oxidation even under ambient conditions. The experimen-
tal findings were discussed within the Mie-Drude theory
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and we found a good description of the broadening of the
SPR with decreasing size. The red-shift predicted by the
Mie-Drude theory is not found in our experiments. This
finding is in accordance with other experimental results
on coinage metal nanoparticles, and can be explained by
the presence of a skin region with decreased polarizability.

This research is supported by the Deutsche Forschungsgemein-
schaft within the priority program SPP1153. We also acknowl-
edge support from the European Project GSOMEN (contract
No. 1549).
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4. Outlooks

4. Outlooks

The experimental apparatus presented here can be used to measure the
optical properties of supported metal clusters in the near-UV and visible range of
the light spectrum. Here some improvements which may increase on one hand
the generality of the setup, and on the other hand the available spectral range are
proposed.

4.1. Normal incidence configuration CRDS

In this apparatus the Brewster’s angle configuration CRDS is used to study
the extinction properties of size-selected supported clusters and therefore, only
p-polarised light may be employed. Modifying the sample holder in a way that
precise alignment for perpendicular arrangement becomes possible, will provide
the opportunity to investigate the optical properties of the clusters as the
polarisation of the light is varied. In this case it is not necessary to use linearly
polarised light, and circularly polarised light may also be taken. This will provide a
possibility to extend the optical investigations study chiral species.

For normal incidence CRDS the thickness of the substrate material plays a
minor role if the absorption losses are negligibly small. In contrast to the
Brewster’s angle configuration no beam displacement occurs in normal incidence
arrangement. The other advantage of the perpendicular layout is a larger choice
of support materials, since here birefringent materials may be used as well. The
relevant criteria are the high transparency and surface quality. The main challenge
concerning the availability of the suitable substrates is that both surfaces need to
be precisely parallel.

4.2. Second harmonic generation spectroscopy

In the UV range there will generally be more optical transitions to be observed
for metal clusters than in the visible range 2. The main challenge concerning the
present setup is the choice of the support materials which are transparent in the
UV. In addition the contribution of scattering losses needs to be very small, since
Rayleigh scattering increases with the fourth power of the reciprocal wavelength
and is generally much higher in the UV. This issue may be circumvented by using
SHG spectroscopy as will be addressed in the following.

Second harmonic generation spectroscopy was already introduced briefly in
section 2.2.1.5. Application of this method to supported metal clusters has
already been reported in the past, however, only at one or at most two single
wavelengths % 14 The application to large nano-particle arrays has also been
reported for an extended range of wavelengths 5. The great motivation to apply
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SHG spectroscopy to supported metal clusters is that the support material
doesn’t need to be transparent to frequency doubled light, if this is created at the
back side of the substrate (seen from the propagation direction). In this case it
would be sufficient if the substrate is transparent to the fundamental light.
Obviously the same substrates which are used for CRDS measurements can be
used for SHG measurements. This allows for a better understanding of the same
system.

The SHG signal is enhanced for frequencies resonant with transitions at both
the fundamental and the doubled frequency (if the transitions are allowed). An
important point about application of SHG to adsorbed molecules generally, is that
the laser fluence should be kept below a certain threshold in order to avoid
desorption of the molecules. Therefore it is usually more convenient to study the
transitions resonant with the double frequency '"°. For transitions which are
resonant with the fundamental beam, absorption of the intense fundamental
radiation can easily trigger desorption of the molecules or cause structural
deformation and thus remove or shift the transition. In this context the SHG
spectroscopy would be complimentary to CRDS measurements from two points
of view. Firstly the effective measurement range will be extended and transitions
which are not available to CRDS may be studied. Secondly, since the selection
rules for the two techniques are different (SHG is a nonlinear method where
CRDS is linear) a different set of transition are observed by each method.

The application of SHG spectroscopy to size-selected supported metal
clusters would be a novel development and a similar characterisation process
need to be done starting from simple model systems of known absorption (laser
dyes coated on substrates). As the next step the response of the unselected
clusters may be studied for various metals before samples of mono-dispersed
clusters at surfaces are investigated.

4.3. IR-cavity ring-down spectroscopy

One of the fundamental interests in the optical properties of supported metal
clusters lies in the expected information to be gained on electronic structure of
the clusters at surfaces. This in turn is mainly triggered by the observed size
dependent catalytic reactivity of the supported clusters 7. Extension of the
measurement range of the current setup into the IR region will make it possible to
study the binding of the adsorbates to the clusters and in combination with
information from the UV-Vis range a complete picture of the system may be
achieved.

IR-CRDS has been extensively used in gas phase studies. The Saykally group
were the pioneers, applying this technique to the infrared study of water clusters,
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polycyclic aromatic hydrocarbons, nucleotide base clusters, or ablated carbon
clusters in the frequency range between ~2000 cm™ and 4000 cm™ 8122, The
application of CRDS to the condensed-phase is considerably more difficult than
to the gas-phase as already discussed in section 2.2.6. The main issue about IR-
CRDS is the availability of highly reflectivie mirrors. Mirrors are available for the IR
range, however, the reflectivity of the mirrors is not as high as that of the mirrors
in the visible range. This increases the total losses of the cavity and suppresses
the sensitivity. On the other hand the IR mirrors have a broader band compared
to visible mirrors. The choice of support material is another issue. Almost all of
the materials listed in table 3 could be used for IR-CRDS as well.

Having a defined system (cluster/support investigated through CRDS),
supplied with hydrocarbons will permit the study of their chemistry on small
clusters. Relevant reactions are the hydrogenation of aliphatic, cyclic and
aromatic alkenes, the selective dehydrogenation of hydrocarbons, the
polymerization of acetylene, or the activation of methane. To this end the second
cooling shield (see section 2.5.3.) is armed with two independent gas lines. The
binding of the gas molecules to the bare surface may be studied through shifts in
C-H vibrational frequencies. By repeating the same measurements in the
presence of deposited clusters, information on the degree of activation of
adsorbed molecules will be achieved.

4.4. Controlled surface chemistry on isolated size-selected metal
clusters: A research proposal.

Based on the knowledge and experiences obtained throughout the current
work, a future postdoctoral research is proposed as the following.

4.4.1. Introduction

Small metal clusters have attracted considerable interest over the past two
decades not only due to the fundamental scientific interest in the evolution of
physico-chemical properties from the atomic to the bulk, but also because these
properties are non-scalable.'”® The catalytic reactivity of small transition metal
clusters (2-30 atoms), for example, has been shown to vary by orders of
magnitude upon the addition of a single additional metal atom to a cluster.'®* The
major goal of this research remains to better understand the often subtle role in
which the electronic and geometrical structures of a cluster in influence its
reactivity.'® To this end, a precise knowledge of the electronic structure and
geometry from both sophisticated spectroscopic and theoretical studies must be
considered alongside the observed reactivity of the clusters.

Here, a novel integrated spectroscopic / reactivity approach is proposed,
supported by high level calculations, in which infra-red radiation is used both, to
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interrogate spectroscopically, molecularly decorated metal clusters, and to initiate
thermally driven cluster surface chemistry.

4.4.2. Research Project

Temperature programmed desorption (TPD) and reaction (TPR) are widely
used for determination of the reactivity and activation energy of
desorption/reaction on surfaces. In an approach based on recent results from
work involving the group of Dr. S. Mackenzie,'?® we propose to develop an
analogous technique of IR-induced reactivity on the surface of size-selected gas-
phase metal clusters.

The main objectives of the proposal are:

1. To develop a novel laser ablation cluster source for the generation of
cryogenically cold metal clusters decorated with multiple molecularly
adsorbed reactant precursors.

2. To characterise the structures of these decorated clusters by infra-red
multiple photon dissociation spectroscopy.

3. To drive controlled cluster surface reactivity by heating the cluster using
the adsorbed moieties as suitable chromophores.

4. To rationalize the experimental findings, including plausible reaction
pathways, using DFT investigations

4.4.3. Methodology

We propose to build a new instrument, permitting the generation, trapping and
spectroscopic interrogation of small decorated metal clusters. Size-selected
metal clusters will be generated by a state-of-the-art laser ablation cluster source
equipped with multiple late mixing valves, through which it will be possible to
decorate the clusters with molecularly-adsorbed reactant precursors and/or
spectroscopic messengers (Ar, Ne). The cluster channel will be a cryogenically
(LN2) cooled copper channel, to generate cold clusters, minimising direct
reaction. Expansion into vacuum will generate a supersonic cluster beam and
charged clusters within the beam will be guided using an rf-octopole ion guide to
a commercial quadrupole ion trap (QIT), in which they will be stored for extended
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Figure 28 The proposed experiment for the study of photoinitiated and infrared-driven
chemistry on the surface of size-selected gas-phase transition metal clusters
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periods. A schematic overview of the proposed setup is shown in Figure (28)

While stored within the trap, the clusters will be excited using a range of laser
pulses. Laser systems operating from the far-infrared through the visible to the
vacuum ultraviolet are available, almost without gap. The low number densities of
clusters generated by laser ablation mean that only action spectroscopy, based
on mass spectrometric detection is sufficiently sensitive to yield the required
information. For example, the vibrational spectrum of the decorated metal
clusters will be obtained through infrared multiple photon dissociation
spectroscopy (IR-MPD), which relies on the loss of a weakly-bound adsorbate
(e.g., a physisorbed Ar atom) to serve as a mass-spectrometric signature, that the
photon has been absorbed. Monitoring either the depletion of the parent cluster
signal or the enhancement of the fragment signal as a function of wavelength,
provides a highly sensitive method to record the vibrational spectrum of naked
and/or decorated metal clusters. Decorating the clusters with small molecules will
allow us to investigate the binding of these molecules on the clusters, through the
same technique.

Knowledge of the vibrational spectrum of decorated clusters will enable us to
pump energy into the cluster using the adsorbate as an IR chromophore. This in
turn will trigger a variety of interesting events on the surface, such as (trivially)
desorption and (more interestingly) reaction. Since the total energy absorbed by
the cluster may be controlled by the excitation laser fluence and the vibrational
mode used, this will permit exquisite control over the surface processes excited.

On the evidence of previous work it will be essential to match depletion in one
species channel with gains in other channels. For this purpose it will be important
to detect all charged products. This rather precludes the traditional ejection of the
trap contents into a linear trap for detection. Instead, following laser excitation,
the contents of the ion trap will be detected by injecting all charges into a
reflectron time of flight mass spectrometer. This is more challenging from an
experimental perspective, but such systems are now commercially available. It
will be important to detect all charged products to determine branching ratios for
different processes.

By way of example system, we will mimic at the single cluster level, the type of
chemistry which occurs within the automobile catalytic converter. For example,
we will decorate rhodium clusters with molecularly adsorbed CO and N.O
molecules and pump the cluster through both the CO stretch and the different
N-O vibrational modes. Based on the recent work, we expect this to dissociate
the surface bound N.O, desorbing N. and generating a surface mobile O-atom
which may react with the CO generating CO,. Rh,CO(N.O) => Rh, + N2 + CO..
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In addition to laboratory-based work the new instrument will be designed to
be portable in order to allow it to be transported to national facilities such as the
FELIX free-electron laser in the Netherlands, the ultra-fast ASTRA facility at the
Rutherford Appleton Laboratory and the UK experimental free electron laser in
Daresbury.

All of the experimental work will be supported by calculations based on
density functional theory. These will be performed on the available computing
cluster as well as the Supercomputing facilities of the University of Oxford and
the National Service for Computational Chemistry Software.
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5. Summary

The diverse field of cluster science is still very active in searching for a general
description of the evolution of material properties with size, from a single atom
toward the bulk. In the past decade, the optical properties of metal clusters have
been extensively studied, both theoretically and experimentally. This growing
interest is motivated by the fruitful information, expected to be gained, on the
electronic structure and the dynamics of the delocalised conduction electrons.
Oxide supported metal clusters are attracting an increasing interest for their
potential impact in high-technological areas. Optical properties of small metal
clusters have been studied vastly in gas phase, in correlation with cluster size.
Corresponding measurements on supported clusters are, however, scarce. This is
mainly due to the difficulties accompanying the production of suitable samples,
and the extremely high sensitivity, which is required to detect the optical
response of such samples.

It is necessary to systematically study the evolvement of the optical properties
of small metal clusters bounded to surfaces, as a whole system, since the
interaction between the support material and the particles affects the
aforementioned properties. This is the reason for the apparently random
discrepancies observed between free and supported species, which are at least
to date not fully understood. In the current work, a solution to this problem was
proposed and realised by developing a novel experimental apparatus, capable of
conducting these systematic investigations.

5.1. Experimental achievements

For the first time, a cavity ring-down spectrometer was designed to investigate
optical properties of size-selected metal clusters, supported on surfaces, under
ultrahigh vacuum conditions. A number of experimental and technical challenges
had to be overcome for this purpose.

A) Cluster source: Clusters of various metals (Au, Ag, Cu, Co, Ni, Nb, Pt, and
Pd) were produced through a newly built pulsed laser vaporisation cluster source.
This kind of source is used extensively in our group and naturally long standing
experiences are available. The main issues concerning the cluster source are its
stability, which is determined from the fluctuations in the measured cluster
current (here positively charged cluster ions), and its effectivity in cluster
formation, which is evaluated from the value of the cluster current. These in turn
are affected by the stability of the vaporisation laser, carrier gas pressure, and
voltages controlling the ion optics. In a pulsed laser vaporisation cluster source,
collision with the carrier gas is used to form and cool metal clusters. Hence, the
stability and reproducibility of the gas pulses are of great importance. Here, the
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main concept of the source function was left unchanged, while some
modifications were applied in order to improve its performance, and the
convenience of its operation. For instance, the construction of the pulsed piezo
valve housing was modified, so that it’s tuning and replacement became easier.
Consequently, carrier gas pressure was stabilised. As a result, the life time of the
piezo valve and hence, the stability of the source, were enhanced, and currents of
~100 pA were easily achieved for positively charged size-selected cluster ions.

B) UHV compatible cavity ring-down spectrometer: The novelty of the
apparatus arises from its spectroscopic capabilities, and the solutions provided
to overcome specific challenges. Cavity ring-down spectroscopy (CRDS) is a
highly sensitive direct absorption measurement technique, which has been
originally developed for gas phase studies. This method was adapted to
investigate the optical properties of supported metal clusters, in the near UV and
visible range of the light spectrum. To achieve this a number of modifications
regarding sample preparation and the spectrometer design were undertaken.
From the two possible approaches concerning the geometrical configuration of
the sample in side the cavity, the Brewster’s angle layout was chosen due to the
availability of appropriate substrates.

C) UHV mirror exchanger: Since small metal clusters and their properties are
vulnerable to contamination, the measurements should be performed under
controlled ultra high vacuum conditions. The narrow bandwidth of the dielectric
mirrors employed in CRDS was compensated by using a collection of mirrors,
centred at different wavelengths, in order to cover an extended spectroscopic
range. Here, a UHV compatible multi-mirror holder was designed and
constructed, which allows the simultaneous implementation of up to ten different
mirror sets into the vacuum, and their in-situ alignment from outside the vacuum
chamber. This piece plays an invaluable role in the presented apparatus, by
drastically shortening the measurement time compared to other approaches (e.g.
one mirror at a time etc.). Details of the mirror holder functioning mechanism and
construction are included.

D) Mode matching: In order to take full advantage of the high sensitivity of
CRDS, it is required that only the fundamental transverse electromagnetic mode
(TEMoo mode) of the optical cavity is excited. To this end, the TEMq, mode of the
laser beam was picked out through spatial filtering, and the beam parameters
were modified, through an optical arrangement, to match to those of the cavity.
As a result an enhancement of about 50%, in relative error of the recorded data
was observed.

E) Cryogenic sample holder: A cryogenic sample holder was designed and
constructed, to allow the possibility of temperature controlled measurements. In

contrast to metallic samples, the substrates used in transmission mode CRDS,
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are “heated” by the chamber walls, through radiation, because of their higher
emissivity and lower heat conductivity. As the substrates are absorbing this
radiation, it is not enough to simply cool the substrate. Low temperatures are only
achieved after shielding the substrate against these radiations. This claim was
supported based on calculations according to heat transfer equations. Full
shielding was, however, not possible due to the limitations imposed by the laser
path way and sample size. A second cooling shield, which surrounds the sample
holder was proposed and realised for further cooling. Details of the calculations
are included.

F) Clean electron source: In order to prepare monodispersed samples, it is
necessary to extract a single cluster size, from the otherwise mixed cluster beam.
Cluster ions are preferred in this case, since it is possible to distinguish them
according to their mass to charge ratio, by the means of commercially available
devices. In the case of CRDS, the support material is an insulator (a natural
consequence of being transparent in the visible range). Hence, the surface
charges up if the cluster ions are not neutralised. Cations are easily neutralised if
exposed to electrons, and indeed thermal electrons, emitted from a hot filament,
are commonly used for this purpose. In the case of CRDS, however, the
vaporised material from the filament is not desired, and manipulates the system.
In order to circumvent this contamination, a novel electron source was invented.
The working principle of the e-source and the related drawings are presented in
place. Since, in this source, the electrons are guided, the local electron currents
are much higher than that of a naked filament, for the otherwise same operating
conditions. Electron currents of ~2 nA were generally used, however, it was also
possible to obtain larger currents of up to 2 pA.

G) Removing metal clusters from substrate surface: The high optical
quality of the support material, and a strong motivation to avoid venting the
vacuum, led us to develop a method for cleaning the substrates, in-situ, in order
to be able to reuse them for the spectroscopic purposes. This was done by
directing low energy Ar* ions, produced by a commercial ion source, onto the
substrate. CRDS surface maps in combination with analytical investigations
indicated that metal clusters were almost completely removed (more than 99%),
and the optical losses of the substrate were only slightly increased (~50 ppm) due
to the resultant roughening.

5.2. Scientific achievements

The performance of the spectrometer was demonstrated by recording the
optical absorption spectra of a model system, consisting of three laser dyes with
known absorption properties. The solution was spin-coated onto the support
material. Subsequent comparison of the results, acquired form CRDS, with those
obtained through a commercially available spectrometer showed that the
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presented spectrometer is superior in sensitivity, by more than two orders of
magnitude. The detection limit was observed to be ~2.5 ppm for the CRDS setup
presented here.

The first results on optical spectra of supported size-selected metal clusters
were recorded for Ni, clusters (n= 7, 10, and 20), supported on SiO. substrates.
The results were discussed in the frame work of the Mie theory. In the
investigated spectral range, no spectral features were observed, in accordance
with Mie predictions. A comparison of partial oscillator strength among the
samples indicated a scaling with the number of electrons in the clusters. This
further demonstrated the high precision of the method.

Finally, it is proved that CRDS is a suitable approach for measuring the optical
response of size-selected metal clusters supported on surfaces. The apparatus
presented in this work is the first and only experimental device capable of
performing such experiments. However, since cluster science is a very vivid area
of research, there is of course still room for further improvements. Some
suggestions were described in detail in the outlooks section.

5.3. Scientific prospective

Based on the experiences obtained during the course of the current thesis, a
novel integrated spectroscopic / reactivity approach is proposed as a
postdoctoral research topic, in which infra-red radiation will be used both, to
interrogate spectroscopically, molecularly decorated metal clusters, and to initiate
thermally driven cluster surface chemistry. A new instrument will be built,
permitting the generation, trapping and spectroscopic investigation of small
decorated metal clusters. Metal clusters will be produced by a state-of-the-art
laser vaporisation cluster source, and decorated with molecularly-adsorbed
reactant precursors and/or spectroscopic messengers. Charged clusters will be
guided to a commercial quadrupole ion trap (QIT), in which they will be stored for
extended periods.

The vibrational spectrum of the decorated metal clusters stored in the trap,
will be obtained through infrared multiple photon dissociation spectroscopy (IR-
MPD), which relies on the loss of a weakly-bound adsorbate (e.g., a physisorbed
Ar atom) to serve as a mass-spectrometric signature, that the photon has been
absorbed. Monitoring either the depletion of the parent cluster signal or the
enhancement of the fragment signal as a function of wavelength, provides a
highly sensitive method to record the vibrational spectrum of naked and/or
decorated metal clusters.
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5. Summary

Knowledge of the vibrational spectrum of decorated clusters will enable us to
pump energy into the cluster using the adsorbate as an IR chromophore. This in
turn will trigger a variety of interesting events on the surface, such as desorption
and reaction. Since the total energy absorbed by the cluster may be controlled by
the excitation laser fluence and the vibrational mode used, this will permit
exquisite control over the surface processes excited.
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A3. Electron source
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A4. Sample holder
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A5. Second cooling shield
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Appendix B: Calculations

B1. Ray transfer matrix analysis

out[380]=

Oul[384]=

Oul[385]=

oul[3s8]=

- MFull =

Traclitianali‘orm[[l 26] ! 0 [l 0'66] ro0 [1 2) (l 0 )
o 1) |&2 1ss) Mo 1 ) |o 2] o 1) Mo 1.a33)°

1.515
105yt @ 1 D3 1 0) /1 p2 190 1 D1
1o 1 . .__1.1.0 R 11.01 ]f.Dl-»B.3,'
0 1 1.433 0 1 1] 10

AF = Part[MFull, 1, 1,1];
BF = Part[MFull, 1,1, 2]:
CF = Part[MFull, 1, 2, 1];

DF = Part[MFull, 1, 2, 2]
"(35.10"_1)2 e
. m
P = |- |——M = /. A5520%10"-7;
A
-1y -1
L (L - 12)
oM= |-i _— /. L 52;
4
AF % QP + BF
Solve[QM:: —,DS]
CF % QP + DF

ResultD3 =D3 /. %;

ImD3 = ComplexExpand[Im[ResultD3]];

ReD3 = ComplexExpand[Re[ResultD3]];

Plot [{ImD3, ReD3}, {D2, -50, 50}, PlotStyle » {RGBColor[1, 0, 0], RGBColor[0, 1, 0]}]
Solve [ImD3 == 0, D2]

ResultD2 = D2 /. %;

PositiveD2 = Part[ResultD2, 2];

ValueD3 = ReD3 /. D2 -» PositiveDZ

(-1.77868 % 10% + 9,25314 » 107 i) - (1.67345 = 10% + 1.50511 « 10%° 1) D2

1
(2.28954 x10%° - 1.96533 %« 1077 1) - [7.35703 » 107° - 4.65765 » 107 i] D2 H
400

200 -

{{D2 » -15.7423}, {02 - 18
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Appendix B: Calculations

B2. Cooling of the substrate

3263657.092 Blx, v, t]
nppas= P11 = N‘DSolveH [ [ ]M] dxdx -
0.0004 29

ROt [x, y, £]
—_——————— P20 [k, £] + PR [k, v, ] == 0, P[0.02, v, £] ==
(0.00000087)

295 -225 (1-Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 -Exp[-0.01t]),
P[x, 0.02, t] = 295 - 225 (1-Exp[-0.01t]}, P[x, ¥, 0] = 295,

P[0, y, t] == 295 - 225 (1 -Exp[-0.01 t]}},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}]:

26 933 728.33 Blx, v, t]
A= P31 = N‘DSolveH [ [ ]M] dxdx -
0.0004

ROt [x, y, £]
——————— P20 [, vy, £] + PR [k, v, £] == 0, P[0.02, ¥, £] ==
(0.00000087)

295 -225 (1-Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 -Exp[-0.01t]),
P[x, 0.02, t] = 295 - 225 (1-Exp[-0.01t]}, P[x, ¥, 0] = 295,

P[0, y, t] == 295 - 225 (1 -Exp[-0.01 t])},
P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}]:

n[237]:= PLl2 =

3263657.092 P[x v, t] plea i x, v, £]
NDSclve[{ 0.75 - A dxdx e — L
0.0004 (0.00000087)

pl® 20 ¢ v, £] +p‘2 %, v, t] =0, p[o_oz, v, t] =
295-225 (1 -Exp[-0.01t]), P[x, 0, t] == 295 =225 (1 -Exp[-0.01t]),
P[x, 0.02, £] == 295-225 (1-Exp[-0.01t]), P[x, v, 0] == 295,
P[0, ¥, t] == 295 -225 (1 -Exp[-0.01 t]}},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}]:

P13 =
3263657.092 P[x v, t] plea i x, v, £]
NDSclve[{ Jj _r 0.70 - ~a dxdx e —
0.0004 (0.00000087)
pl02 % %, v, £] + 2% 2, y, £] =0, P[0.02, ¥, t] ==
295 - 225 (1-Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 - Exp[-0.01t]),
P[x, 0.02, ] == 295 - 225 (1-Exp[-0.01t]}, B[x, ¥, 0] == 295,
P[0, v, t] == 295 - 225 (1 - Exp[-0.01 t]}},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}]:

n[299)= Pl4 =
3263657.092 Plx, v, t] PO [x, v, t]
N‘DEolve[{ 0.50 - cal @xdx - ———T 21
0.0004 (0.00000087)
P02 (2, v, £] + PEOO (2, v, ] == 0, P[0.02, y, £] ==
295 -225 (1-Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 -Exp[-0.01t]),
P[x, 0.02, t] = 295 - 225 (1-Exp[-0.01t]}, P[x, ¥, 0] = 295,
P[0, y, t] == 295 -225 (1 -Exp[-0.01 t])},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}];

néoop= P15 =
3263657.092 P[x, ¥, t] PO [x, ¥, £]
NDSolve[{ J: r [o 30 - [ ]"4] dxdx- ——— = "~
0.0004 (0.00000087)
PO e, v, £] + P00 x v, ] = 0, P[0.02, v, t] =
295 -225 (1-Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 -Exp[-0.01t]),
P[x, 0.02, t] == 295 - 225 (1 -Exp[-0.01t]}, P[x, v, 0] == 295,
P[0, v, t] == 295 - 225 (1 - Exp[-0.01 t]}},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000}]:
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Appendix B: Calculations

2| An-Cooling-PHD.nb

26 933 728.33 0.02 (0.02 Plx, ¥, t]
nlanz)= P32 = NDSolve H— [0.5 +0.5 (295 /500) ~4 - [—] ’\4] dxdx -
0.0004 o ] 500

B [x, y, £]
—_— PNy oy, ]« POV [y, vy, £] == 0, P[0.02, ¥, £] =
(0.00000087)

295 - 225 (1 -Exp[-0.01t]), P[x, 0, t] == 295 - 225 (1 - Exp[-0.01t]),
P[x, 0.02, ] == 295-225 (1-Exp[-0.01t]), P[x, v, 0] = 295,

P[0, y, t] == 295 - 225 {1 -Exp[-0.01 t])},

P, {x, 0, 0.02}, {y, 0, 0.02}, {t, O, 500000]];

26933728.33 0.0z (.02 Plx, v, t]
n@03L= 933=m301ve[{7_|‘0 f [0.1 +0.9 (2953500)"4-[7] A4] dx dx -
0.0004 o o 500

RO [x, v, €]
—_— s PIW v, £] + PO [k, v, k] == 0, P[0.02, v, £] ==
(0.00000087)

255 -225 (1-Exp[-0.01t]), P[x, 0, t] == 255 -225 (1 -Exp[-0.01t]),
Pfx, 0.02, £] == 295 -225 (1-Exp[-0.01t]), P[x, ¥, 0] == 295,

P[0, v, t] == 255 -225 (1 -Exp[-0.01 t])},
P, {x, 0, 0.02}, {y, 0, 0,02}, {t, O, 500000]];
n40s;= Plot[
Evaluate[{P[0.01, 0.01, £] /. P31, P[0.01, 0.01, £] /. P11, P[0.01, 0.01, £] /. P12,

P[0.01, 0.01, t] /. P15, P[0.01, 0.01, t] /. P13, P[0.01, 0.01, £] /. P14,
P[0.01, 0.01, t] /. P32, P[0.01, 0.01, t] /. P33}], {t, 0, 1000}, PlotRange - All]

oulf4os]=

00 1000
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